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Foreword

Ernesto L. Schiffrin, CM, MD, PhD, FRSC, FRCPC, FACP
Physician-in-Chief, Sir Mortimer B. Davis-Jewish General Hospital, Director, Hypertension and Vascular Research, Lady Davis Institute of Medical

Research, Distinguished James McGill Professor and Associate Chair, Department of Medicine, McGill University, Montreal, Canada;

Editor-in-Chief, The American Journal of Hypertension

Arterial Stiffness and Pulsatile Hemodynamics in Health
and Disease, edited by Julio A. Chirinos, MD, PhD, arrives
to us at a time when the field of arterial stiffness has come
full circle from experimental to clinical and therapeutic
implications, including its potential applications to patients
in the clinic. It is not an easy area of research and clinical
understanding for most physicians, because of the physical
and mathematical aspects that tend to be beyond their
knowledge and typical clinical training curricula. There-
fore, a text that fills the gap between biophysics, biology,
physiology, clinical application, epidemiology, and thera-
peutics applied to a range of vessels throughout the body
and different clinical conditions is certainly very welcome.
In particular, it is important that the text is accessible to
experts in different fields at all these levels, thanks to the
ability to explain difficult concepts in detail but with clarity
and some degree of simplicity, and that is what Arterial
Stiffness and Pulsatile Hemodynamics in Health and Dis-
ease does throughout its two volumes, with homogenous
prose despite being multiauthored. Dr. Chirinos has
managed to summon a group of writers for all chapters that
comprises the “who’s who” of the field of arterial stiffness
and pulsatile hemodynamics from North America, Europe,
Asia, and Australia.

The book is organized in sections that deal with suc-
cessive aspects of vascular stiffness and its consequences.
The first section addresses biophysical principles of pressure,
flow, pulsatile hemodynamics, aortic structure, wall

stiffness, and hemodynamic function. This is followed by a
section on pulsatile hemodynamics of the arterial vasculature
and its impact on the left ventricular function, and the
microcirculation. The following section deals with the
biology of arterial stiffening including associated effects on
elastin, inflammation and calcification, and mechanisms of
cellular aging, and dysfunction of smooth muscle and the
endothelium. The clinical and epidemiological aspects of
arterial stiffness and its role in cardiovascular prevention and
different disease conditions, including hypertension, obesity,
diabetes, heart failure, coronary artery disease, chronic kid-
ney disease, cognitive decline, and pregnancy among others,
follow in the next section. The primary aortopathies and
conditions associated with low pulsatility such as use of left
ventricular assist devices are described next. The following
section addresses therapeutic implications of large artery
stiffness and effects of exercise, weight control, and drugs,
both presently in use and potential new drugs for the future.
The last section addresses stiffening of the pulmonary cir-
culation, including pulmonary hypertension.

Throughout this book the different authors manage to
present complex concepts in a way that can be understood
by the uninitiated, who could be expert in other aspects of
this subject matter. Undoubtedly this is an authoritative
textbook that will familiarize the biomedical community
with the field, and facilitate the use of the knowledge ac-
quired so far on arterial stiffness to improve patient
outcomes.
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Preface

The field of arterial stiffness and pulsatile hemodynamics
has significantly expanded over the last few decades.
Increasingly, epidemiologists, clinicians, engineers, and
biologists recognize the importance of large artery stiff-
ening in various disease states. The role of large artery
stiffness and pulsatile hemodynamics in cardiovascular
aging is also widely recognized. However, there remains a
gap between the biophysical and theoretical concepts and
clinical practice. The aim of this textbook is to provide a
comprehensive reference on arterial stiffness and pulsatile
hemodynamics, covering the intersection of clinical, bio-
logic, epidemiologic, and biophysical concepts.

We intend for the audience of this book to be composed
of clinical and basic science investigators interested in
arterial stiffness, physicians and other healthcare providers,
epidemiologists and biomedical engineers. Whereas excel-
lent books are already available covering various aspects of
this field, in many cases, these are highly specialized, are
mathematically-oriented, are restricted to specific knowl-
edge areas, or deal exclusively with clinical or biologic as-
pects without discussing hemodynamic mechanisms linking
arterial stiffness and pulsatile hemodynamics with disease
pathophysiology. Therefore, we intended to produce a book
that introduces the interested reader to this field in relatively
simple terms but at the same time covers, with reasonable
depth, a broad range of relevant topics in biophysics,
biology, epidemiology, and clinical medicine.

Despite the increasing recognition of this field, studies on
arterial stiffness and pulsatile hemodynamics are often mis-
interpreted or underappreciated from a clinical standpoint. I
believe that a proper interpretation of the field is nevertheless
essential for a better understanding of multiple clinical con-
ditions and disease states. One of the barriers to a better
integration and data interpretation is that clinicians and bi-
ologists tend to be less familiar with the biophysical aspects
of this field, whereas engineers naturally tend to be less
familiar with the clinical and biologic aspects. Yet, a basic
understanding of both is essential to drive the field forward
and to adequately interpret available data. There is a need for
a reference that: (a) presents complex engineering concepts in
a readable format for individuals trained in clinical medicine,
biology, or epidemiology rather than engineering; (b) clearly
discusses the clinical implications of pulsatile hemodynamics

and arterial stiffness; and (c) provides a comprehensive re-
view of key biologic pathways involved in arterial stiffening.
This textbook intends to fill this gap.

Throughout the textbook, we utilize stand-alone basic
concept boxes to deal with: (1) biophysics concepts that
clinicians would be either be unlikely to be familiar with,
but that would be very useful for understanding the topic;
(2) clinical or biologic concepts that nonclinicians or non-
biologists (i.e., bioengineers) are unlikely to be familiar but
that are essential to understand the topic. We also utilize
stand-alone "in-depth" boxes to develop more advanced
concepts that clinicians or biologists are unlikely to be
eager to study in depth due to relatively complex math or
biophysics, even though a mathematically oriented person
(such as a bioengineer) would find very useful. Stand-alone
boxes are mentioned and are useful to understand the main
text in the chapters, but should in general not be absolutely
necessary to follow its flow. To the extent possible, math-
ematical principles are explained in the main text without
complicated formulas, in a conceptual manner.

The book is organized into six sections. Section I deals
with the biophysical and technical principles involved in
the measurements and interpretation of pressure, flow,
pulsatile hemodynamics, aortic structure, wall stiffness, and
hemodynamic function, and is not considered optional but
rather essential to better understand the rest of the book.
Most of the content in this section deals with in vivo as-
sessments, particularly in humans, but a dedicated chapter
in this section deals with animal models and ex vivo
methods to study arterial stiffness. Section II deals with
basic anatomic and physiologic considerations, including
the hemodynamic role of the aorta, pulsatile hemodynamics
in the arterial tree, ventricular physiology, ventriculare
arterial interactions (as they relate to both load and
myocardial oxygen supply), and the microcirculation.
Section III deals with the biologic pathways leading to
arterial stiffening and dysfunctional pulsatile hemody-
namics, including elastin breakdown and associated pro-
cesses, inflammation, aortic wall calcification, smooth
muscle dysfunction, endothelial dysfunction, autonomic
dysfunction, and cellular mechanisms of aging. Section IV
deals with clinical and epidemiologic aspects of arterial
stiffness and pulsatile hemodynamics, including normal,
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supernormal, and early vascular aging, ethnic differences,
and the role of arterial stiffness in cardiovascular prevention
strategies and in various disease states, such as hyperten-
sion, obesity, diabetes, exercise intolerance, heart failure,
aortic valve disease, coronary artery disease, age-related
cognitive dysfunction, chronic kidney disease, pregnancy
related complications, congenital heart disease, and the
cardiovascular complications of infectious diseases. Addi-
tional chapters deal with relevant aspects of primary arte-
riopathies and clinical situations associated with low arterial
pulsatility (particularly, implanted left ventricular assist
devices). Section V deals with therapeutic approaches to
improve arterial stiffness and pulsatile hemodynamics,
including discussions of standard vasoactive drugs in cur-
rent use, as well as novel drugs, nonpharmacologic ap-
proaches (exercise training, diet), and personalized
medicine strategies. Finally, Section VI deals with the
pulmonary circulation, with an emphasis on pulmonary

arterial stiffening, right ventricularepulmonary arterial in-
teractions, and pulmonary hypertension.

Throughout this book, we intend to discuss the relevant
biophysics, presenting complex engineering concepts in a
simplified format. Similarly, we intend to place the
importance of arterial stiffness in the appropriate clinical
context, ultimately keeping in mind how this field can aid
in patient care and development of novel therapies. I have
been extremely fortunate to have the support of a large
number of internationally recognized experts, who have
selflessly contributed their time, effort, and deep expertise
to write the various chapters in this book, providing
authoritative reviews about the state-of-the-art in their
respective topics. I hope that this textbook will help
advance the field, that it will be an aid to educators in this
field, and that it will contribute to the training of the next
generation of investigators dedicated to the study of arterial
stiffness and pulsatile hemodynamics.
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Introduction

The pulsatile nature of blood flow in arteries has been
known since antiquity through palpation of the arterial
pulse for early diagnosis of disease.1 However, the inherent
function of arterial elasticity in determining the relationship
of pulsatile blood pressure and flow was only able to be
studied in recent decades following development of tech-
niques for reliable measurement of hemodynamic parame-
ters. Although it was possible to measure arterial pressure
accurately under experimental conditions, flow measure-
ment was much more challenging. Hence, biophysical
relationships were initially explored by calculating flow
from pressure measurements.2

The pivotal, and perhaps the most important, work in
the application of the fundamental theory of fluid flow to
blood flow in arteries was done in the 1950s by John
Womersley, an English applied mathematician. The critical
contribution of Womersley was to extend basic knowledge
of fluid flow to blood flow in compliant tubes, such as
arteries, under an oscillating pressure gradient. This then
made it possible to compute blood flow from measured
pressure (or more specifically, pressure gradient) and from
knowledge of physical properties of blood vessels. He did
much of this work in the United States (WrightePatterson
Airforce Base, Ohio) in the latter part of his career, and
during the post-war period when there was great expansion
of the novel machines (early digital computers) used in the

war effort to perform rapid computations of missile tra-
jectories. Womersley made use of these facilities to obtain
solutions of the fundamental fluid flow (NaviereStokes)
equations with circular boundaries as applied to arteries.
The derivation, theory, and tabulation of basic functions
appeared in his in-depth technical report3 (an officially
classified document until recently), which has formed the
theoretical basis of much of modern hemodynamics. This
gave rise to a seminal monograph on Blood Flow in Ar-
teries by his physiologist collaborator Donald McDonald in
1960, with a second edition in 1974, and six other subse-
quent editions ofMcDonald’s Blood Flow in Arteries under
the stewardship of Wilmer Nichols and Michael O’Rourke.
The seventh edition is currently in press.4

This chapter addresses the fundamental concepts
inherent in pulsatile hemodynamics, with the view that
much has already been written for specialists in the field,
but more needs to be done to promote the basic conceptual
understanding to a wider audience of scientists, early career
researchers, and clinicians. This textbook will contribute
significantly to such a challenging task and will impact
extensively on translation of the knowledge contained in
the various chapters to inform and support scientific
investigation and advance clinical practice. This chapter
presents the underlying concepts inherent in pulsatile
hemodynamics and arterial stiffness through a combination
of qualitative description and formal mathematical re-
lations. The field is vast, as is evident by the extensive
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number of chapters in this book. Thus, this chapter is by
necessity not exhaustive, and to avoid excessive repetition,
reference is made to other relevant chapters where
appropriate.

The relevance of arteries to cardiovascular disease is
clear, insofar as the contribution of their function as blood
conduits: any blockages in the vessel lumen will cause
ischemic events. However, the role of arteries as closed
elastic vessels which contain blood, and which are under
circumferential wall tension and pulsatile load, is not as
clear. It is obvious to physical scientists that arteries are
more than just passive conduits for blood distribution. They
are a key determinant of arterial blood pressure, the
biomarker of the mechanical tension in the arterial wall. A
healthy heart, in adapting to a stiffening arterial vasculature
while preserving cardiac output, will generate increasingly
higher pulse pressure, feeding back to a path of increasing
degenerative changes in the heart and other target organs,
and in the arteries themselves. The evolution of the
recognition of the intrinsic role of arterial elasticity asso-
ciated with hemodynamic pulsatility might be akin to the
trajectory in the understanding of the role of the vascular
endothelium. There was a time when the endothelium was
thought to be a passive lining of blood vessels, until its role
was recast to be the stuff of Nobel Prizes5!

The basic hemodynamic concepts described in this
chapter will aim to support the large amount of material
presented in the subsequent chapters to promote the rele-
vance of pulsatility of arterial blood pressure and flow and
the important role of arterial stiffness, with the overall
translational goal to have measurement of arterial stiffness
done alongside the conventional clinical measurement of
blood pressure.

Pulsatile phenomena

Pulsatility as an evolutionary requirement for
self-sustaining circulatory systems

Hemodynamic pulsatility and elasticity of blood vessels are
fundamental phenomena in the intact circulation of self-
sustaining organisms. Since the heart is the power source
for motion of blood in the circulation, for a self-regulating
and self-contained system, there will necessarily be a
requirement for a time period when the heart obtains energy
(as an “input” quantity) and a subsequent time period when
it delivers energy (as an “output” quantity), that is, in
machine parlance, a “duty cycle.” The heart receives energy
mainly from oxygenated blood in the coronary circulation
during the time of ventricular relaxation (including the
energy-dependent diastolic filling phase and the atrial kick)
and transforms the input (chemical) energy into output
(mechanical) work, where blood motion in the systemic
arterial vasculature occurs due to ventricular contraction

and opening of the aortic valve. In general usage (ranging
from machine operation to digital waveforms and neural
circuits), the duty cycle is expressed as a percentage of the
time for which the system is active. For the heart, this is the
time of ventricular ejection, which constitutes approxi-
mately 30% of the cardiac cycle.

The “self-sustaining” concept requires a continuous
repetition of the process of energy conversion and a general
regularity of the duty cycle for optimization of mechanical
efficiency. The principal function of the heart to operate as
a pump is to convert the potential energy developed as
tension in the myocardial fibers to kinetic energy, mani-
festing as movement of blood in the circulatory system. In
terms of energy conversion for motion of blood, it is esti-
mated that the heart is a rather inefficient pump, with an
overall mechanical efficiency at rest of some 20%.6 (Note:
if there is no movement of blood in the aorta, the heart,
while still being able to beat, will have a pump efficiency of
0%.) While this may appear to be a suboptimal design
constraint, it could be considered to translate to an evolu-
tionary advantage, enabling the heart to have a substantial
“reserve capacity,” allowing for a large operating range in
terms of the ability to increase cardiac output through
increased contractility and increased frequency of repetition
of the duty cycle, that is, an increase in heart rate.

Fundamental association of pulsatility and
vascular structure and function

The opening of the aortic valve establishes continuity be-
tween the contracting left ventricle as the power source and
the aorta as the reservoir of blood, enabling blood distri-
bution throughout the systemic vasculature. The branching
structure of the aorta and major arteries constitutes a system
of conduits distributing blood to the microcirculatory beds,
where the large pulsatility of blood flow due to ventricular
contraction becomes extremely low. Because of the
essential design of the heart as a pump, the aorta and
arterial tree as blood conduits, and the evolutionary
requirement for organism self-sustainability, the operation
of the duty cycle requires closure of the aortic valve, so that
the (mammalian) heart can replenish its energy through
oxygenated blood flow in the coronary circulation (most of
which occurs in diastole for the left ventricle) and fill the
ventricle for the subsequent ejection (Fig. 1.1).

The conduit function of the arterial vasculature enables
blood distribution to all tissues of the body. The blood
volume is compartmentalized by the branching tree struc-
ture in which vessel caliber gradually decreases with suc-
cessive branching generation. The change in cross-sectional
area and branch points generally follows principles of
optimality to maximize energy transfer at junctions7,8 (see
Section The arterial vasculature as a distributed system of
branching distensible tubes).
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In addition to the conduit function, the aorta and major
arteries expand during ventricular systole to store a portion
of the ejected blood volume. The degree of expansion is
determined by the elastic properties of the vessel wall; that
is, the distensibility of the vessel wall will determine the
storage capacity of an arterial segment, generally referred to
as vessel compliance (C; units of mL/mmHg). This prop-
erty, together with vessel size, determines the pressure
pulse (DP; units of mmHg) that is generated by an increase
in volume (DV; units of mL):

DP ¼ DV

C
(1.1)

This relationship is fundamental to the interaction of
hemodynamic pulsatility and arterial stiffness (when total
arterial compliance (TAC) is substituted for C, and cardiac

stroke volume (SV) for DV, the resulting DP corresponds to
the pulse pressure (PP): the diastolic-to-systolic pressure
difference: PP¼SV/TAC). Since the stiffness of the arterial
wall determines the degree of expansion for accommoda-
ting the increase in blood volume, a stiffer arterial wall has
a lower compliance, i.e.,

arterial stiffness f
1
C

(1.2)

Hence, from Eqs. (1.1) and (1.2),

DPfarterial stiffness (1.3)

Eq. (1.3) essentially states that for a given stroke vol-
ume, the pulse pressure depends on arterial stiffness. Since
stroke volume is reasonably well-regulated during normal
healthy aging,9 this association can explain the underlying
mechanism of isolated systolic hypertension, the most
common form of hypertension in the elderly, where systolic
pressure is elevated in the presence of normal diastolic
pressure, that is, an increase in pulse pressure.10 The effect
of volume on the distension of the arterial vasculature, and
so increase in wall tension, which then manifests as arterial
pressure, is partly mediated through modification of kidney
function affecting plasma volume.11 This broadly explains
why hypertension has traditionally been the domain of
nephrologists.

The concepts underpinning the associations expressed
in the above equations are based on steady-state quantities
of changes in blood volume and blood pressure during a
cardiac cycle. Based on the concept of the duty cycle (as
described above), it is assumed that changes in volume and
pressure occur as average quantities, that is, there is no
involvement of instantaneous time-varying quantities in
relation to the duty cycle. Clearly, blood is ejected due to
the time-varying contraction of the ventricular muscle, and
so the stroke volume (SV ¼ DV, mL) is the time integral of
the ventricular outflow rate (Q(t), mL/s) during the ejection
(systolic) period (Ts, seconds) of the cardiac cycle:

SV ¼
Z Ts

0
QðtÞ$dt (1.4)

The volume in a closed compartment is intrinsically
associated with the storage property of the vascular
compartment, that is, arterial compliance. When the volume
moves with time, the rate of flow (Qr(t)) is associated with a
component of the system that offers resistance (R) to flow
under pressure (P(t)). (This is analogous to Ohm’s Law in
electrical circuits: pressure analogous to voltage and flow
rate analogous to current), i.e.,

PðtÞ ¼ QrðtÞ$R (1.5)

Since R is a scalar quantity, Eq. (1.5) suggests that time-
varying pressure and flow profile would be identical.

FIGURE 1.1 Schematic representation of a cardiac “Duty Cycle” (en-
ergy in/energy out), with ventricular pressure, aortic pressure, and aortic
flow velocity waveforms (panel A) and coronary pressure and coronary
flow velocity waveforms (panel B). Pump energy output (stroke volume)
mainly occurs during the ON period (systole) and energy input (oxygen-
ated coronary blood flow) mainly occurs during the OFF period (diastole).
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However, at steady state and at a given instant of time, the
total flow from the left ventricle (Q(t)) consists of a
component which is stored (Qc(t)) due to the elastic
expansion of the arterial wall constituting arterial compli-
ance, and a component (Qr(t)) flowing through the pe-
ripheral resistance:

QðtÞ ¼ QcðtÞ þ QrðtÞ (1.6)

If R represents the total peripheral resistance and C the
total compliance, or the arterial storage capacity, from Eqs.
(1.1)e(1.6), an expression can be obtained where the
relationship between aortic pressure and aortic flow is
determined by an exponential function (which can be
estimated during diastole when flow is zero) and the
combination of R and C. That is, for a given time-varying
flow profile (Q(t)), the resulting time-varying pressure
(P(t)) is a function of the product of R and C (R times C has
units of time (sec) and is related to the exponential time
constant s (s ¼ RC), the time taken for the pressure to
decrease by 63% of an initial value).

For a given value of R and C (and so of the time con-
stant, s), the pressure decay during diastole (Pd(t)) is given
as

PdðtÞ ¼ P0$e
� t=s (1.7)

where P0 is the value of pressure at the beginning of
diastole.

Since during diastole there is no ventricular outflow,
arterial pressure is related to Qr(t) and Qc(t) and peripheral
resistance and arterial compliance, respectively, hence the
value of the time constant becomes a determining factor for
pulse pressure; for a given peripheral resistance, the smaller
the compliance (C), that is, the higher the arterial stiffness,
the shorter the time (s) to release the volume of blood
stored during systole, and so pressure drops more rapidly.

A conceptual representation of this storage function of
the arterial vasculature has conventionally been related to

the inverted dome of a fire engine, where the intermittent
input of volume of water is converted to a quasi-steady-
state hose outlet due to the storage properties of the
domeda model conventionally known as the Windkessel12

(Fig. 1.2).
As described in detail in Chapter 3, the Windkessel

model offers a useful approach to illustrate basic concepts
of the effects of arterial stiffness and peripheral resistance
on blood pressure and flow, and can be further formalized
to describe the concept of reservoir pressure.13 However, it
is based on a “lumped parameter” approach in which there
are no physical dimensions, and the parameters only exist
as scalar mathematical quantities; that is, a “zero-
dimension” model. Clearly, the distributed structure of
the arterial tree will involve the propagation of the ventri-
cle’s energy output in terms of blood pressure and flow
over different path lengths from the aortic valve to the
periphery of the systemic vasculature. Indeed, the true
relationship of pressure and flow in the three-dimensional
structure of blood vessels as elastic conduits is complex
and extremely challenging to be completely and accurately
described, as this would require the complete solution of
the NaviereStokes equations of fluid flow (requiring
powerful computational algorithms). However, very good
approximations can be obtained by considering blood flow
in the axial direction and averaged over the entire arterial
cross section.14 This approach has been shown to be
adequate to describe the relationship of blood pressure and
flow as time-varying quantities traveling in one dimension,
that is, along the axial length of arterial segments, resulting
in approaches using one-dimensional models.15

Basic principles related to hemodynamic pulsatility and
arterial stiffness will be addressed in subsequent sections of
this chapter using the approach of one-dimensional flow
and propagation of pulsatile energy as periodic wave of
pressure and flow, with further details addressed in other
chapters (Chapters 3, 7 and 11).

FIGURE 1.2 The Windkessel model of the systemic vasculature represented as a fluid dynamics model and electrical analogue (RC circuit). The heart
ejects blood (fluid or flow or current) in an oscillating manner into the systemic vessels that have capacitance (C) and resistance (R). The Windkessel
properties (R,C) convert a square wave input to an output wave profile with exponential rise and fall. The Windkessel model can be expanded to capture
characteristic impedance and blood inertia (inductance).
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Elastic vessels

Hemodynamic pulsatility and structure of the
arterial wall

As distensible conduits, arteries are required to expand and
recoil during the cardiac cycle and withstand large ranges
of intraluminal pressure (arterial pressure in weightlifters
can exceed 480/350 mmHg [systolic/diastolic blood pres-
sure] during a double-leg press16). The distensible proper-
ties enable the storage function, which determines the
degree of pulsatility present throughout the arterial tree, and
the tensile properties determine the ability to withstand high
pressures. The elastic and tensile properties are largely
determined by the two main load-bearing components in
the arterial wall: elastin and collagen, respectively.

Elastin and collagen are arranged in concentric layers
forming a lamellar structure in the arterial media (Fig. 1.3).
In the human aorta, there are approximately 60 lamellae,17

with the number decreasing with vessel caliber. The
lamellar unit has been suggested to be a fundamental entity
of arterial structure and function, with the tension per
lamellar unit being remarkably constant across a broad
range of mammalian species.17,18

The mechanical properties of the arterial wall are
determined mainly by the material components and are
characterized by the conventional material response to an
applied force, that is, the stress/strain (s/ε) relationships,
(where s is the applied force/unit area in the same direc-
tion, and ε is the relative change in length (L1�L0)/L0) in a
given direction). Since elastin and collagen constitute
approximately 30% and 50%, respectively, of the (dry)
weight of the aortic wall,19 and this is fairly consistent
across a large range of animal species,20 the stress/strain
characteristics will be determined mainly by these two
components. Hence, at low levels of resting stress (when
the wall is subjected to low loading conditions), the
amount of stretch is mainly determined by the elastin
protein, whereas at high levels of resting stress, the
amount of stretch is determined by the collagen protein. In
terms of functional performance of arteries, this property
is structurally advantageous since the vessel can expand
easily at low pressure due to the distensible properties of
elastin (and so have increased storage capacity). It will
also have a high yield strength (the material property
related to the point when there is plastic deformation of
the material) at high pressure due to the strong tensile

FIGURE 1.3 Schematic illustration of the cross section of the arterial wall showing the components of the adventitia, media, and intima. The number of
lamellar units vary with size of vessel and species (e.g., human aorta: w 60; rat aorta: w 5); however, the tension per lamellar unit is quite similar.17,18
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properties pertaining to collagen, but with a reduced
storage capacity, since collagen is much less distensible
than elastin, being some 100 to 1000 times stiffer than
elastin.21 The structural properties of the artery wall also
determine the static and dynamic (frequency-dependent)
elastic properties.22,23 The dynamic elasticity is seen as a
phase delay between pressure and diameter signals and is
a measure of the viscoelasticity of the arterial wall.24 Wall
viscoelasticity implies that the wall itself has viscosity,
whereby stretch causes some friction that dissipates a
small amount of energy as heat, whereas a purely elastic
vessel would be one that does not dissipate energy.

The stiffness of a material at a given condition of stress
and strain can be defined as the incremental elastic modulus
or incremental Young’s modulus (Einc): the ratio of incre-
mental stress (Dε) and strain (Ds) when stretched
uniaxially (Eq. 1.8). [Note 1: Einc quantifies the stiffness of
the wall material and is, hence, a material stiffness metric.
This contrasts to structural stiffness metrics such as pulse
wave velocity, which quantify the structure of the artery as
a whole. This important difference is elaborated in Chapter
9, Box 9.1; Note 2: Although Einc is the most commonly
used material stiffness metric in clinical studies, other
material stiffness metrics that exist, especially in engi-
neering/modeling studies, may be more appropriate. See
Chapter 9, Box 9.5].

Einc ¼ Ds

Dε
(1.8)

If this ratio is the same for all conditions (i.e., if stress
and strain relate linearly), the material has a constant value
of E, that is, it is a linear elastic material (or Hookean)
(Fig. 1.4). However, given the different structural proper-
ties of elastin and collagen, Einc cannot be constant; it is
low when the artery is distended at low pressure and high
when distended at high pressure. Hence, Einc varies with

loading and depends on where the operating point is on the
stress/strain curve; that is, arteries become stiffer with
increasing pressure (Fig. 1.4). The implications of this
property are profound: for the same blood volume stored in
an artery during ventricular ejection, the pulse pressure
increases with increasing distending pressure. If this is
applied to the concept of hypertension, the higher pulsa-
tility associated with higher intraarterial pressure will lead
to further arterial deterioration, which can reduce wall
distensibility, increase arterial stiffness, and lead to a
further increase in pulse pressure. This, of course, consti-
tutes a type of positive feedback or a vicious cycle poten-
tiating compromised function of the arterial vasculature.28

In this context, the degree of pulsatility associated with the
effect of age on large arteries will increase degeneration of
load-bearing components due to increase in peak stress.21

Pressure dependence of arterial stiffness: an
essential ingredient for optimal arterial design

The structural characteristics of the load-bearing compo-
nents of the arterial walldelastin and collagendare
responsible for the nonlinear (pressure-dependent) stiffness
of arteries. Similar to the relatively constant tension per
lamellar unit found across a broad range of species,17 the
elegant work conducted by Robert Shadwick in a range of
species (from rat (w0.45 kg) to whale (w40,000 kg))
concluded that pressure dependence of arterial stiffness is a
fundamental property of arterial design, and that it is pre-
sent in all vertebrates and invertebrates with a closed cir-
culatory system.29 A remarkable similarity is seen when the
relationship is normalized for normal operating pressure of
different animal species (Fig. 1.5).

This property of blood vessels is a fundamental deter-
minant of the principal function of arteries as conduits to
provide a reliable blood supply to peripheral organs and

FIGURE 1.4 Stress (s) and strain (ε) relationships illustrating linear and nonlinear elasticity. For a linear elastic material, the elastic modulus (Eo, slope
of curve) is constant at all level of stress and srain (left panel). For a nonlinear elastic material, the elastic modulus (Einc) increases with higher stress or
strain (right panel). The nonlinear elastic properties of arteries are responsible for the pressure dependence of arterial stiffness.
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body tissue. The property also applies to veins as collaps-
ible tubes (see Section Fundamental importance of
pressure-dependent arterial stiffness (nonlinear elasticity)
for arteries), with the veins comprising the main capacitive
component of the circulatory vasculature where the ma-
jority (approximately 75%) of the blood is contained.30

Fundamental importance of pressure-
dependent arterial stiffness (nonlinear
elasticity) for arteries

The word “artery” derives from the original Greek meaning
of “arshrίa” for “air duct.” This was probably because
when blood vessels were examined postmortem, arterial
conduits were generally empty, whereas veins were
generally filled with blood or collapsed. The fundamental
difference between the two is that arteries never collapse
when unloaded and always remain open due to the presence
of residual stress in the wall.31 In terms of evolutionary
development, this important property of structure and
function ensures reliable movement of blood in the arterial
vasculature even with a low transmural pressure. It is of
interest to understand how this property is intrinsically
related to the obligatory property of nonlinear elasticity, as
it is also a basic determinant of the relationship between
pulsatile hemodynamic phenomena and arterial stiffness.

Arterial segments can be considered as uniform circular
elastic tubes subjected to an internal distending (trans-
mural) pressure (P). When inflated to a specific radius (r),
the distending (radial) force on the wall is balanced by the
circumferential tension (T) that is supported by the
circumferential lamellar structure of elastin and collagen.
For a thin-walled vessel, that is, the magnitude of the wall

thickness (h) is much smaller than the radius (h << r;
hence r can either be the internal or external radius), P and
T are related by Laplace’s Law,

T ¼ P$r (1.9)

The circumferential wall stress (s), also known as hoop
stress, is the tension per unit wall thickness,

s ¼ T=h (1.10)

Eq. (1.9) means that a plot of T versus r will be a straight
line with a slope of P. As described previously, the structural
attributes of elastin and collagen, the proteins which mainly
take up the wall tension, also produce the nonlinear elastic
properties of the wall. The plot of T versus r would thus be
curvilinear. Hence, the operating point of the vessel would be
the intersection of the straight line (P) and the T-r curve. That is,
there is always a unique combination of P, r, and T (Fig. 1.6A).
This is not the case for a collapsible tube (such as a vein) where
the straight line (P) and the T-r curve can intersect at more than
a single point (Fig. 1.6B).

The vascular properties illustrated in Fig. 1.6 indicate
that the specific component structure of the arterial wall that
gives arteries the property of nonlinear (or pressure-
dependent) wall stiffness also endows them with the abil-
ity to have a stable operating function (single intersecting
point on the T-r curves, Fig. 1.6A) and thus cannot
collapse, as opposed to the instability of collapsible tubes
(multiple intersecting points, Fig. 1.6B). [In this context,
the notion of “stability” refers to the vessel having only a
single possible radius value for a given pressure, whereas
“instability” refers to the vessel having more than a possible
single value of radius for a given pressure.] It is this

FIGURE 1.5 Pressure dependence of elastic modulus of aortic tissue in a range of species. The degree of dependency (slope) varies with each species
(A). However, the slope becomes quite similar and the variation becomes markedly reduced when pressure (units in the x-axis) is normalized with the
normal operating pressure of each species (B). This suggests a fundamental structural property of arteries that is characteristic of the evolutionary
development of the circulation. Black dashed line shows average across the listed species. Data from Shadwick RE. Mechanical design in arteries. J Exp
Biol. 1999; 202(Pt 23):3305e3313.
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property of increased stiffness with pressure that also pro-
tects arteries from developing aneurysms,32,33 which of
course can develop when the wall tensile properties
degenerate.

Influence of pressure-dependent arterial
stiffness on hemodynamic pulsatility

From Section Fundamental association of pulsatility and
vascular structure and function, it was shown that for an
arterial segment, the volume storage capacity (vessel
compliance) is inversely related to the structural stiffness of
the artery wall. Hence, the increase in structural stiffness
with increasing pressure would reduce the storage capacity.
Since the normal operating heart can accommodate to

changes in vascular load to eject the required stroke volume
for adequate perfusion, the contracting ventricle has suffi-
cient power to force the ejected blood into the vasculature.
Although the heart is essentially a power source for the full
operating range,34 under normal operating conditions and
to a reasonable approximation, it can be considered a
constant flow source (this would strictly apply to a non-
diseased heart or in the case where inherent contractility is
not reduced). This means that for a constant stroke volume
(DV) delivered to the arterial vasculature by the ejecting
ventricle, the resulting increase in pressure (DP) depends
on the position of the operating point of the T-R-P curve
shown in Fig. 1.6A, or the pressureevolume curve
(Fig. 1.7). Hence, the same characteristics of nonlinear

FIGURE 1.6 Schematic illustration of tension/radius relationships for a non-collapsible (A, artery) and collapsible vessel (B). In both cases, the Laplace
relationships have linear slopes equivalent to the distending pressures (e.g., P1 and P2). However, for the artery, there is always a unique operating point
where the pressure curves intersect with the T-R curve (indicating stability of vessel caliber at P1 and P2), whereas there can be more than one intersecting
point (a1, a2) for the same pressure value for the collapsible vessel (indicating stability of vessel caliber at P2 [with a single possible radius] but instability
of vessel caliber at P1 [with more than one value of radius]).

FIGURE 1.7 (A) Schematic illustration of increase in pulse pressure (DP) for a fixed change in volume (DVf) on a P-V nonlinear curve at low and high
pressure (normal heart). At high pressure, the same fixed volume change causes a larger pulse pressure change (DP2 > DP1). (B) Schematic illustration of
a fixed pulse pressure (DPf) for a change in volume on a P-V nonlinear curve at low and high pressure. DV is lower at higher pressure (failing heart,
DV1 > DV2).
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elasticity that ensure stability of operation and protect
against aneurysm development also have the consequences
of increasing pulsatility with increasing pressure
throughout the arterial vasculature (Fig. 1.7A).

Although pressure-dependent elasticity is associated
with increased pulsatility with a normal heart that does not
change its output with increasing arterial pressure, it is not
the case for a failing heart, in which myocardial contrac-
tility (and therefore ventricular ejection) is sensitive to
afterload, and so will decrease with increasing arterial
afterload. In this case, the heart cannot be considered a
constant flow source, but rather a pressure source, whose
output is largely determined by afterload. Thus, for a failing
heart, the nonlinear elasticity characteristics do not neces-
sarily result in marked increase in pressure pulsatility
(Fig. 1.7B), but may rather result in decreased stroke
volume and, hence, tissue perfusion.

The arterial vasculature as a distributed
system of branching distensible tubes

Structural implications of arterial branching

The arterial tree, like any branching structure in nature, is
subject to fundamental laws underpinning function and
form as exquisitely described in D’Arcy Thompson’s
seminal monograph in the early 20th century.35 In struc-
tures where there is energy transfer across junctions, such
as fluid flow, the branching generally obeys principles of
optimality, such as minimization of energy losses at branch
points. In the vascular system, this principle was developed
by Cecil Murray in 1926, where it was applied to the dis-
tribution of blood volume7 and branching angles.8 This
seminal work gave rise to the well-known Murray’s Law,
which states that the volumetric flow rate (Q) (assumed to
be laminar flow) is related to the cube of vessel diameter
(D),

Q ¼ k$D3 (1.11)

where k is a proportionality constant.
At branch points, conservation of mass requires that the

sum of volumetric flow in the branches (Q1 þ Q2) equals
the flow in the parent branch (Q0). Hence, for a bifurcation,

D3
0 ¼ D3

1 þ D3
2 (1.12)

For a symmetrical bifurcation defined by Eqs. (1.11)
and (1.12), the optimal (and theoretical) branching angle
between the daughter branches is 75 degrees.8

Murray’s Law assumes complete Poiseuille (laminar)
flow, which clearly is not always true in real biological
systems, where flow might be disturbed at junctions or at
irregular surfaces. There has been vigorous activity in
theoretical studies of optimality in attempts to understand

how much the exponent of 3 in Eqs. (1.11) and (1.12)
varies in real bifurcations.36,37 Some studies suggest a
range between 2.33 and 3.0.38 However, the underlying
basic phenomena inherent in Murray’s Law are evident
where, in broad terms, similar principles of optimality
occur in other branching structures in nature with a
requirement for maximizing efficiency of fluid transport, as
occurs for blood flow in arteries or transport of water in
plants.39 In relation to pulsatility phenomena, the underly-
ing optimality principles of branching are relevant in the
context of energy transport at branch points. According to
Eq. (1.11), the energy transfer would be optimal and so
there would be minimal reflected energy at individual
branch points. That is, the closer the exponent in Eq. (1.11)
is to 3, the greater the efficiency of energy transfer at
minimum energy cost. In blood flow in arteries, the energy
is carried by the time-varying quantities of pressure P(t)
and flow Q(t), and the total work (W) during a cardiac cycle
(of time Tc) can be quantified by the integral of their
instantaneous product,

W ¼
Z Tc

0
PðtÞ$QðtÞ$dt (1.13)

If there are optimal branching conditions, all (or most)
of the energy that arrives at the bifurcation is transmitted;
that is, the junction is said to be matched. However, if the
conditions are not optimal, thus there is mismatch at the
junction, not all the energy is transmitted, and some is re-
flected. This would cause an increase in net W at the up-
stream end of the junction and would be associated with an
increase in pressure and a decrease in flow. Hence, because
of the essential pulsatile function of the heart (see Section
Pulsatility as an evolutionary requirement for self-
sustaining circulatory systems), the phenomenon of
reflection of energy at any location of mismatch in the
arterial vasculature usually manifests as increases in the
pulsatile component of arterial pressure.

Notwithstanding the obligatory branching structure of
the arterial vasculature, and the variability around the
principles of optimality underlying Murray’s Law, it is of
interest to quantify the effect of branching on the phe-
nomena of reflection and pulsatility.

The theoretical and analytical aspects of reflection of the
propagating arterial pulse are treated in greater detail in a
subsequent chapter (Chapter 11) dealing specifically with
wave reflection. However, in terms of the relevance of
branching, it is useful to consider a major branch point in
the aortic trunk: the aortoiliac junction. For a symmetrical
junction with two daughter branches, from Eq. (1.12), the
theoretical diameter of the branch vessels would be 0.794
times the diameter of the parent branch. Hence, the optimal
area ratio is 1.26 (ratio of areas of the sum of individual
branch vessels to area of parent branch). [Note: These
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theoretical considerations refer to a branching structure
with uniform material properties for parent and daughter
vessels, i.e., similar material stiffness and wave speed.] The
aortoiliac area ratio (ratio of sum of area of iliac arteries to
area of the abdominal aorta) over an age-span of 2 months
to 86 years40 shows that the optimal area ratio of 1.26 is
approached only in the very young (Fig. 1.8). The overall
trend is a decrease with age from an average of 0.96 in the
first decade to 0.77 in the ninth decade, that is, an age-
related increase in structural mismatch. These structural
changes would imply an increase in impedance mismatch
in the human aorta with age. However, this may be
explained by compensatory mechanisms of different age-
related changes in stiffness of central and peripheral
arteries leading to a reduction of stiffness gradient41,42

resulting in reduced wave reflection. This was confirmed in
the same study showing decrease in the magnitude of
computed reflection coefficient at the aortoiliac junction
with age.40

Since arteries are distensible conduits, the degree of
matching in relation to energy transfer is determined by the
geometric and elastic properties of the parent and branch
vessels. Geometric and elastic properties determine
vascular impedance, that is, the resistance of the vessel to
pulsatile flow (see Section Vascular impedance). So, vari-
ability of change in vessel geometry or deviation from the
optimal value can be offset by changes in elastic properties
to increase the matching properties.43 This phenomenon
has been confirmed by theoretical studies showing that
reflections at bifurcations that have large area ratios can
only be minimized by larger increases in arterial stiffness of
the branches in relation to the parent vessel.44 This finding

is consistent with the generally accepted phenomenon that
arterial stiffness45 (and so pulse wave velocity,46 discussed
in detail in Section Wave speed and pulse wave velocity)
increases with distance along the aortic trunk and peripheral
conduit arteries. Although there are other significant factors
such as geometric tapering,45 it is tempting to speculate
that, to some extent, the increase of arterial stiffness with
distance along the arterial tree might be driven by the un-
derlying optimality principles of minimization of energy
cost functions as are inherent in the original concepts of
Murray’s Law7,8 and common to branching structures
present in nature.39

Structural and functional effects of arterial
branching on pulsatility phenomenad
implications for measurement of blood
pressure

In the systemic and pulmonary vasculature, arterial
branching generally implies that with each successive
generation of branching, there is a decrease in individual
vessel caliber, increase in total cross-sectional area, in-
crease in relative wall thickness (ratio of wall thickness to
diameter), and increase in structural arterial stiffness. In
large conduit vessels, there is also a certain degree of
geometric and elastic “tapering,” that is, the vessel caliber
decreases gradually with axial distance and the arterial wall
becomes progressively stiffer.45 The overall effect of the
geometric and material property changes is that there is a
graded change in geometric and elastic uniformity from the
single uniform segment of the ascending aorta to the pe-
ripheral organs and body tissues.

FIGURE 1.8 Change of aortoiliac junction area ratio with age. Dashed line: value of area ratio for optimal branching of a symmetrical bifurcation (area
ratio ¼ 1.26). Data from Greenwald SE, Carter AC, Berry Cl. Effect of age on the in vitro reflection coefficient of the aortoiliac bifurcation in humans.
Circulation. 1990; 82(1):114e123.

12 Textbook of Arterial Stiffness and Pulsatile Hemodynamics in Health and Disease



The stroke volume ejected into the aorta will be parti-
tioned throughout the arterial tree according to the branch
dimensions. Since the storage capacity of any segment will
affect the specific relation of stored volume and associated
change in pressure (as expressed by Eq. 1.1), any changes
in relative volume at different generations of branching will
manifest as a change in pressure. Thus, the relative changes
in volume (DV) for a given resting volume (V0) will
normalize for the change in vascular caliber, and so the
effect of change in relative storage capacity of vessels can
be compared along the arterial tree. That is, when the
storage capacity of the vessel (compliance, C ¼ DV/DP) is
normalized for the resting volume (V0), the relative changes
can be compared across different vessel sizes in terms of
distensibility. Hence, from Eq. (1.1),

distensibility ¼ DV=V0

DP
(1.14)

Given the geometric and material property changes,
distensibility decreases from proximal to distal segments
along the arterial tree. This reduction in distensibility (i.e., a
reduction in the relative storage capacity of the distributed
component of stroke volume) will inherently be associated
with an increase in pulse pressure. Hence, the implication
of this conceptual construct is that, in simple terms of
storage capacity of vessels, the pressure pulse generated in
the ascending aorta will be amplified along the arterial
branching structure toward the periphery. As explained in

Section Fundamental association of pulsatility and vascular
structure and function, this explanation is confined to a
“lumped parameter” representation. However, the distrib-
uted system can be represented by a series of essentially
uniform segments with altered geometric and elastic
properties as illustrated in Fig. 1.9 and still applies when
considering effects of wave propagation (analogous to
transmission lines, in which case the lumped parameter
segments have an infinitesimally small “length”).

The arterial vasculature exhibits reducing storage ca-
pacity with increasing distance from the heart, as well as
changes in geometric and elastic material properties,
which in turn affect the speed of the traveling pulse, wave
transmission, and reflection. These phenomena constitute
the basis of underlying mechanisms for the difference in
pulse pressure between the central aorta and peripheral
arteries. In large arteries, there is minimal change in mean
pressure with distance from the heart. Hence, when there
is a change in amplitude of the pressure in the presence of
no change in mean pressure, by necessity there needs to be
a change in shape of the pressure waveform. This change
in waveform morphology can thus be exploited to obtain
mathematical associations between central and peripheral
pressure with knowledge of the transmission properties of
the peripheral arterial vasculature. This has been suc-
cessfully done to provide a means of estimating central
aortic pressure from the calibrated peripheral arterial
pulse47 (see Chapter 2).

FIGURE 1.9 Schematic illustration of the changes in arterial compliance with distance from the heart (nominally aortic, carotid, brachial, and radial
artery sites) and the resultant amplification of the pressure pulse C1>C2>C3>C4. This illustrates the concept of a tube in which the compliance per unit
length decreases with distance (analogous to a nonuniform electrical transmission line in which characteristic impedance gradually increases with distance
from the input). This concept can explain how the pulse pressure can increase with distance from the input while the mean pressure remains essentially the
same.
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Wave propagation phenomenadpulse
wave velocity and arterial stiffness

Wave speed and pulse wave velocity

Wave speed

Pulsatility of pressure and flow in the arterial vasculature
can be investigated by considering the role of material
properties of a distributed system of elastic tubes on wave
propagation. If an elastic tube is filled with fluid and a
pressure pulse is applied to the fluid at the input of the tube,
the disturbance, produced as a local expansion of the
proximal wall, will travel downstream with a speed deter-
mined by the bulk modulus of the tube material and the
density of the fluid. For any material, the bulk modulus is a
description of the deformation characteristics, that is, of the
stiffness of the material (volume deformation occurs due to
an applied force and conservation of mass). Hence, if an
increase in pressure (dP) on a material causes a relative
decrease in volume (dV/V), the bulk modulus (K) is defined
as

K ¼ dP

dV=V
(1.15)

[Note: this is similar to the ratio of stress/strain for
material stiffness].

In an arterial segment, the applied force (dF) which
moves the blood obeys Newton’s Law of motion, where
force is the product of blood mass (m) and acceleration (a),

dF ¼ m$a (1.16)

If the force is applied over a very short time interval,
effect of movement of the proximal blood mass against the
inertia of the downstream blood mass is to expand the size
of the tube in the radial direction, and the volume of the
blood mass which is accelerated can be assumed to
constitute the same volume expansion of the vessel
segment (dV).

Hence,

dF ¼ r$dV$a (1.17)

where r is blood density.
Since the force (dF) is applied at the cross-section of the

tube with an area A, dF can also be written as dP$A. Hence,
from Eq. (1.17),

a ¼ dP

dV

A

r
(1.18)

If the blood mass is assumed to be accelerated over a
small distance Dx, and the blood mass is contiguous with
the vessel wall, the wall will have the same acceleration as

the blood mass. Both sides of Eq. (1.18) can also be
multiplied by Dx,

a $Dx ¼ dP

dV

A$Dx

r
(1.19)

The product A$Dx is the volume (V) of the blood mass
being accelerated. Since the material properties are related
to the pressure/volume relationships of the elastic tube
(arterial segment), Eq. (1.15) can be applied to Eq. (1.19),

a $Dx ¼ K

r
(1.20)

The term a$Dx has units of velocity squared. Hence,
replacing a$Dx by “c2,” and taking the square root of both
sides,

c ¼
ffiffiffiffi
K

r

r
(1.21)

The term c is designated as “wave speed” (c is
conventionally used for this quantity as it refers to
“celerity,” meaning “velocity” or “swiftness of movement”;
it is the basis of the term “acceleration”dchange in
celerity), a scalar quantity determined by the bulk modulus
(overall stiffness) of the vessel wall and blood density. The
stiffness of the wall will determine the wall tension due to
the applied pressure (Laplace’s Law, Eq. 1.9). The wall
tension in turn determines the restoring force against the
fluid mass that consists of the inertial opposition to the
same restoring force supplied by the wall tension.

The above conceptual derivation of the origin of wave
speed is illustrated in Fig. 1.10.

Eq. (1.21) is the classical representation of wave speed
in a medium. In a closed system, such as the elastic arterial
conduits, the disturbance (or wave) generated by the
applied pressure at the aortic root can travel along the
arterial wall (an elastic material) or through the blood
(which is an incompressible fluid). In both cases, the value
of K is not the same, being much higher for blood
(w2.6 � 108 N/m2) than for arteries (w10.6 � 104 N/m2).
However, blood is essentially incompressible. This implies
that compression waves would involve very little energy (it
is much easier for the heart to expand the aorta, than to
compress the blood therein). Therefore, for practical pur-
poses, the relevant K for the arteries is that arising from the
arterial wall and, hence, the relevant velocities are in
the order of 10 m/s. (In the blood the disturbance travels at
the speed of sound, approximately 1570 m/s; this high-
speed transmission of a system disturbance is a funda-
mental property of the ballistocardiogram, which can also
provide hemodynamic information.48)
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When considering blood in an elastic tube, Eq. (1.21) is
recast as

c ¼
ffiffiffiffiffiffiffiffiffi
VdP

rdV

s
(1.22)

which is the well-known BramwelleHill equation, derived
independently by Bramwell and Hill49 and Frank.50

Since arteries mainly expand in the radial direction,
changes in volume (dV) are proportional to changes in area
or to 2 times change in radius (r) and so the quantity VdP/

dV (dP/(dV/V) can be replaced by dP/(2dr/r). From Lap-
lace’s Law (Eq. 1.9), pressure changes (dP) can be
expressed in terms of circumferential stress (s) at specific
values of wall thickness (h) and r, that its, dP ¼ ds(h/r).
The incremental elastic modulus (Einc) is defined as the
ratio of the change of stress (ds) to change of strain (dε) at
the specific operating point in the stressestrain curve, that
is, at the specific value of r. Hence, dε ¼ dr/r and so the
quantity VdP/dV can be replaced by Einc.h/2r. So, the
BramwelleHill equation of Eq. (1.22) is recast as the well-
known MoenseKorteweg equation,

FIGURE 1.10 Schematic illustration of a pulse wave generated in the wall of an elastic vessel (artery). A force (dF) applied by a piston to a small mass
of blood (m) that is contiguous with the arterial wall will displace the mass and the wall with the same acceleration. Since blood is incompressible in
relation to the elastic wall, and it also has inertia which opposes movement of the total blood column, the displacement (Dx) for the blood mass would be
accommodated by expansion of the arterial wall. The amount of expansion is determined by the wall material properties and the wave speed determined by
both the wall material properties and the density of the blood mass on which the force acts to displace the wall (see text for details).

Pulsatile pressure and flow and arterial elasticity Chapter | 1 15



c ¼
ffiffiffiffiffiffiffiffiffiffi
Einch

2rr

s
(1.23)

The main assumptions for the above derivation of the
wave speed are that the tube is thin walled (h << r), that
the increase in volume causes small changes in vessel
cross-sectional area (A) and wall thickness (h) and that
blood is incompressible (no change in density r).

As described in Section Pressure dependence of arterial
stiffness: an essential ingredient for optimal arterial design,
the stiffness of the arterial wall is essentially nonlinear,
suggesting that the value of Einc varies with the specific
relation of the tensioneradius curve and the wall tension
determined by the Laplace relation with pressure and radius
(Eq. 1.9). Hence, since Einc is a function of pressure, (E(P)),
c will also depend on pressure (c(P)). The implication of
this is that the wave speed will change during the time in
which pressure changes during the cardiac cycle. Although
this can be demonstrated,51,52 the stressestrain curve dur-
ing small pressure excursions can be reasonably approxi-
mated by a straight line, making E a constant value. This is
an important consideration when considering the applica-
tion of oscillatory analysis for determining vascular
impedance from pulsatile pressure and flow wave decom-
position (See Sections Oscillatory pressure and flow:
impedance and Input impedance), since linearity consider-
ations also take into account that true wave speed is
determined by high frequency oscillations.53

Pulse wave velocity

At first glance, the distinction between wave speed (c) and
pulse wave velocity (PWV) in the context of vascular
assessment might seem a semantic exercise. c is a funda-
mental (scalar) parameter determined from biophysical
relationships for wall elastic properties and conduit di-
mensions at a specific location and under specific loading
conditions (particularly pressure), that is, a regional prop-
erty over an infinitesimally small axial distance (note there
is no distance or length quantity in Eq. 1.23). The term
“velocity” denotes a vector quantity (with magnitude and
direction) whose magnitude is the value of the wave speed.
Hence, PWV is strictly a vector quantity, and in vascular
assessment it is generally considered as a measured variable
of the speed of the traveling pulse along the arterial path

length. It is commonly obtained by measuring the pulse
transit time (PTT) over a given distance (d),

PWV ¼ d

PTT
(1.24)

Clearly, if the arterial segment is uniform over a dis-
tance d, then, c ¼ PWV (more specifically, PWV ¼ U þ c,
where U is blood velocity; since U << c, particularly at the
end of diastole where PTT is usually measured at the foot of
the pulse, U is generally ignored). However, PWV is usu-
ally measured over long path lengths (e.g., carotid-to-
femoral) where there is substantial variability of all arterial
quantities in Eq. (1.23). Notwithstanding these caveats, it is
generally accepted that in large conduit arteries, the quan-
tity h/r is generally preserved.17 Furthermore, any irregu-
larity in wall thickness would generally be in intimal
changes, and these layers have a much lower stiffness than
the arterial media, which is the main vessel component that
determines the mechanical properties of the arterial wall.
Hence, although an approximation, any measured changes
in PWV would indicate that they are mainly due to medial
properties that affect arterial stiffness. These concepts have
given rise to the important surrogate relationship of

arterial stiffnessfPWV (1.25)

Notably, the notion that PWV is a (structural) metric of
arterial stiffness does not imply that PWV is the only arterial
stiffness marker (there is no “¼” sign in Eq. 1.25).54 Hence,
care should be taken to always define which arterial stiff-
ness metric is reported.

Pulse wave velocity and pressure-independent
arterial stiffness index beta (b)

The qualitative relationship of Eq. (1.25) is generally used
to quantify changes in arterial stiffness with age, arterial
site, or blood pressure. However, because of the pressure
dependency of arterial stiffness (and therefore of PWV), it
will not be possible to distinguish a difference in stiffness
due to structural arterial wall properties (that is, intrinsic
arterial stiffness) or due to a change in pressure. It is
important to note that a change in stiffness due to pressure
would be on the same pressureevolume curve, whereas a
change in intrinsic stiffness would imply a different curve.
Detailed analysis is described in Box 1.1.
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Pulse wave propagation and oscillatory
phenomena

The periodic nature of the cardiac cycle enables the
analysis of the time-dependent oscillations of pressure and
flow in terms of each frequency component of the signal.
The fundamental frequency is determined by the time of
the cardiac cycle and harmonic components are integer
multiples of the fundamental frequency. The complex
time-varying signal is considered as a sum of simple time-
varying sinusoids at harmonic frequencies with different

magnitudes and phase (see Section Oscillatory pressure
and flow: impedance). This then allows the quantification
of the change in magnitude and time delay of each fre-
quency component. That is, the propagation of the com-
plex wave can be analyzed in terms of propagation
coefficients as a function of frequency, consisting of the
amount of damping and delay as a function of distance.
The delay term is related to the pulse wave velocity of
each frequency component. Box 1.2 gives an example of
the frequency analysis for a sinusoidal signal of a pressure
wave (P(t)).

BOX 1.1 Pressure-independent index of arterial stiffness

To a good approximation, pressure (P) has an exponential relationship with diameter (D) of the form,25

P ¼ Pref e
b0ðD�Dref Þ=Dref (1.26)

or

ln P ¼ b0

�
D

Dref

� 1

�
þ ln Pref (1.27)

where b0 is the index that defines a specific stressestrain curve of the wall stiffness characteristics, and Pref and Dref are reference

pressure and diameter, respectively. Hence, if there are two pressure points on the curve (such as systolic (Ps) and diastolic (Pd)

pressure associated with systolic (Ds) and diastolic (Dd) diameter), the index b0 (a measure of intrinsic stiffness) can be obtained by

the slope of the logarithmic relationship from Eq. (1.27):

b0 ¼ ln

�
Ps

Pd

�
=

�
Ds

Dd

� 1

�
� ln

�
Pd

Pref

�
(1.28)

This equation is very often simplified by omission of the second term:

b ¼ ln

�
Ps

Pd

�
=

�
Ds

Dd

� 1

�
(1.29)

Since diameters are not readily measured, use is made of the BramwelleHill equation for PWV (Eq. 1.22), and assuming that

the volume change occurs only in the radial direction (that is, DV ¼ 2DD), where DD ¼ DseDd,

PWV 2 ¼ Ds ðPs � Pd Þ
2rðDs �Dd Þ (1.30)

By combining Eqs. 1.29 and 1.30,

b ¼ ln
Ps

Pd

$PWV 2$
2r

Ps � Pd

(1.31)

Hence, since PWV can be measured, usually over path lengths from the carotid to the femoral artery, and with measurement of

systolic and diastolic pressure, a pressure-independent index of arterial stiffness can be obtained. This has now been accepted in

the form of a cardio-ankle vascular index (CAVI), where PWV is taken along the heart-to-ankle arterial bed.26 CAVI was further

improved into CAVI0 by using b0 instead of b as a starting point (Eq. 1.29 vs. 1.28; Pref ¼ 100 mmHg), and by referring the

calculations to diastolic pressure (Pd),
27

CAVI0 ¼ b0 ¼ PWV 2$2r

Pd

� ln

�
Pd

Pref

�
(1.32)
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Forward and backward waves

Pressure (P) and flow (Q) waves can be described as a
combination of forward (Pf, Qf) and backward (reflected)
waves (Pb, Qb), such the reflected waves add to pressure
and subtract from flow,

P ¼ Pf þ Pb (1.39)

Q ¼ Qf þ Qb (1.40)

The relationship of Pf and Qf, and Pb and Qb (Qb has a
negative sign) is determined by the characteristic imped-
ance (Zc [See Section Vascular impedance and Chapter 3]),
such that

Zc ¼ Pf

Qf
¼ Pb

�Qb
(1.41)

This allows calculation of forward and backward arte-
rial pressure waves from measured pressure and flow and

characteristic impedance calculated from frequency- or
time-domain analysis of pressure and flow waves (see
Chapters 3 and 11),

Pf ¼ 0:5ðPþ Zc $QÞ (1.42)

Pb ¼ 0:5ðP� Zc $QÞ (1.43)

Thus, from the above equations, measured pressure and
flow waves can be decomposed into forward and back
waves. For sampled waveforms, the equations are applied
at each sample point.

Vascular impedance

Steady pressure and flow: resistance

The obligatory intermittent ventricular ejection, which
occurs for only part of the cardiac cycle, produces pulsatile
flow input to the aorta. The elastic properties of the arterial

BOX 1.2 Frequency analysis of pulse wave propagation

For description of oscillatory waves as sinusoidal functions, use is frequently made of Euler’s formula,

e�jut ¼ cosðjuÞ þ jsinðjuÞ (1.33)

where u is the oscillation frequency in rad/s and j ¼ O�1.

Hence, a time-varying sinusoidal frequency component of a pressure wave of amplitude Po is completely described as

PðtÞ ¼ Po$e�jut (1.34)

For a uniform arterial segment of length l, the sinusoidal wave from the input of the tube along its length undergoes modi-

fication of the amplitude; that is, it is modified in time (t) and space (x).

This can be concisely expressed as

Pðt; xÞ ¼ PðtÞ$e�lx (1.35)

where l is the propagation coefficient, defined as

l ¼ aþ jb (1.36)

where a is the attenuation constant (how much of the traveling amplitude is damped due to viscous losses for blood and wall), and

b is the phase constant (the “time delay” of the particular frequency component). [Note: with x in meters, a ¼ 1 m�1 corresponds

to an attenuation to 1/e z 37% of original amplitude per meter; b ¼ 1 rad/m corresponds to a phase shift of 1 rad (w57 degrees)

per meter.]

Each frequency component will travel at a finite wave speed (c), hence,

c ¼ u

b
(1.37)

and

P ðtÞ $ e�lx ¼ ðPo $ e�axÞ$eju

�
t�
�

x
c

��
(1.38)

where Po is the magnitude at the input of the tube and c is the wave velocity of the wave of frequency u.

The above description is for a uniform arterial segment with no terminal reflection. Hence, the value of the wave speed in Eq.

(1.37) is the true wave velocity, which can be reliably estimated from the foot-to-foot time delay of pressure waves.
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tree provide a buffer for the intermittent pulsations and
storage of blood in the presence of arterial wall tension,
such that a positive head of pressure is established in the
arterial vasculature to provide potential energy for contin-
uous perfusion of peripheral microvascular beds. At any
location in the arterial tree, the flow is determined by the
arterial pressure and the resistance to flow due the down-
stream effects of the blood vessels. (More precisely, the
driving pressure is the difference between arterial and
central venous pressure, but venous pressure in the sys-
temic vasculature is very much less than in arteries [order
of 5%], so it is usually ignored, although this is not the case
for the pulmonary vasculature as it operates at lower arterial
pressure). Hence, since pulsatility in pressure and flow in-
volves time-varying phenomena, the resistance to flow can
be described as the relation of pressure and flow as time-
varying quantities.

Since the duty cycle of the heart as a pump can be
considered periodic (not all cardiac cycles have the iden-
tical duration, but the variability is generally small in
normal conditions), the characteristics of the arterial
vasculature that determine relationships of pressure and
flow can be completely described by the values of pressure
and flow as a function of time in a single cardiac cycle. For
pressure P(t) and flow Q(t), and a cardiac cycle duration of
Tc, the mean values (Pm, Qm) can be calculated as

Pm ¼ 1
T

Z Tc

0
PðtÞ$dt (1.44)

Qm ¼ 1
T

Z Tc

0
QðtÞ$dt (1.45)

The pulsatile component Pp(t) and Qp(t) can be obtained
by subtracting the mean value from the original signal,

PpðtÞ ¼ PðtÞ � Pm (1.46)

QpðtÞ ¼ QðtÞ � Qm (1.47)

The impedance to flow is calculated as the ratio of
pressure and flow. Hence, for the mean values, the resis-
tance (R) is

R ¼ Pm

Qm
(1.48)

Arterial properties that determine
relationship of steady pressure and flow

Eq. (1.48) gives the value of resistance as the ratio of
mean pressure to mean flow. Thus, if pressure and flow
are measured at any specific location in the arterial tree,
the ratio quantifies the total resistance to flow downstream
from the point of measurement. However, this is a
computed value and does not describe arterial properties

in an explicit form. The resistance to flow occurs in
accordance with the laws of motion of fluid due to an
applied force. For a fluid of viscosity m flowing due to a
pressure difference between inlet and outlet of a uniform
segment of conduit of length l and internal radius r, the
ratio of pressure to flow, designating the resistance (R) of
the segment, is given as

R ¼ 8ml
pr4

(1.49)

This relation assumes laminar, stationary flow (no tur-
bulence), a Newtonian fluid (constant viscosity), no slip at
the wall, and a tube long enough so that the laminar flow is
fully developed. Fluid flow can then be calculated for a
measured pressure gradient, tube dimensions, and fluid
viscosity; this relationship is known as the Hagene
Poiseuille equation55 (page 10 of Ref. 26).

Because of the dependency of fluid resistance on the
inverse of the fourth power of the radius, the large arteries
in the arterial vasculature contribute very little to the
resistance to flow. This also illustrates the powerful role of
the small vessels in the control of peripheral resistance,
such as arterioles being able to modulate vessel caliber
under active control of smooth muscle tone55 (page 36 of
Ref. 26).

For a symmetrical bifurcation obeying Murray’s Law of
optimality of branching, using Eq. (1.48), the total resis-
tance of the branches increases to 1.26 times the resistance
of the parent vessel of equal length. This value is also the
optimal area ratio based on maximal energy transmission at
branch points (obtained by simple algebraic addition of the
individual branch area rations, corresponding to the addi-
tion of admittance of the branch, or inverse of resistance).
Although not all branch points in the arterial vasculature are
theoretically optimally matched, there is still a general
increase in cross-sectional area in large vessels with
branching generation. However, in small vessels such as
arterioles, the caliber is determined by active smooth tone,
such that the arteriolar regions become the sites of modu-
lation of maximal resistance, and as a consequence the site
of modulation of maximal reflection that would influence
pulse pressure.4

Oscillatory pressure and flow: impedance

For the pulsatile component, the ratio of the time-varying
signals cannot be computed to describe resistance to pul-
satile flow. That is, the division of pressure at a particular
time point cannot be divided by a flow value at the same
time point, as a time-varying resistance does not strictly
have any real physiological meaning, and in addition,
during diastole, when flow is zero, resistance would be
infinite. Furthermore, the rapid changes in flow would
cause rapid changes in resistance, and there are no plausible
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biological mechanisms that would cause such rapid
changes in vascular properties.

For the pulsatile component, use is made of the periodic
nature of the signal to decompose the time-varying signal
into its sinusoidal harmonic components. From the Fourier
theorem, any time-varying signal can be expressed as a sum
of a series of sinusoidal waves, whose period depends on
the time over which the signal is sampled. Hence, for the
cardiac cycle, the first harmonic sinusoid would have the
period of the cardiac cycle (Tc), and so the frequency would
be (1/Tc). For a heart rate of 60 beats, the cycle period
would be 1 s and the fundamental (first harmonic)
frequency (u0) would be 1 Hz. Box 1.3 gives formal

expressions for the frequency analysis and its use for
calculation of impedance as a function of frequency.

Aortic input impedance is a complete description of the
pulsatile load on the left ventricle, and so can also describe
the fundamental relationships of ventricularevascular
coupling. Fig. 1.11 shows the comparison between the
human and rabbit aortic impedance, with the energy spec-
trum of aortic flow. The human heart operates against a
higher relative impedance than the rabbit heart, suggesting
a relatively higher mismatch in ventricular vascular
coupling.56 For further discussion regarding aortic input
impedance and its derivation, the reader is referred to
Chapter 3.

BOX 1.3 Frequency analysis and impedance calculation

The conversion of the time-varying signals is done by a Fourier transform, which enables the time-varying Pp(t) andQp(t) signals to

be expressed in the frequency domain.

Any periodic signal x(t), with period Tc, can be expressed as

xðtÞ ¼ 1

Tc

XN
n¼�N

Xne
jnu0 t (1.50)

where

Xn ¼
Z Tc

0

xðtÞe�jnu0 t dt (1.51)

j ¼ O-1 and Xn(u) is a complex quantity which represents a sine wave at a frequency of nu0. That is, for the series of harmonics

(n ¼ 1, 2, 3 .), Xn has a magnitude jXjn and phase angle (arg(X)n).

Hence, for the respective pressure and flow representation,

PðuÞ ¼ jP jn$:argðP Þn ðn ¼ 1;2; 3; :::Þ (1.52)

QðuÞ ¼ jQjn$:argðQÞn ðn ¼ 1; 2;3; :::Þ (1.53)

where the symbol : designates the phase angle representation of the complex quantity.

As in the case for the mean value of P(t) and Q(t) to determine resistance, similarly, the ratio of P(u) and Q(u) is used to

determine the resistance at each specific harmonic component. In analogy with electrical circuits for oscillating voltage and

current in the frequency domain, the ratio of P(u) and Q(u) is designated as impedance, Z(u), a complex quantity with a modulus

(jZjn) and phase (arg(Z)n),

Z ðuÞ ¼ P ðuÞ
QðuÞ (1.54)

Hence,

jZ j ¼ jP jn
jQjn (1.55)

argðZ Þn ¼ argðP Þn � argðQÞn (1.56)

The impedance spectrum consists of a plot of jZjn and arg(Z)n as a function of frequency for each harmonic (n ¼ 1,2,3,.). The

value of impedance at zero frequency, that is, for steady pressure and flow, is the value of resistance (R) determined from mean

pressure and flow and a phase angle of zero (Fig. 1.11).
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Arterial properties that determine
relationship of pulsatile pressure and flow

Due to the periodic nature of cardiac contraction, the
associated time-varying pressure and flow in arteries can be
considered as periodic oscillations. Just as the vessels
downstream of point of measurement present a resistance to
steady (i.e., nonpulsatile) flow due to a pressure gradient
(Eq. 1.48), they also present an opposition to oscillatory
flow. For steady flow, the relevant quantities are the mag-
nitudes of means pressure (Pm) and mean flow (Qm), and
for oscillatory flow they are the magnitudes of the oscil-
lations of P(t) and Q(t). Because, by definition, oscillatory
flow implies a change of velocity with time, and since a
blood mass is accelerated in an elastic conduit with capacity
for volume storage due to its compliance (C), the opposi-
tion to flow is due to the blood inertia of the mass (L) and
also due to the storage capacity. That is, the opposition to
flow will be high for a high inertia and low for a high
compliance. In analogy with similar conceptual models of

electrical transmission lines, the resistance to oscillatory
flow due to the physical properties is defined as the char-
acteristic impedance (Zc) and (for large vessels and inviscid
fluid) is described as

Zc ¼
ffiffiffiffi
L

C

r
(1.57)

For an arterial segment of length l, wall thickness h,
radius r, wall material stiffness E, and blood density r, the
value of the tube compliance C can be computed as

C ¼ 3plr3

2Eh
(1.58)

Alternatively, C can be estimated as DV/DP. When
impedance is determined from frequency components of
pressure and flow (Eq. 1.54), Zc is estimated from the
average of the high harmonics of the spectrum of imped-
ance modulus. For the human arterial system, usually
harmonics 6e10 are used (see Chapter 3).

FIGURE 1.11 Vascular impedance determined from frequency components of aortic pressure and flow (i.e., aortic input impedance) in humans and
rabbits and shown as modulus and phase as a function of frequency. The impedance modulus (Z) is normalized by the characteristic impedance (Zc)
computed from the average moduli between 6 and 10 Hz. The impedance spectrum is quite similar for the human and rabbit, with the modulus falling
rapidly at low frequencies and the phase having a negative value until around the frequency of impedance minimum. Negative phase indicates a capacitive
load, such that flow leads pressure. The orange stippled curve shows the energy in the aortic flow normalized by the value for first harmonic. The overlay
of these curves on the impedance curves illustrates the different degree of matching of ventricularevascular coupling. In the rabbit, most of the flow
energy is in the low impedance part of the spectrum, whereas in the human it is in the descending limb and at relatively higher impedance value,
suggesting a less efficient matching compared to the rabbit. Human data obtained from Murgo JP, et al. Aortic input impedance in normal man:
relationship to pressure wave forms. Circulation. 1980; 62(1):105e116; Rabbit data obtained from Avolio, AP, et al. A comparative study of pulsatile
arterial hemodynamics in rabbits and Guinea pigs. Am J Physiol. 1976; 230(4):868e875.
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Effects of blood viscosity and pulsatile flow:
Womersley’s alpha

When fluid flows in a tube due to a pressure gradient, the
rate of flow is determined by the properties of the fluid
(density, viscosity) and tube dimensions (diameter, length).
For a constant pressure gradient, flow determined by these
properties is steady, and for a long tube it will be laminar
flow with a parabolic profile. That is, it has maximum
velocity at the center of the tube and low velocity close to
the wall. In this case, the relation between the steady
pressure gradient and flow would be quantified as a resis-
tance (Eq. 1.48). However, if the pressure gradient varies
with time, the relationship between the pressure and flow
will be determined by the frequency of oscillation and
properties of blood and tube dimensions, with the values of
impedance converging to Eq. (1.48) for a frequency of
zero. This advanced analysis is described in Box 1.4.

Input impedance

For an arterial segment, the input impedance (Zin) would be
similar to the characteristic impedance (Zc) if it were uni-
form and had a matched terminal impedance (Zt). This
relationship is defined by a reflection coefficient (G),

G ¼ Zc � Zt

Zc þ Zt
(1.63)

Eq. (1.63) suggests that for a uniform arterial segment,
the amount of wave reflection is determined by the degree
of impedance matching.

An important consideration when addressing vascular
impedance is that each frequency component of the pulse
wave undergoes transformation of its amplitude along the
traveled distance, as described by Eqs. 1.33e1.38, where
the change in amplitude and delay on the traveled path is
determined by the propagation coefficient l.

BOX 1.4 Womersley’s theory of pulsatile blood pressure and flow in arteries

Womersley’s solution of the NaviereStokes equations of fluid flow in circular boundaries enabled the computation of fluid flow

profiles due to an oscillating pressure gradient3 and by knowledge of vessel mechanical and geometric properties. For a sinusoidal

oscillation of frequency u, the closed-form solutions involved a nondimensional parameter (alpha, a) and a series of Bessel

functions, which modify the characteristic impedance as a function of alpha values, Womersley’s alpha (a) is defined as

a ¼ r

ffiffiffiffiffiffi
ur

m

r
(1.59)

where r is luminal radius, u is frequency of oscillation, r is fluid density, and m is the fluid viscosity.

(Note the similarity of the nondimensional parameter (a) with the nondimensional Reynolds number (Re)):

Re ¼ rVD

m
(1.60)

where r is fluid density; V is fluid velocity; D is linear dimension (diameter for circular boundaries); m is fluid viscosity.

“V” in the numerator of the expression for Re corresponds to “u” in the expression for a. Hence, as Re is a critical parameter

for characterization of steady flow phenomena, similarly, a is a critical parameter for characterization of oscillatory flow

phenomena.

The characteristic impedance (Eq. 1.57) is modified as59

Zc ¼
�
L

C

�1=2

$ð1� F10Þ�1=2 (1.61)

where

1� F10 ¼ 1� 2J1
�
aj

3
2

�
aj

3
2J0

�
aj

3
2

� (1.62)

and J0 is Bessel function of the first kind of zero order, J1 is Bessel function of the first kind of first order, a as in Eq. (1.59); j ¼ O�1.

The values of function (1�F10) are plotted as a function of a (Fig. 1.12A), showing that the greatest effect is for range of low

values of a < 3 and values of a affect the cross-sectional flow profile (Fig. 1.12B).
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For a tube of length l and with a terminal impedance Zt,
the input impedance Zin is defined by the characteristic
impedance (Zc), the reflection coefficient (G), and the wave
propagation coefficient (l),

Zin ¼ Zc$
1þ Ge�2lL

1� Ge�2lL
(1.64)

The equations describe the impedance of arterial seg-
ments in a closed form in terms of physical geometric and
material properties. Thus, with connections of uniform
segments in the form of a distributed and branching tree
structure, it is possible to investigate spatial and temporal
relationships of pulsatile pressure and flow.59e62

FIGURE 1.12 (A) Function of 1�F10 as a function of alpha (a). Maximum change occurs for a values below 3. This suggests the combination of vessel
size (radius), frequency (heart rate), and blood properties (density and viscosity) that give values of a in the red region will affect the dynamic relationship
of pressure and flow. (B) The flow profiles are also affected by the values of a (designated as Womersley’s Number [Wo] in the above figure). Profiles are
shown for normalized tube radius (r/R) and normalized relative to mean flow (u/�u). The parabolic flow corresponds to a ¼ 0, where the viscosity is the
main determinant of the flow profile. This is generally maintained for low values of a. As a increases, blood inertia begins to dominate in the central part
of the lumen and at high values of a the flow undergoes marked changes to a flat profile, with inertia being the main determinant and the effects of
viscosity are seen at the boundary layers adjacent to the wall. Part (B) of the figure is used under Creative Commons License [https://commons.wikimedia.
org/w/index.php?curid¼54810155 (Rudolf Hellmuth)].

Pulsatile pressure and flow and arterial elasticity Chapter | 1 23

https://commons.wikimedia.org/w/index.php?curid=54810155
https://commons.wikimedia.org/w/index.php?curid=54810155
https://commons.wikimedia.org/w/index.php?curid=54810155


System linearity

Eq. (1.54) suggests that each frequency component of flow
is scaled by a single value of impedance to obtain a single
frequency component of pressure. That is, a specific fre-
quency component of flow is uniquely related to the pres-
sure component of the same frequency and no other
pressure component. This is an important characteristic of
linear systems and is a fundamental assumption for
impedance calculation for pulsatile pressure and flow in
arteries.63 The fact that a single frequency component of
flow can be related to a single frequency component of
pressure assumes that the system is time invariant. That is,
during the cardiac cycle (the interval of time for which
pulsatile pressure and flow are obtained and analyzed), all
properties of the system remain constant. Since a determi-
nant characteristic of pulsatile pressure and flow is arterial
stiffness, the implication is that during the cardiac cycle,
when pressure increases between the nadir (diastolic pres-
sure) to the peak (systolic pressure), the elastic properties
remain constant and there is no change in arterial stiffness.
However, as was explained in Section Elastic vessels, the
pressure-dependence of arterial stiffness is an inherent
property of arterial structure and a fundamental property of
arterial design, hence it would seem counterintuitive and
contradictory to assume a constant value of arterial stiffness
during the time when there is a change in pressure, unless
there are justifiable assumptions.

Intermodulation: justification for
assumptions of system linearity

The nonlinearity of the system due to a pressure-dependent
elastic modulus of the arterial wall would lead to a phe-
nomenon known as intermodulation. That is, if a single
sinusoidal frequency of flow were used as the input at the
aorta, the resulting pressure would be a single sinusoid at
the same frequency but would also include components of
differing amplitudes at different frequencies. This impor-
tant characteristic was examined in some early studies to
ascertain whether arterial impedance could indeed be
computed from harmonic components of pressure and flow
and be able to describe the system with reasonable and
meaningful physiological application.63 When the canine
arterial system was perturbed with sinusoidal pumps, power
at intermodulation frequencies was found to be very low
(around 2%).64 The fact that it was able to be detected
suggests the presence of nonlinearity and it is consistent
with the pressure dependency of arterial stiffness. The
rather small effect suggests that the excursion of pressure
during the cardiac cycle is relatively small compared to the
entire range of operating pressure of arteries, and so during
this interval, the stress/strain curve of the arterial wall can
be approximated with a linear slope.

Nonlinearity in arterial models

Although the assumptions of linearity have been able to
facilitate the development of early arterial models using
closed-form expressions for hemodynamic relationships59,61

or physical circuit elements,62 more recent models that are
based on iterative numerical solutions of basic fluid flow
equations can readily include features of system nonlinearity
by making arterial elasticity dependent on arterial pressure.60

Relation between characteristic impedance and
pulse wave velocity

If a fluid of density r flows with velocity v in a tube and the
end is suddenly closed, there will be a change in velocity
(Dv) and an associated pressure change (DP). The pressure
wave will travel in the tube at a wave speed (c) determined
by the tube and fluid properties. The relationship is

DP ¼ crDv (1.65)

This is the classic water hammer formula (which
commonly manifests as a sudden noise in pipes following
rapid closure of a tap).

Since volumetricflowQ ¼ A$v, whereA is cross-sectional
area, and characteristic impedance Zc is the ratio of DP/DQ,
the relation between impedance and wave speed is

c ¼ ZcA=r (1.66)

Eq. (1.66) implies that local wave speed can be deter-
mined by computation of impedance by measured pressure
and flow. It also implies that if impedance is computed
using flow velocity (cm/sec) rather than volume flow (cm3/
sec), (that is, scaled by area), the magnitudes are scaled
only by the reciprocal of blood density, and if expressed in
CGS units, they are approximately equal (since blood
density is 1.06 g/mL). Scaling impedance by area also en-
ables comparisons of impedance spectral patterns in
different arterial districts and in different animals of
different sizes58 (since arterial blood pressure and flow
velocity do not scale to body size or vessel caliber).

Pressure and flow relationship in the time
domain

The periodicity of cardiac contractions has enabled the
characterization of the pressure and flow and impedance in
the frequency domain, with the assumption of system sta-
tionarity. However, since energy is carried by the combi-
nation of pressure and flow as time-varying quantities,
energy-based analysis can also be used to characterize
wave propagation, which does not require any periodicity.
The time-domain characterization has been used to describe
the reservoir concept13 and wave intensity analysis.65 The
details of these concepts will be covered in Chapter 3.
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Summary

This chapter describes the fundamental biophysical re-
lationships that underpin the physiological understanding
of the interaction between pulsatile arterial blood pressure
and flow and arterial stiffness. The approach has been to
attempt to provide sufficient qualitative background
explanation to support the quantitative description of the
relationships and to highlight the fundamental significance
of pulsatile hemodynamic phenomena. Arterial blood
pressure and arterial stiffness are fundamental quantities
intrinsic to arterial function (they do not scale to body size
as do cardiac output or heart rate) and arterial stiffness is a
significant determinant of vascular impedance and wave
propagation that form the basis of the interaction of the
arterial vasculature and the obligatory action of the heart as
a pulsatile pump.
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Introduction

Cuff-measured blood pressure (BP) is themostwidely applied
and clinically importantmeasurement used in clinical practice.
The principles of cuff BP measurement used in clinical prac-
tice today are based on the technique of cuff mercury sphyg-
momanometry that was refined by Dr Nikolai Korotkoff in
1905. This method relies on estimating the BP within the
brachial artery where the cuff is applied by listening to the
sounds (auscultation by stethoscope)within the brachial artery
as the cuff is slowly deflated and with BP measured on a
mercury sphygmomanometer. A distinctive sound occurring
at the onset of flow under the cuff denotes systolic BP (Kor-
otkoff phase 1), whereas the point at which sound disappears
denotes diastolic BP (Korotkoff phase 5) and occurs with full
restitution of blood flow.1 These brachial artery sounds are
separable in time and distinctive from heart sounds.2

Whenmeasured carefully using a standardized approach,
cuff-measured BP provides critical clinical information
relating to the risk of high BP-related disease.3 A spectrum of
clinical conditions occur as a consequence of high BP, which
are related to stiffening of large central arteries (particularly
the aorta) and accelerated atherosclerotic plaque develop-
ment, both of which ultimately affect the vasculature and
perfusion of the brain, heart, and kidneys, and promote heart
disease through direct effects on left ventricular afterload
(often referred to as “pressure overload”). Thus, the under-
lying tenet of accurate BP measurement is to determine the
pressure loading and consequent vascular risk at the central
arterial beds.4 This measurement has been coined “central
BP,” as distinct from standard upper arm cuff BP and

represents BP at the ascending aorta.5 The upper arm is the
nearest site at which a cuff can safely be inflated to perform
mercury auscultation, and even though this is distal to the
central arterial beds, the technique can provide a reasonable
determination of an individual’s true intra-arterial central BP.

The unequivocal clinical importance of cuff BP mea-
surement was demonstrated in many seminal epidemiology
studies and clinical trials throughout the 20th and 21st cen-
turies.6,7 In the 1970s, the first commercially available devices
tomeasureBPusing a “modern” automated technique, known
as oscillometric BP, became available. Oscillometric BP was
developed as an automated way to derive the same BP values
as mercury auscultation and is the current mainstay BP mea-
surement technique used worldwide and recommended by
hypertension societies for all modalities of BP measurement
(office BP, automated unobserved BP, self-measured home
BP, and 24-hour ambulatory BP). Many thousands of unique
oscillometricBPdevices are soldonlineglobally tomillions of
people each year. A new wave of techniques and cuffless
devices asserting to measure BP at different arterial sites have
also emerged, which raisemany questions about what is being
measured and of what additive value will they provide. In
seeking tounderstand this,wemustfirstly return to the original
BP method from which all others have emerged and (most)
seek to emulate: cuff mercury sphygmomanometry.

Cuff mercury sphygmomanometry

In his original thesis of 1896 on the measurement of BP
using cuff mercury sphygmomanometry, Riva Rocci
considered that the technique provided a measurement of
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BP (referring to this as the “total charge”) at “. a point
fairly close to the aorta.” either “.. in the aorta itself or
of the brachiocephalic trunk..”8 This was a reasonable
supposition because sphygmomanometry was applied to a
large arterial branch of the aorta. However, as an indirect
measure, the veracity of these statements could not be
assessed until the 1930s with the advent of intra-arterial BP
measurement using calibrated manometers. By the 1950s,
results from several small experimental studies led a com-
mittee of the Scientific Council of the American Heart
Association to conclude that cuff mercury sphygmoma-
nometry was error-prone when compared with the true
intra-arterial brachial BP, seemingly to systematically un-
derestimate systolic BP but overestimate diastolic BP a
mean error of 8 mmHg may be expected in individual
readings of systolic and diastolic pressures.9

Many investigators have put forward theories on the
origin of Korotkoff sounds and possible explanations for
systematic errors of systolic BP and diastolic BP.10e13 The
act of cuff occlusion of an artery in itself may cause he-
modynamic changes that contribute to systematic error.11

However, dynamic reactions also occur during cuff defla-
tion, which can additionally influence cuff-measured BP
values compared with intra-arterial BP (see Video 1).10 A
possible explanation for systematic overestimation of dia-
stolic BP is that due to incomplete transmission of pressure
in the cuff to the compressed brachial artery, the occluded
arterial segment opens at an intra-arterial pressure below
that exerted by the cuff.10 Importantly, the size of the cuff
relative to the arm of the person having their BP measured,
as well as the shape of the arm relative to the cuff,14 plays a
role in the accuracy of cuff mercury sphygmomanometry.
Indeed, good “cuff performance” is more likely using an
appropriately sized cuff bladder relative to the circumfer-
ence of the person’s upper arm. Current recommendations
are that bladder length should be 75%e100%, and bladder
width 37%e50%, of the upper arm circumference.15

The full extent of the difference of cuff mercury
sphygmomanometry BP compared against an intra-arterial
reference was only recently appreciated through meta-
analyses of individual patient-level data.16 Even when
apparently measured correctly (i.e., with appropriate cuff
size) among more than 300 people, on average, cuff sys-
tolic BP was underestimated by �3.4 (95% confidence
intervals, CI; �6.9 to �0.2) mmHg and diastolic BP
overestimated by 6.3 (2.8 to 9.8) mmHg compared with
intra-arterial brachial BP. As already mentioned above, the
most clinically relevant BP sought to be measured with
accuracy is that at the central aorta, but data for this com-
parison were only available for 21 people using cuff mer-
cury sphygmomanometry (as the majority of available data
in this regard is for oscillometric BP).16

In any case, the systematic underestimation of brachial
systolic BP with cuff mercury sphygmomanometry suggests
this cuff method could give a reasonable estimate of intra-
arterial central aortic systolic BP, because on average this

is lower than intra-arterial brachial systolic BP. But arguing
against the consistent accuracy of cuff mercury sphygmo-
manometry for measuring aortic BP is that: (1) large indi-
vidual variability in the magnitude of systolic BP difference
(>30 mmHg) occurs between the aorta and brachial artery
(termed, systolic BP amplification) even among people with
similar intra-arterial brachial systolic BP17; (2) hemody-
namic variations associated with chronological aging, or
disease-related vascular aging, create additional error in cuff-
measured BP (e.g., greater underestimation of systolic BP
and pulse pressure, but overestimation of diastolic BP with
advanced vascular aging)18e20; and; (3) there is a lack of
empirical evidence or biophysical rationale that Kortotkoff
sounds denoting systolic BP at the brachial artery directly
relate to central aortic systolic BP.2 Thus, even though cuff
mercury sphygmomanometry has been an invaluable clinical
tool, it is not always a precise determination of an in-
dividual’s true intra-arterial central BP.

Together the above observations provide some of the
rationale toward efforts to improve the accuracy of cuff-
measured BP.21 But in the meantime, cuff mercury (or
mercury-free) sphygmomanometry is still regarded as the
reference standard method by which the accuracy (valida-
tion) of most other BP measurement techniques are
compared.22 An exception to this is the protocol for the
validation of devices that purport to measure central aortic
BP, as distinct from standard upper arm cuff BP, whereby
intra-arterial central aortic BP is the recommended refer-
ence standard (discussed below).5 Environmental and
health concerns associated with using mercury in the
manometric column has led to the phasing out of cuff
mercury sphygmomanometry from clinical practice, and
with replacement mostly by cuff oscillometric BP devices.

Cuff “oscillometric” blood pressure

The automated nature of cuff oscillometric BP is favored for
use in clinical practice as it removes the influence of many
potential measurement method errors, such as terminal digit
preference,23 but still has a similar “cuff-based” appearance
to the widely accepted cuff mercury sphygmomanometry
method. Measurement begins with cuff inflation to about
30 mmHg above expected systolic BP and then steady
deflation. Miniature piezoelectric pressure transducers are
used to record small, so-called “oscillation” waves that are
converted from pressure to analog voltage, which is ampli-
fied and filtered.24 The waves first become apparent before
registration of systolic BP using the first Korotkoff sound.25

Initially, the wave amplitude is very small at around systolic
BP, reaches maximal amplitude at mean arterial pressure,
and then declines in amplitude as the cuff deflates toward
and below diastolic BP.

Digital signal processing is used to obtain and analyze
the envelope of the recorded “oscillometric” waves using
fitting functions and algorithms that may differ between
each unique oscillometric BP device and are not publicly
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disclosed. Moreover, a clear assessment of wave amplitude
at different inflation pressures requires very slow deflation of
the cuff, allowing for the acquisition of full cardiac cycles
within small pressure inflation ranges; this process is often
“abbreviated” and a faster deflation is used to achieve rapid
measurements in the clinic, which require indirect algorithm-
based inferences regarding the exact amplitude of the
oscillometric envelopes at various inflation pressures.
Importantly, if different algorithmic approaches are used to
construct the wave amplitude envelope, this will result in
different estimated BP values.26 After identifying mean
arterial pressure from the point of maximum wave ampli-
tude,27 systolic and diastolic BPs are estimated often using
fixed-ratio algorithms. These algorithms are based on sys-
tolic BP and diastolic BP (measured with cuff mercury
sphygmomanometry) correlating with points on the envelope
where the wave amplitude approximates 55% (0.55) and
82% (0.82) of the maximal amplitude, respectively.25

Fig. 2.1 illustrates an overview of the technique, highlighting
the relations between cuff pressure, Korotkoff sounds, and
the wave amplitude trace, as well as example fixed-ratio
algorithms to estimate systolic BP and diastolic BP.

The percentage (ratio) estimates to derive BP using this
method only represent population averages and have some
flaws, including a systematic bias toward greater underes-
timation of systolic BP as systolic BP increases. This is
because the optimal fixed-ratio algorithm required to
accurately estimate systolic BP (by comparison with cuff
mercury sphygmomanometry) becomes progressively
lower as systolic BP increases (e.g., the optimal fixed-ratio

for systolic BP approximates 0.57 at 100 mmHg but this
falls to 0.45 at 190 mmHg), thus potentially compromising
accurate diagnostic assessment of hypertension. A smaller
range in the optimal fixed-ratio occurs for diastolic BP
(e.g., range approximates 0.86e0.75 across 55e115 mmHg
diastolic BP).25

Compared with intra-arterial brachial BP, on average,
diastolic BP is overestimated byz 6 mmHg, whereas sys-
tolic BP and pulse pressure are underestimated by �6
and �12 mmHg, respectively, using oscillometric devices.
Unsurprisingly, these discrepancies could have a major in-
fluence on correct BP classification.16 The same general
oscillometric method to estimate BP has also been developed
using wrist cuff BP devices. Whether they be upper arm or
wrist cuff BP devices, the failure of these algorithms to
provide consistent accuracy across different BP values, nor
account for individual variation in waveform morphology
related to accurate BP assessment,17 leaves room for more
sophisticated approaches to improve accuracy.

It is worth briefly reviewing the terminology “oscillo-
metric” BP, which implies that the waveforms are oscilla-
tions, but this is not the case.126 Oscillations are periodic
waves in which there is repetitive variation of a measure
about a central value, such as an alternating current. In fact,
the waves are arterial pressure waves generated by the
distending and recoiling brachial artery that occurs with
each cardiac cycle. The “oscillometric” method gained this
name from historical reference to oscillations by in-
vestigators from the 19th century, which was then carried
on into the 1970s with the invention of the automated
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FIGURE 2.1 Example of the “oscillometric” method to estimate blood pressure. The pressure at the maximal amplitude of the pressure wave envelope
represents mean arterial pressure (MAP), and fixed-ratio algorithms are used to derive systolic (SBP) and diastolic blood pressure (DBP). Example
positions of Korotkoff phase 1 (K1) and phase 5 (K5) are indicated on the cuff pressure waveform.
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“oscillometric” method.24 Part of the terminology confu-
sion may also originate from the process of filtering the
waveforms during processing, which dampens typically
recognizable features of arterial pressure waves and could
give the (false) impression of an oscillometric wave. More
appropriate terminology, such as “automatic sphygmoma-
nometer” has been proposed. For the ease of understanding,
the term “oscillometric” is used in this chapter.

Determining the accuracy of oscillometric BP devices is
recommended to be performed by comparison with cuff
mercury (or mercury-free) sphygmomanometry according
to standardized, internationally accepted validation pro-
tocols,22 by investigators who are independent from the
device manufacturer to avoid potential bias. Currently, this
includes the requirement to be tested among at least 85
people comprising men and women, and across a range of
low to high BP values.15,28 Transparency of findings is
paramount, and these should be made publicly available by
publication in peer-reviewed scientific journals.29 While
these requirements are desired, they are infrequently ach-
ieved because BP devices may be cleared for marketing and
sale by regulatory authorities without having undergone
rigorous accuracy testing or publication of validation
studies in peer-reviewed journals.30,31 Devices that have
not undergone such testing likely have greater inaccuracy
compared with cuff mercury sphygmomanometry, are
widely used and more likely to contribute to suboptimal
medical management.32e36

At the time of writing this chapter, there were more than
3600 unique BP device models available for consumer
purchase, manufactured by more than 450 different com-
panies worldwide, but less than 20% had undergone the
necessary validation testing described above.37 Among BP
devices sold by large e-commerce companies with global
reach (e.g., Amazon, eBay), only about 5% of the BP de-
vices were validated, which if used for home BP moni-
toring could seriously undermine best-practice
cardiovascular risk management.38 A project by the Lancet
Commission on Hypertension Group39 is seeking to redress
the above issues to improve the global availability of
validated BP devices.40 Even if achieved, there will be
room for improvement because validated BP devices can
still have sizable differences from carefully measured
mercury sphygmomanometry (e.g., �10 mmHg difference
in 36% of systolic or diastolic BP readings,41 and a range of
6 to 26 mmHg difference for systolic BP).36

With the advent of more advanced technological capa-
bilities, the principles of oscillometric BP have been rede-
ployed into cuffless methods at arterial beds distal from the
brachial artery. For example, in the transverse palmar arch
artery of the forefinger via a sensor unit embedded on the
face of a smartphone that records pressure signals when the
finger is pressed up against the unit.42 This approach re-
places the cuff with the finger as the actuator to apply

external pressure and generate the wave envelope for
analysis and estimation of BPs. A critical factor for accurate
BP measurement at vessels peripheral to the brachial artery
is that systolic BP may be substantially amplified, but this
amplification is of highly variable magnitude (range
0e40 mmHg), and currently there is no way to know the
interindividual variability noninvasively.43 This, together
with the known variability in systolic BP between the aorta
and brachial artery,16 infers that clinically meaningful BP
measurement becomes increasingly challenging as distance
increases from the ascending aorta. Attempts to improve
accuracy of BP measurement at distal arteries have been
explored using the technique of applanation tonometry,
most notably at the radial artery.

Radial artery applanation tonometry

Noninvasive recording of arterial pressure waveforms can be
achieved using applanation tonometry at a palpable periph-
eral artery, usually applied at the more easily accessible
radial or carotid arteries. The technique typically involves
use of a pen-like tonometer probe housing a piezoelectric
pressure sensor at the tip, but can also be undertaken by
servo-controlled devices with piezoelectric arrays to help
limit movement artifact.44 The sensor is lightly applied
perpendicular to the artery, partially flattening the wall
(applanation), which eliminates tangential forces and ex-
poses the sensor to the pressure within the artery. This en-
ables high-quality recordings of the arterial pulse that are
similar to that acquired by intra-arterial measurement.45e47

With accurate recording of the radial artery waveform, a
central aortic pressure waveform can be generated using a
mathematical transfer function (Fig. 2.2), often a general-
ized function assessed from population data.48,49 Correct
calibration of the radial waveform (scaling using units of
pressure) is required to generate an accurate estimation of
central aortic BP. Indeed, many investigators have shown
that calibration using aortic intra-arterial mean arterial
pressure and diastolic BP produces accurate central aortic
systolic BP values, even among subjects of different age,
heart rate, and BP, but also with major hemodynamic
perturbations induced by vasoactive medications, Valsalva
maneuver, abdominal compression, and exercise.44,48e51

However, it should be noted that such validation is present
only for peak pressure, rather than the details of the
waveform, which are required for more sophisticated he-
modynamic analyses. Moreover, some evidence indicates
the technique is less accurate among populations at higher
risk for vascular disease (i.e., type 2 diabetes, chronic
kidney disease),18,52 implying potential weakness of
generalized transfer functions being used in people with
extreme vascular aging.20 This issue probably also applies
to cuff oscillometric BP,19,20 but is incompletely under-
stood and requires further research.
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Carotid arterial tonometry can be used to obtain high-
fidelity pressure wave forms from the carotid artery,
which is morphologically similar (but not identical) to the
aortic pressure waveform.53 This approach is advantageous
because it does not require a transfer function. However,
the procedure is more technically demanding than radial
tonometry. Anatomic and technical considerations for ca-
rotid applanation tonometry are discussed in Box 2.1 and
represented in Fig. 2.3.

Two factors reported in 1990, using intra-arterial BP
measures in patients undergoing cardiac catheterization,
emphasized the potential clinical importance of pursuing
measurements of central aortic BP as distinct from brachial
BP. Firstly, central aortic systolic BP could be significantly
different among patients with similar brachial systolic BP
(e.g., brachial z150 mmHg but aortic z130e150
mmHg)54; meaning that the true risk related to BP could be
missed if only focusing on BP measurement at the upper
arm. Secondly, the BP lowering effects of antihypertensive
agents could be more pronounced at the central aorta
compared with the brachial artery, and it was even possible
for large BP lowering effects to only occur at the central
aorta54; meaning that greater precision of hypertension
management could theoretically be achieved with knowl-
edge of an individual’s central BP. These observations,
summarized in Fig. 2.4, provided rationale to pursue
development of noninvasive means to record and calibrate
radial waveforms and derive central BP from it.

The first commercial device became available in 1996,
was intensively used in clinical research and preceded
development of many other similar methods.55 Operation
was based on radial artery tonometry and calibration of the
radial waveform with conventional cuff systolic BP and

diastolic BP. The method held promise56 and has enhanced
understanding of the differential therapeutic effects on cuff
BP compared with derived central aortic BP,57e60 but the
method has failed to integrate into practice and accuracy
issues have prevailed.61,62 Unfortunately, the systematic
error intrinsic to cuff-based BP, and especially oscillo-
metric, methods (i.e., underestimation of systolic BP but
overestimation of diastolic BP) leads to substantial under-
estimation of the true central aortic systolic BP and pulse
pressure (confirmed with intra-arterial assessment).63e67

Further calibration error also comes from the assumption
there is no systolic BP difference between the brachial and
radial artery,68 when in fact there is large interindividual
variability.43,69e72 This has a major influence on estimation
of aortic systolic BP71,73 and emphasizes yet again how
difficult it is to achieve accurate and clinically meaningful
BP recordings, particularly from measurement at the wrist
artery.

Another factor that adds to the lack of clarity in dis-
tinguishing the diagnostic utility of the radial tonometry
method above and beyond standard cuff BP61 is the very
high correlation that exists between cuff brachial systolic BP
and tonometry-derived central aortic systolic BP
(e.g., R2 ¼ 0.93).74 Slight improvement in accuracy of radial
tonometry may be achieved by calibration with cuff BP-
derived mean arterial pressure and diastolic BP,67 but this
also has fundamental limitations and does not fully resolve
calibration problems.75,76 In seeking to develop better
methods that are also more amenable to integration into daily
clinical practice, the last decade has seen the field turned
toward estimation of central aortic BP using cuff-based
approaches with similar modes of operation to standard
automated BP devices already in widespread use.

FIGURE 2.2 Estimation of central aortic pressure using radial arterial tonometry.
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BOX 2.1 How to perform carotid arterial tonometry

Carotid tonometry is best performed in the supine position. A rolled towel under the neck and slight extension may help bring the

carotid artery anteriorly and/or stabilize it between the tonometer and underlying anatomic structures. This maneuver may tighten

the skin overlying the artery, particularly among subjects with short necks, impeding adequate flattening of the arterial wall. This

can be overcome by relaxation/opening of the jaw.

The goal of carotid tonometry is to record intra-arterial pressure waveforms. This can be accomplished by flattening the artery

against underlying hard structures in the neck (cartilage and/or bone tissue). Reviewing anatomic relationships between the

common carotid artery and these structures is useful, as shown in Fig. 2.3. The common carotid arteries (large red circles) exhibit

roughly consistent relationships with the underlying laryngeal/pharyngeal cartilages, the bony structures in the neck (such as

vertebral transverse processes, which surround the vertebral arteries), and the sternocleidomastoid muscle.

Panel A in Fig. 2.3 shows the relationships between the common carotid and the thyroid and cricoid cartilages. Panel B shows

its relationship with the sternocleidomastoid muscle. Panels C, D, and E show examples of these relationships in cross section. It

can be seen that the common carotid artery is not superficial but lies medial and posterior to the anterolateral part of the ster-

nocleidomastoid muscle, particularly in the lower part of the neck. These relationships are important to approach the artery in an

attempt to position the tonometer directly on top of it (without intervening muscle tissue), flattening it against underlying structures.

** * *

** * *

A. B.

C. D.

E. F.

Hyoid bone

Thyroid
cartilage

Cricoid
cartilage

FIGURE 2.3 Anatomic considerations for carotid arterial tonometry. Panel A shows the relationships between the common carotid and the
thyroid and cricoid cartilages. Panel B shows its relationship with the sternocleidomastoid muscle. Panels C, D, and E shows its relationship with
various anatomic structures in cross section. Panel F shows how the relationship changes with slight rotation of the head. The common carotid
arteries are marked by big red circles, whereas the vertebral arteries are marked with small red circles. The asterisks mark the sternocleidomastoid
muscle. See Box 2.1 text for details.
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Cuff central aortic blood pressure

All cuff methods to estimate central aortic BP, as a separate
entity from brachial BP, follow similar principles to radial
tonometry, with the main distinction being that the first step
of peripheral waveform recording is achieved by cuff
sensors at the upper arm/brachial artery instead of the radial
artery by tonometry.55,77,78 Brachial waves are recorded as
per the oscillometric method previously mentioned, which

may also be referred to as some variation of “pulse volume
plethysmography.” Depending on the device, brachial
waveforms may be recorded at variable cuff pressure,
anywhere between subdiastolic to suprasystolic BP, but
with all devices using brachial cuff oscillometric BP as the
mode of calibration. Proprietary generalized transfer func-
tions that differ between manufacturers are used to generate
a central aortic BP waveform and estimate central BP.
Thus, it is not unexpected that the same underestimation of
the true central systolic BP occurs when waveforms are
calibrated with brachial systolic BP and diastolic BP.79e81

An advantage of cuff-based central BP is that automated,
repeat measures can be acquired in the office (observed or
unobserved), at home or with 24 h ambulatory BP
monitoring.

It was only in 2017 when guidelines on standardized
validation protocols for testing the accuracy of central BP
devices were developed by a task force of the European
ARTERY Society.5 General integration with existing in-
ternational protocols for brachial cuff device validation in
terms of sample size (n ¼ 85) and subject characteristics
were advocated, and a key recommendation was for intra-
arterial BP measured by catheter at the ascending aorta to
be the reference standard by which device performance is
compared.5 Central BP devices were also broadly classified
into two categories of operation: type I devices that purport
to estimate central BP relative to brachial BP (which may
provide relatively accurate systolic BP difference between
central and peripheral sites) and type 2 devices that purport
to estimate the intra-arterial (true) central BP, despite in-
accuracy at the peripheral site (as detailed previously).5

Illustration of the differences between devices types is
depicted in Fig. 2.5.

Another issue to consider is the level of the carotid bifurcation, since the goal of carotid tonometry is to acquire common

carotid waveforms rather than external carotid waveforms. The thyroid cartilage (“Adam’s apple”) is located at the C4 level and is

an easily identifiable landmark. The carotid bifurcation usually occurs at the C3eC4 level (between the thyroid cartilage and the

hyoid bone), although a small percentage of people exhibit higher bifurcations (more common among Asians) or lower

bifurcations.

In the authors’ experience, the best way to “trap” the carotid artery against underlying hard structures to obtain high-fidelity

recordings is to approach it from the anterolateral aspect, orienting the tonometer posteromedially (toward the back and the

midline), gently pulling the sternocleidomastoid muscle posteriorly (i.e., toward the back of the neck), initially with the hand that

is not holding the tonometer and subsequently with the pen-like portion of the tonometer, so that the artery can be flattened

without intervening muscle tissue between the sensor and the arterial wall. With slight rotation of the head, the carotid can be

positioned anterior to the vertebral transverse process and closer to the vertebral body (Panel F in Fig. 2.3), facilitating

applanation.

The amount of pressure exerted by the operator on the tonometer should be high enough to acquire a clear signal, but

excessive pressure has the potential to result in subject discomfort, vagal responses, and/or the inability to record the pressure

nadir. The latter problem can be detected by the presence of a flat late diastolic pressure profile, rather than the expected

asymptotic exponential fall. The latter problem is uncommon with carotid tonometry but sometimes occur with radial tonometry

when excessive pressure is applied over the artery, which should be avoided.
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Central aortic pressure waveforms

Brachial artery pressure waveforms
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FIGURE 2.4 Intra-arterial central and brachial pressure waveforms
before and after 0.3 mg sublingual nitroglycerin (GTN) in a 59-year-old
male. Note that the morphology of the pressure waveforms changes after
GTN and for this individual there is a marked drop in central systolic blood
pressure (SBP) but no accompanying drop in brachial artery SBP. Other
people may experience a decrease in both central and brachial BP. Adapted
from Kelly RP, Gibbs HH, O’Rourke MF, et al. Nitroglycerin has
more favourable effects on left ventricular afterload than apparent
from measurement of pressure in a peripheral artery. Eur Heart J.
1990;11:138e144 with permission from Oxford University Press.
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International guidelines recommend diagnosis and
treatment based on absolute cardiovascular disease risk
rather than single risk factor management (i.e., only
focusing on BP or lipids).82e85 Thus, central BP informa-
tion derived from type I devices may be best applied when
brachial cuff BP is borderline or mildly elevated but ab-
solute cardiovascular disease risk is low and there is an
absence of target organ damage. In these circumstances,
there may be uncertainty as to whether antihypertensive
treatment should be initiated, or uptitrated, and knowing
central BP relative to brachial BP could be helpful to
resolve clinical indecision. However, whether this adds
value in terms of reducing cardiovascular events has never
been determined in randomized controlled trials, which is a
major gap in knowledge that requires additional research.

Type II central BP devices essentially aim to provide a
more accurate measure of a clinically relevant (central
aortic) BP than either cuff brachial BP or central BP using a

type I device (noting that both function types may be
available within a single device).5 Greater accuracy is
achieved by additional proprietary algorithms to recalibrate
the peripheral waveform and generate a central systolic BP
closer to the intra-arterial measure.78,86,87 A nationally
representative study in Taiwan reported that the prevalence
of hypertension would be increased (from 25% to 33%) if
central BP using a type II device was employed in favor of
standard brachial cuff BP.88 Others have shown that central
BP recorded using type II device elicits stronger associa-
tions with cardiovascular endpoints than either brachial BP
or central BP estimated in Type I device operation.89,90

This is not unexpected given that type II device central BP
provides a more clinically relevant BP, but still there is no
randomized controlled trial data proving clinical superiority
beyond best-practice standard cuff BP methods, and these
data are desirable. With type II devices, it will be important
to determine whether recalibration of peripheral waveforms

FIGURE 2.5 Differences in brachial and central blood pressure (BP), between intra-arterial BP, brachial cuff BP and noninvasive central BP devices
Types I and II. Double arrows represent BP ranges; red shaded area A represents the true level of central-to-brachial systolic blood pressure (SBP)
amplification, and red shaded area B represents the noninvasive estimated central-to-brachial SBP amplification. The noninvasive central SBP estimated
using central BP device Type II may be higher than noninvasive brachial cuff SBP, but this is due to underestimation of true (intra-arterial) brachial SBP
with the cuff device and, therefore, does not reflect physiological amplification. The hatched areas denote that there will be a degree of variability in
estimated BP between devices. Reproduced from Sharman JE, Avolio AP, Baulmann J, et al. Validation of non-invasive central blood pressure devices:
ARTERY Society task force consensus statement on protocol standardization. Eur Heart J. 2017;38:2805e2812 with permission from Oxford University
Press.
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(and therefore estimation of true intrabrachial pressures) as
opposed to also estimating a more accurate aortic pressure,
is a relevant step in enhancing cardiovascular risk predic-
tion and decision-making.

Cuffless blood pressure wearables

Technological capability to measure biometric signals and
convert them to apparent BP values from virtually any body
part has burgeoned in recent years.91 Cuffless BP wearables
can be embedded into clothing, worn as ear buds, eye-
glasses, soft arm bands, watch-type wristbands, or stick on
patches, just to name a few.92e95 The global market size for
wearable BP technologies is on the rise and expected to
reach USD $2.25 billion in 2023.96 Increasing demand for
wearable BP monitors is due to increased disease preva-
lence, increased patient monitoring services, and greater
interest in self-monitoring of health. Cuffless alternatives to
standard inflatable cuff-based BP also offer more conve-
nient and comfortable means of BP measurement. Although
it seems that people trust the accuracy of wearables (>70%
in one survey),97 this could be misplaced confidence if the
findings of an Australian study are representative of the
global marketplace, where >500 unique wristband wear-
able BP devices were available for purchase but none had
proof of accuracy testing.38

Some cuffless BP methods acquire a single “snapshot”
BP,42 which is clinically less useful, whereas others have
continuous recording capability for nonintrusive data
collection (and intelligent analysis) over much longer time
periods relative to cuff-based methods.94 It is beyond this
chapter to detail all methods and readers are directed to an
electronic book that is dedicated to the topic.98 Cuffless
devices broadly follow measurement principles of con-
ventional cuff-based approaches in terms of recording a
peripheral pressure waveform signal (through various
techniques), then applying algorithms (again through
various techniques) to generate an estimated BP. A critical
step that is different from conventional cuff-based ap-
proaches, and currently presenting the greatest challenge
for achieving accurate cuffless BP measurement, is correct
calibration of the recorded peripheral pressure waveforms
so that accurate absolute BP values can be derived. Un-
fortunately, in most cases, conventional cuff-based systolic
and diastolic BP is used to calibrate waveforms from
cuffless sensors despite all the inherent inaccuracies pre-
viously described, and this calibration error is likely
transferred to erroneous cuffless BP estimation.

Highly sophisticated methods based on artificial intel-
ligence and machine learning algorithms have been applied
to novel BP assessment tools such as transdermal optical
imaging of facial blood flow through smartphone videos.99

These type of approaches allow for possible contactless BP
monitoring, but again, calibration and reference

comparators for new cuffless BP technologies are almost
exclusively based on cuff-based oscillometric BP methods
with inherent accuracy flaws. Having said this, relatively
small deficiencies regarding BP accuracy could be out-
weighed by the extra BP information gained with long-term
unintrusive continuous BP monitoring and big data analysis
(e.g., better understanding/new discovery on the genesis
and early detection of hypertension, and advanced tracking
of therapeutic responses). Hybrid approaches incorporating
less accurate continuous novel measurement devices with
more established, accurate, and precise methods seem
attractive to overcome the limitations of each group of
measurements in isolation.

Integration of BP data with existing health system
electronic databases for better clinical decisions and
improved quality of care, underpin the rationale for inter-
national prioritization on the development, implementation
and scaling up of digital health technologies.100 This
recommendation comes with the warning that the enthu-
siasm for digital health has driven a proliferation of tran-
sitory implementations, an overwhelming diversity of tools
with limited understanding of the impact on people and
health systems,100 as we currently see with the cuffless BP
device sector. Efficacious BP device companies of the
future will have considered integration into clinical systems
of care in addition to proving accuracy and clinical value.

Medical device regulators are aware of the need to
revise regulatory frameworks and create efficient processes
governing the use, safety, and effectiveness of digital health
technologies.101 Accuracy concerns have been identified as
a factor that will inhibit market growth in wearables tech-
nology,96 and hopefully this will incentivize manufacturers
toward better practice. In the meantime, it is important that
the medical community and organized societies promote
rigorous validation protocols102,103 prior to endorsing spe-
cific devices or strategies. Similarly, the medical commu-
nity must stay alert to false claims of accuracy, which have
potential for harm via overdetection or underdetection of
hypertension.

Invasive, intra-arterial blood pressure

The direct physiological measurement of BP can only be
achieved with invasive, intra-arterial methods, as such, all
the cuff-based and cuffless BP methods mentioned above
provide an indirect estimation of BP.14 Direct measurement
involves the intra-arterial introduction of a fluid-filled or
micromanometer-tipped catheter in a sterile medical pro-
cedure that is not without risk and thus is not sensible, nor
ethically acceptable, to be performed unless clinically
indicated (e.g., among people with suspected coronary ar-
tery disease requiring coronary artery angiography). It is
not surprising then, that the evidence on the risk associated
with high BP and the importance of therapy to lower BP
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has been derived almost exclusively using noninvasive
cuff-based BP methods, and there is limited evidence on the
prognostic value of invasive BP.14,104,105

Despite limitations of invasive BP measurement, this is
the gold standard reference to determine accuracy of central
BP devices (minimum n ¼ 85)5 and may also be used in
validation protocols of automated brachial cuff BP de-
vices,15 albeit with caution in this latter protocol where
much fewer subjects are allowable (minimum n ¼ 15),
which limits the full range and quality of validation testing.
Careful attention to handling of monitoring equipment and
procedures of measurement are required to avoid errors
with invasive BP.106 Micromanometer-tipped catheters are
preferred, especially where waveform morphology is the
subject of analysis (not just systolic and diastolic BP),
because additional sources of error can occur with incorrect
handling of fluid-filled catheters. However, accessibility to
micromanometer-tipped catheters is more difficult as they
are expensive and not routinely used clinically. Reassur-
ingly, if meticulously handled, fluid-filled catheters are
acceptable for accurate intra-arterial BP measurement.

Readers are directed to detailed information on recom-
mended protocols for intra-arterial BP measurement pro-
vided in the International Standard ISO 81060-2,15 the
ARTERY Society task force consensus statement,5 and
other sources.106e108 Adequate dynamic response of the
pressure transducer is required for accurate BP recording
and maintenance of arterial pressure waveform features. An
under- or overdamped system can influence the quality of
waveform recording and lead to incorrect BP values
(Table 2.1). For example, underdamping causes pressure
“overshoot” resulting in overestimated systolic BP (and
pulse pressure), underestimated diastolic BP, a pronounced
dicrotic notch, and nonphysiological wave fluctuations
during diastole. Overdamping, on the other hand, un-
derestimates systolic BP (and pulse pressure),

overestimates diastolic BP, and smooths out arterial
waveform features. A common practical approach for
assessing the dynamic response and appropriate dampening
of fluid-filled catheter systems is the square wave (fast
flush) test, described in Box 2.2 (from References
106e109).

Differences between the transducer level of fluid-filled
catheters and the level of the measurement site can create
significant error from hydrostatic pressure differences
(e.g., 10 cm difference¼ 7.5 mmHg difference). Therefore,
the transducer (stopcock) should be kept at the level of the left
ventricle (or vessel of interest) during zeroing and BP
recording. Many of the technical issues associated with fluid-
filled catheters can be overcome using micromanometer-
tipped catheters or pressure wires with a pressure transducer
in the tip, providing the most accurate quantification of BP.110

Implantable invasive hemodynamic monitoring of pulmonary
artery pressure is also nowavailable for patientswith advanced
heart failure where it has been shown to improve outpatient
management and reduce heart failure-related hospitaliza-
tions.111 The rationale is that worsening symptoms of heart
failure congestion may be identified early from increased
pulmonary artery pressure via telemonitoring and thereby
prompt remediating action and avoidance of costly
hospitalizations.112

Summary of blood pressure
measurement methods

Beyond biophysical principles of BP measurement, this
chapter has presented ideas on the clinical advantages and
pitfalls of different BP methods (Table 2.2). The accurate
measurement of BP not only relies on valid recording
equipment but also on making sure to follow correct pro-
tocols of measurement.113 In 2005, Pickering and col-
leagues lamented that even though BP was one of the most

TABLE 2.1 Comparison of underdamping and overdamping of fluid-filled catheter systems.

Underdamping (resonance) Overdamping

Systolic blood pressure Overestimated Underestimated

Diastolic blood pres-
sure (BP)

Underestimated Overestimated

Pulse pressure Overestimated Underestimated

Dicrotic notch Deep Absent; however, the absence of a dicrotic notch is
sometimes observed in systems with an adequate
dynamic response, and should not be considered of
overdamping by itself

Other Nonphysiologic diastolic fluctuations Slurred upstroke and general loss of detail

Continued
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BOX 2.2 How to test the dynamic response of fluid-filled catheter systems?

A dynamic response test determines function of the entire system of recording arterial pressure, from the arterial catheter, tubing,

and transducer to the system of recording the arterial pressure waveforms. There are several ways that a dynamic response test

may be conducted, and each of which involves perturbing the system with a rapid pressure change, then analyzing the dynamic

response to determine the characteristics of the measuring system.

The commonly used fast flush test briefly exposes the transducer to high pressure (i.e., 300 mmHg by a quick turn of a stopcock)

from a pressurized saline bag, causing a square wave (a sharp pressure rise followed by a brief plateau then a sharp pressure fall), at

the end of which the transducer system returns to baseline. In returning to baseline, the pressure wave briefly oscillates, and analysis

of these oscillations is conducted to determine the dynamic response from the natural frequency and damping coefficient.
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FIGURE 2.6 Example pressure waveforms from dynamic response testing using the square wave, fast flush test. Adapted from Deranged
Physiology: Arterial line dynamic response testing. https://derangedphysiology.com/main/cicm-primary-exam/required-reading/cardiovascular-
system/Chapter%20759/arterial-line-dynamic-response-testing. Accessed October 20, 2020.

TABLE 2.1 Comparison of underdamping and overdamping of fluid-filled catheter systems.dcont’d

Underdamping (resonance) Overdamping

Characteristics in the
square wave test

More than two oscillations after the test, high
amplitude of oscillations relative to preceding oscil-
lation (as a general rule, the amplitude of each
oscillation should be no greater than w1/3 of the
amplitude of the preceding oscillation)

The system does not oscillate after the square wave
(there should be one to two “bounce” oscillations)

Reasons Excessively long and stiff tubing or defective
transducer

Low infusion bag pressure, air bubbles or blood
clots in the circuit, lose or open connections and
kinking or obstruction of the catheter

Strategies to prevent or
remediate

l Use of short, stiff tubing
l Limit the number of stopcocks
l Reduce motion of the catheter in the artery
l Adjustable dampening devices

l Avoid kinking
l Remove air and blood clots
l Replace the catheter as needed
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important measures in clinical medicine, it was still one of
the most inaccurately performed.3 This statement holds true
today despite many efforts to redress, and is a key reason
for the focus on accuracy within this chapter. Recent
initiatives include providing open access to rapid, free,
online certificate training courses in accurate BP measure-
ment,114 demanding better regulatory control on the accu-
racy of BP devices,30,40 establishing listings of validated
BP devices,37,115 and developing consumer resources to
help find validated BP devices.116

The BP measurement with the most profound and
longstanding influence on global clinical practice is cuff
mercury sphygmomanometry. This was the reference
standard that oscillometric BP devices sought to match and
remains the reference standard by which cuff-based BP
devices are tested for accuracy.15 Extensive epidemiology
and clinical trial prognostic data over many decades firmly
establish cuff-based BP as the gold standard clinical
measure. However, the nontrivial systematic (and random)
differences of cuff-based BP from gold standard

The natural frequency is the frequency of pressure pulse oscillations when not subjected to external force (how rapidly the

system oscillates), whereas the damping coefficient is how quickly the oscillations come to rest (the decay of the oscillations).

Fig. 2.6 illustrates the concept of the square wave fast flush test with adequate dynamic response (panel A), as well as example

overdamped (panel B) and underdamped (panel C) systems. Key features of a system with adequate dynamic response as per

panel A are:

l Short time between oscillations (<20e30 ms)
l At least one oscillation (system is overdamped if it does not oscillate after fast flushing)

l No more than two oscillations (system is underdamped if too many oscillations)

l A distinct dicrotic notch (this is a major waveform feature that can disappear in an overdamped system).

Although there are signs evident in the morphology of the arterial pressure waveform that provide information on the characteristics

of the recording system, waveform inspection on its own is inadequate for assessing dynamic response characteristics. For example, there

may be no discernable dicrotic notch in the waveforms of some people even in a recording system with adequate dynamic response.

As depicted in Fig. 2.7, the natural frequency of the system is calculated from the quotient of recording speed and the period

(P) of one oscillation cycle after the fast flush. The damping coefficient is calculated from the ratio of successive peaks of the

oscillations. Note that the dynamic response of the system is determined by a combination of both the natural frequency and the

damping coefficient. If the recording system has a high natural frequency (e.g., >24 Hz), it allows for a large leeway in the

damping coefficient to achieve adequate dynamic response.

FIGURE 2.7 Determining the dynamic response characteristics of the catheter-transducer measurement system. Adapted from Gardner RM.
Direct blood pressure measurement–dynamic response requirements. Anesthesiology. 1981;54:227e236; Deranged Physiology: Arterial line
dynamic response testing. https://derangedphysiology.com/main/cicm-primary-exam/required-reading/cardiovascular-system/Chapter%20759/
arterial-line-dynamic-response-testing. Accessed October 20, 2020.
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TABLE 2.2 Summary of advantages and disadvantages of blood pressure measurement methods.

Method Advantages Disadvantages

Cuff mercury
sphygmomanometry

l Gold standard noninvasive blood pressure (BP)
measurement

l Low cost
l Reproducible results with minimal maintenance

requirements
l Amenable for use in low resource settings
l Randomized controlled trial evidence to support

clinical use

l Susceptible to operator-related error
(training required)

l Less widely available due to phasing out of
clinical use

l Systematic error in estimating brachial BP
(systolic BP underestimated, diastolic BP
overestimated)

l May not be a precise estimate of central
aortic BP

Cuff “oscillometric”
BP

l Low cost, widely available
l Automated, easy to use
l Suitable for home and ambulatory monitoring
l Randomized controlled trial evidence to support

clinical use

l Susceptible to device-related error (most
available for sale are not validated for
accuracy)

l Susceptible to operator-related error
(training required)

l Systematic error in estimating brachial BP
(systolic BP underestimated, diastolic BP
overestimated)

l May not be a precise estimate of central
aortic BP

Arterial applanation
tonometry

l Enables high-quality noninvasive recordings of
arterial waveforms

l Enables analysis of waveform features
l Carotid tonometry can derive central BP estimates

without a mathematical transfer function
l May be helpful to resolve clinical indecision based

on brachial cuff BP

l Requires operator training and skill
l Requires dedicated, costly equipment
l Radial tonometry requires accurate

calibration which is difficult to achieve
noninvasively

l Carotid tonometry is more technically
demanding than radial tonometry

l Lacking randomized controlled trial
evidence to support clinical use

Cuff central aortic BP
(general)

l Widely available
l Automated, easy to use
l Suitable for home and ambulatory monitoring
l Enables analysis of brachial waveforms
l May be helpful to resolve clinical indecision based

on brachial cuff BP

l Subject to calibration error and
underestimation of central aortic systolic
BP for Type I devices

l Waveform features may be lost using cuff-
based recording methods (especially at
subdiastolic BP)

l Lacking randomized controlled trial
evidence to support clinical use

Cuffless BP devices
(general)

l Widely available
l Automated, nonintrusive, easy to use
l Continuous recording over long time periods (big

data analysis) is possible
l Potential for more information on BP risk and

tracking therapy than cuff-based methods
l Potential integration with existing health system

electronic records for improved quality of care

l Proliferation of diverse technologies with
limited understanding of health value or
impact

l Measurement accuracy is largely uncertain
l Peripheral waveforms require accurate

calibration which is difficult to achieve
l Peripheral recording sites may not reflect

clinically relevant BP
l Lacking randomized controlled trial

evidence to support clinical use

Intra-arterial, invasive
BP

l Gold standard invasive BP measure
l Enables accurate BP measurement
l Enables arterial waveform analysis
l Implantable intra-arterial technology available to aid

clinical care for high-risk patients

l Invasive medical procedure not amenable
for use without clinical indication

l Requires significant technical skill and
expensive medical resources to perform
safely and accurately
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physiological measures of intra-arterial BP cannot be
ignored and emphasize an unmet need for improving ac-
curacy. This is a key challenge for high-quality BP device
manufacturers of the 21st century.

Measurements of arterial flow

The two most widely used techniques for flow measure-
ments in human studies and clinical practice are pulsed
wave-Doppler (PW-Doppler) echocardiography and car-
diac phase-contrast magnetic resonance imaging (PC-
MRI).117e119 A general comparison of these two tech-
niques is shown in Table 2.3.

Pulsed wave-Doppler

PW-Doppler flow measurements rely on the principle that
the Doppler shift of reflected ultrasound waves induced by
moving blood particles is proportional to the velocity of
those particles.120 Important considerations for measuring
blood flow with PW-Doppler include adequate sample
position and volume, gain settings, and Doppler beam
orientation, which must be well aligned to the direction of
blood flow (zero-insonation angle) to avoid underestima-
tion of flow velocities (although mathematical corrections
can be performed for slightly misaligned interrogations).

In practice, flow into the aortic root equals the flow out
of the left ventricular outflow tract (LVOT), which is easily
visualized with transthoracic echocardiography, allowing
for interrogations of LVOT flow velocity and cross-
sectional diameter (which in turn is used to compute
cross-sectional area), as shown in Fig. 2.8. The latter is
important, since volume flow is obtained by multiplying

flow velocity times the cross-sectional area of the conduit at
the exact point of PW-Doppler interrogation.120e122 This
method assumes a flat flow profile across the vessel lumen
and is linearly dependent on cross-sectional area estima-
tions. The latter is generally made from diameter mea-
surements, assuming a circular cross section.

The LVOT tends to be cone-shaped, with the minimal
cross-sectional area occurring just below the aortic
annulus122; often, there is slight widening just underneath
the aortic annulus, distal to the narrowest segment, partic-
ularly in older patients with septal hypertrophy. When PW-
Doppler signals are acquired, the point of maximal flow
velocities in the LVOT is identified proximal to the aortic
valve, and the velocity signal from that point is recorded;
this corresponds to the minimal cross-sectional LVOT area,
which is subsequently identified and measured in anatomic
images. This is because the continuity principle implies
that, in the absence of anatomic defects and assuming a
nondeforming LVOT, the volume of blood passing through
all points of the LVOT must be equal; since the product of
flow velocity and cross-sectional area at any point equals
volume flow passing through that point, the point of
maximal LVOT flow velocity must correspond to the nar-
rowest area in the LVOT. Another approach is to place the
Doppler sample at or immediately below the aortic valve
annulus and to measure velocities at precisely this location.
Regardless of the approach, the site of flow velocity mea-
surement should always be used along with the diameter
measured at the same point, in order to compute volume
flow.

An important limitation of the use of LVOT diameter to
compute cross-sectional area is the assumption of a circular

TABLE 2.3 Summary of advantages and disadvantages of blood flow measurement methods.

Pulsed wave Doppler Phase-contrast magnetic resonance imaging

Advantages l Low cost and wide availability
l High temporal resolution
l Can be performed at the bedside
l Can be used simultaneously with acquisitions of

pressure wave forms
l Can be performed in most patients

l Measures volume flow across the entire cross-
sectional area

l Not limited by acoustic windows or anatomic
planes

l Does not assume a flat flow profile

Disadvantages l Limited by acoustic windows
l Assumes a flat flow profile or requires correction to

account for an assumed profile
l Computation of volume flow requires knowledge of

vessel cross-sectional area, which is often based on
questionable assumptions

l Errors in linear measurements are squared for area
computations

l Requires expensive dedicated facility
l High cost and less widespread availability/expertise
l Inconvenient, since it cannot be performed at the

bedside
l Lower temporal resolution with standard acquisition

times
l Difficulties in obtaining simultaneous pressure wave

forms due to ferromagnetic components in
tonometry equipment

l Cannot be performed in claustrophobic patients or
patients with certain metallic objects
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LVOT cross-sectional profile (where cross-sectional area
equals 0.25p * LVOT diameter2). The LVOT antero-
posterior diameter in the parasternal long axis view is
typically utilized (Fig. 2.8).121,122 However, LVOT shape is
almost always elliptical, with the antero-posterior diameter
usually being shorter than its orthogonal counterpart
(Fig. 2.9). Full-volume three-dimensional (3D)-echocardi-
ography with reconstruction of a cross-sectional view can
be used for a direct assessment of LVOT cross-sectional
area (Fig. 2.10), but it is more technically demanding and
time-consuming. With this technique, it is often apparent
that the LVOT cross-sectional area can vary throughout
systole due to contraction of the basal septum and defor-
mation of the aortomitral continuity (which forms the
posterior aspect of the LVOT) during systole.

In a study among 58 adults, we found a mean
2.98 mm-difference between the antero-posterior and its
orthogonal diameter and a mean 0.4 cm2-difference be-
tween 3D- and two-dimensional (2D)-derived LVOT
area. However, the magnitude of difference varied
widely, in some subjects being >1 cm2. Furthermore, there
was only a moderate correlation between 2D- and 3D-
measurements (R2 ¼ 0.58).118 Another limitation of Doppler
ultrasound to compute volume flow in vessels is that it as-
sumes a flat flow profile in the vessel lumen (which would
result in identical flow velocities at any point in the cross
section), a condition that is often not met in arteries in which
blood flow exhibits a parabolic profile, or occasionally, highly
disorganized profiles (particularly in the distal ascending aorta
and aortic arch).

A. B. C.

FIGURE 2.9 Example of left ventricular outflow tract (LVOT) cross-sectional geometry using computed tomography three-dimensional reconstruction.
Prescription of two orthogonal planes along the long axis of the LVOT (A and B) allows for visualization of a third orthogonal plane (C) which represents
the LVOT cross section. An eccentric, rather than circular cross-sectional geometry is present, with the antero-posterior diameter (white line) being shorter
than its orthogonal diameter (yellow). Note that the anatomic plane in panel A is similar to the parasternal long axis view (Fig. 2.8A). In cases of LVOT
eccentric geometry, the use of this diameter assuming a circular cross-section underestimates the true LVOT cross-sectional area, and thus the volume flow
when combined with pulsed wave Doppler flow velocity. Adapted from Chirinos JA, Segers P. Noninvasive evaluation of left ventricular afterload: part
1: pressure and flow measurements and basic principles of wave conduction and reflection. Hypertension. 2010;56:555e562.

LV
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FIGURE 2.8 Measurements of left ventricular outflow tract (LVOT) blood flow with pulsed wave Doppler. The LVOT antero-posterior diameter is
typically measured using two-dimensional echocardiography in the parasternal long axis view (left) and the cross-sectional area is computed assuming a
circular cross section. LVOT flow velocities are interrogated from the apical five-chamber view, as in this case (right) or from the apical three-chamber
view. Ao, aorta; LA, left atrium; LV, left ventricle.
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Phase-contrast magnetic resonance imaging

Phase-contrast MRI relies on the fact that, when two
opposing magnetic gradient pulses are applied to static
nuclei aligned in a magnetic field, the effects of the two
pulses on their nuclear spin cancel each other out. How-
ever, if a particle moves in the time between the pulses, a
shift in the phase of the nuclear spins within the moving
particle is accumulated, which is proportional to the ve-
locity of movement along the gradient’s direction.117

PC-MRI allows for the acquisition of velocity maps
along any given anatomical plane. By controlling the
gradient direction, velocities can be encoded either “in
plane” or “through plane” (in cross section), the latter being
particularly useful for assessing flow across an entire
vascular cross section without assuming a flat flow profile.
With this technique, the anatomic plane should be pre-
scribed exactly perpendicular to the direction of blood flow.

Among other parameters, PC-MRI sequences require a
user-defined velocity-encoding sensitivity (“VENC”), which
should be as low as possible to maximize the signal from
blood flow (thus maximizing the signal-to-noise ratio), yet
higher than peak flow velocity in the region of interest to
avoid aliasing. VENC should be tailored to individual
measurements and iterative PC-MRI acquisitions may be
needed, but a good starting point for proximal aortic flow
acquisitions is 130e150 cm/s in most cases (unless signifi-
cant aortic stenosis is present in which case higher velocities
are found in some areas of the vessel cross section).

Hyperdynamic LV function or high-output states may also
be associated with higher peak flow velocities in some points
of the proximal aortic cross section (e.g., 180 cm/s) even in
the absence of aortic stenosis, therefore requiring higher
VENCs. 2D PC-MRI data are typically acquired over several
cardiac cycles and consistent cardiac timing in each cycle is
assumed. Prolonged acquisitions may be necessary to
accomplish adequate temporal resolution, required for he-
modynamic analyses such as pressure-flow analyses.

Limitations of PC-MRI flow measurements include
phase-offset errors caused by in-homogeneities of the
magnetic field environment (short-term eddy currents).117

These appear as apparent flow velocities within stationary
tissues, typically stable or constant over all frames of a
retrospectively gated acquisition.123 They tend to follow a
spatial pattern, such as increasing with distance from the
center of the image, which allows for some software
correction methods. However, despite correction, even
small background velocity offset errors have the potential
to result in significant errors in calculated volume flow, due
to summation of phase-offset across the entire cross-
sectional area of the vessel. Correction for phase-offset
can be performed using PC-MRI data acquired from a
stationary phantom,124 but this is not frequently done in
practice; moreover, the phase-offset map can change
depending on whether the phantom versus the patient is
within the bore of the MRI scanner, and therefore the map
acquired with a phantom cannot be assumed to be an exact
representation of the phase offset present when imaging the

A. C.

B. D.

E.

FIGURE 2.10 Example of left ventricular outflow tract (LVOT) cross-sectional geometry assessed with three-dimensional echocardiography. Pre-
scription of two orthogonal planes along the long axis of the LVOT (A and C) allows for visualization of a third orthogonal plane (C) which represents the
LVOT cross section. An eccentric, rather than circular cross-sectional geometry is present, with the antero-posterior diameter (white line) being shorter
than its orthogonal diameter (yellow). Panel D shows representation of the anatomic planes (both orthogonal to the parasternal long axis view).
Reconstruction of the LVOT in this manner allows for a direct measurements of cross-sectional area (panel E) that does not assume a circular cross-
section. Adapted from Chirinos JA, Segers P. Noninvasive evaluation of left ventricular afterload: part 1: pressure and flow measurements and basic
principles of wave conduction and reflection. Hypertension. 2010;56:555e562.
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patient. Alternatively, the phase offset can be assessed us-
ing information from stationary tissue located in the im-
aging plane, which generates an error map (including the
blood vessel) via interpolation.125

Other potential problems in PC-MRI include signal loss
due to turbulent flow, partial volume averaging due to
limited spatial resolution (since a slice of finite thickness
must be interrogated to obtain a sufficient through-plane
signal), misregistrations due to in-plane movement of the
aorta and pulsatile flow artifacts. PC-MRI is also limited by
its high cost, limited availability, incompatibility with pa-
tient claustrophobia, and various ferromagnetic objects or
implants. The latter also introduces difficulties in truly
simultaneous carotid pressure recordings, since available
tonometry devices are not MRI-compatible. PC-MRI typi-
cally requires breath-hold cooperation for collecting raw
data over several cycles, although distal ascending aortic
flow can be interrogated during free breathing. An example
of through-plane PC-MRI measurements of proximal aortic
flow is shown in Fig. 2.11.

Supplementary material

Supplementary data related to this article can be found
online at https://doi.org/10.1016/B978-0-323-91391-1.
00002-9
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Introduction

In clinical cardiovascular medicine, arterial wave dynamics
are most commonly addressed in terms of arterial pressure,
which is understandable given the important role of blood
pressure in an individual’s cardiovascular risk and the relative
ease of accurate arterial pressure measurements. Flow is only
seldomly considered in terms of wave dynamics. Rather, the
heart is implicitly assumed to be a simple flow source, where
only the mean flow (or cardiac output) is typically considered
of physiological and clinical relevance. There is, however, an
intrinsic inconsistency in this approach, since flow is also
pulsatile, and pulsatile hemodynamics affect pressure and
flow in a closely interrelated manner.

With each contraction of the heart, the ejection of blood
from the ventricles into the aorta and pulmonary arteries
initiates both pressure and flow waves traveling down the
systemic and pulmonary tree. Along their path, waves un-
dergo complex changes in amplitude and shape. For
instance, it is well documented that the amplitude (systolic-
diastolic difference) of pressure first increases along large
and midsized arteries (the so-called pressure amplifica-
tion)1,2 before pulsations get damped in smaller arteries to
virtually disappear in the microcirculation.3

From a biophysics perspective, one cannot study pres-
sure without also considering the flow.4e6 Both are tightly
coupled, and the relation between pressure and flow is
entirely determined by the properties of the arterial tree
(i.e., the complete topology and branching structure, vessel
dimensions and, importantly, the mechanical propertiesd
and thus the compositiondof the arterial wall), as well as

the properties of the blood flowing in the arteries. Together,
they define the opposition to flow that will be generated by
the arterial tree, i.e., the arterial (hydraulic) impedance.7e9

The term impedance is basically a generalization of the
concept of resistance, but while the latter is used to express
the relation between mean pressure and mean flow,
impedance pertains to pulsatile (time-varying) pressure and
flow.10 Further details on the determinants of impedance
are extensively covered in Chapter 1.

The eventual pressure and flow that are observed in an
individual’s arterial system are therefore the result of what
we call ventricular-vascular interactions: as the ventricle
ejects, it is hydraulically coupled to the arterial tree and its
output will be determined by the performance of the heart
on one hand, and by arterial impedance on the other.11e14

We refer the reader to Chapters 15 and 17 of this textbook
for more in depth literature on ventricular-vascular
interaction.

In this chapter, we will first introduce the concept of
arterial input impedance, which fully characterizes the
mathematical relation between pressure and flow in the
arterial tree. To do so, we will use the Fourier theorem to
transform measured pressure and flow waveforms into
families of sinusoidal waves (“harmonics” or “overtones”
with frequencies that are natural multiples of the funda-
mental frequency, which is the heart rate). With this
approach, the relation between pressure and flow can be
expressed per harmonic, and thus as a function of fre-
quency. We will briefly illustrate that we rely on
paradigmsdmodelsdfor the interpretation of input
impedance (which is simply the spectrum of the pressure-
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flow relation at various frequencies). These models may or
may not consider wave travel and reflection, which may or
may not be justifiable under certain conditions. We will
then focus on “characteristic impedance” (note the differ-
ence with “input impedance”), a fundamental local property
of an elastic tube that forms the basis of wave separation
analysis. We will illustrate how characteristic impedance
relates to and can be estimated from input impedance, but
also how it can be estimated directly from measured

pressure and flow waveforms. This will lead us to the time
domain assessment of pressure-flow relations, making use
of wave intensity and wave power analyses, techniques that
can be used side by side with impedance analysis for a
complete assessment of arterial pulsatile hemodynamics.
Illustrations throughout the chapter are based on digitized
invasively measured pressure and flow waveforms by
Murgo et al.15 A list of symbols and abbreviations utilized
in this chapter is shown in Table 3.1.

TABLE 3.1 Symbols and abbreviations.

dP, dQ, dU Wavelet as used in the time domain analysis of pressure (P), flow (Q), or flow velocity (U); step change
in P, Q, or U from instant tN to tNþ1 calculated as P(tNþ1) � P(tN), Q(tNþ1) �Q(tN), or U(tNþ1) � U(tN)

dI Wave intensity calculated as dU.dP

f Frequency (in Hz) of a pressure or flow harmonic.

fmin Frequency at which the first minimum in the input impedance modulus occurs. Used to calculate the
effective length of the arterial tree using the quarter wavelength formula

I Complex constant
ffiffiffiffiffiffiffi�1

p

T Time

A Cross-sectional area

C Total arterial compliance (dV/dP with V volume and P pressure)

CA Area compliance (dA/dP with A area and P pressure)

L In context of windkessel models: parameter in the four-element windkessel model representing the
inertia of blood in the arterial tree

L In context of wave propagation: tube length

Leff Effective length of the arterial tree as derived from the input impedance spectrum and the quarter
wavelength formula

P, Q Pressure (P), flow (Q)

P , Q Mean arterial pressure (P) or flow (Q); the steady (0 Hz) pressure or flow component that is obtained
from Fourier decomposition of the pressure or flow waveform

eP , eQ Sinusoidal pressure (P) or flow (Q) harmonic obtained from Fourier decomposition of the pressure or
flow waveform, characterized by an amplitude, frequency, and phase angle

ePf , fPb ; fQf , fQb Forward (subscript f ) and backward (subscript b) components of pressure and flow harmonics

PWV Pulse wave velocity

R Total arterial resistance, obtained as P
.
Q

Z Impedance, calculated at a given frequency as eP / eQ and characterized by an amplitude and phase
angle

Zc Characteristic impedance, the ratio of pressure and flow in absence of any wave reflections

v Differential operator (change in a given variable)

l Wavelength

dp Wave power calculated as dQ.dP

4P , 4Q Phase lag of pressure (P) or flow (Q) harmonics

4Z Impedance phase angle, calculated as 4Q � 4P

r Density of blood

u Angular frequency (in rad/s) of a pressure or flow harmonic

G Reflection coefficient

P Hydraulic power, approximated as by P.Q (pressure power)
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Arterial input impedance: a frequency-
domain characterization

Impedance: generalizing resistance for
sinusoidal signals

Assume a given systemic or pulmonary arterial tree, in
which we position ourselves at its inlet. In order to generate
a constant flow, Q, in that system, we would have to
generate a constant pressure P. In a linear system (as is
usually assumed for the arterial system in vivo), P is pro-
portional to Q such that P ¼ RQ (analogous to Ohm’s law
in electrical theory) with R the total arterial resistance that
mainly results from viscous friction forces that the blood
exerts on the arterial walls in a normal arterial tree. Note
that we hereby assume that venous pressures are small
enough to be ignored, and we discard the existence of any
zero-flow or critical closing pressure, i.e., a minimal pres-
sure required to generate flow.16

If we now impose a sinusoidally varying pressure eP
(with zero mean value) with a given magnitude and fre-
quency to that same linear(ized) system, this will give rise

to a flow eQ that also varies sinusoidally, with the same
frequency as the pressure. We call this signal a wave,
although we will initially only consider pressure and flow
variations in time, and not (yet) in space (thus not
considering wave travel for now). Just like resistance rep-
resents the ratio of mean pressure and mean flow, the ratio
of pressure and flow sine waves represent the impedance at

a given frequency. However, sine waves have amplitude
and phase (position in time relative to the cardiac cycle).
So, for a given frequency, we need two parameters to ex-
press the relation between the sinusoidally varying pressure
and flow (impedance): the ratio of the amplitude of the
harmonics (the impedance modulus) and the phase angle,
expressing the phase (time) delay between pressure and
flow (Box 3.1).

Calculating impedance at the inlet of the
arterial tree

Measured arterial pressure and flow waves are pulsatile, but
clearly not sinusoidal (or perfectly oscillatory). Arterial
pressure and flow signals are however quasi periodic (i.e.,
with events consistently occurring at regular intervals)
when the cardiovascular system is in steady state. It follows
from the Fourier theorem (See basic concept box and
Fig. 3.1) that any periodic signal can be decomposed into a
steady signal and a series of sine waves (also called har-
monics) with frequencies that increase as multiples of the
ground frequency of the original signal (in this case, the
heart rate). When summed, the result is mathematically
identical to the original signal when enough harmonics are
taken into consideration. As the Fourier theorem can be
applied to measured pressure and flow, the ratio of corre-
sponding harmonics yields impedance for those frequencies
present within the spectrum. The value at 0Hz is the ratio of
mean pressure and flow (“steady” impedance), which is

BOX 3.1 Impedance

A pressure sine wave can be mathematically represented as eP ¼ jP jeiðut�4P Þ with jP j the magnitude of the wave, 4P the phase lag

(to position it in time), and u the angular frequency (in rad/s), being equal to 2pf with f the frequency in Hz. Similarly, we haveeQ ¼ jQjeiðut�4QÞ. We can then generally define impedance, Z, for that frequency as

Z ¼
ePeQ ¼ jP jeiðut�4P Þ

jQjeiðut�4QÞ ¼ jP j
jQje

ið4Q�4PÞ ¼ jZ jeið4Z Þ

So, for a given frequency, we need two parameters to express the relation between the sinusoidally varying pressure and flow

(impedance): the ratio of the amplitude of the harmonics (the impedance modulus, jZ j) and the phase angle (4Z Þ, expressing the

phase (time) delay between pressure and flow.

The phase angle, and in particular its sign, is important as it reveals some of the underlying physics and properties of the system

we are studying. In our notation, with 4P and 4Q being phase delays and 4Z ¼ 4Q � 4P ,

l 4Z < 0 implies that the phase lag of pressure is larger than the phase lag of flow, so flow is ahead of pressure. Such behavior

indicates a system that behaves as a capacitor, where flow is needed to load the capacitance and build up pressure.

l 4Z > 0 implies that the phase lag of pressure is less than the phase lag of flow, so pressure is ahead of flow. Such behavior

indicates a system where inertia dominates, and where a certain pressure build-up is required to generate the flow.

l 4Z ¼ 0 implies that pressure and flow are in phase, suggesting a resistive-like behavior (whereby resistance is not to be

interpreted in terms of viscous resistance as we will see further).
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equal to the total arterial resistance. With knowledge of
impedance, pressure can be calculated when flow is known,
and vice versa.

Fig. 3.1 illustrates the steps that are needed to calculate
impedance from aortic pressure and flow waveforms
measured at the inlet of the systemic circulation (proximal
aorta) of a person exhibiting a “type-A” pressure wave-
form.15 The data yield a typical human systemic input
impedance pattern characterized by:

l A high value at 0 Hz where phase angle is zero (total
arterial resistance);

l A fast drop in impedance in the impedance modulus for
the first two to four harmonics, for which the phase
angle is negative. This is indicative that, for these fre-
quencies, the system behaves in a capacitive way with
flow harmonics peaking before pressure harmonics
(see Fig. 3.1);

l Impedance modulus reaches a minimum value, while
the phase angle goes up, crossing the horizontal axis

for a frequency that (approximately) coincides with
the minimum in the modulus;

l Trend toward a constant impedance modulus for the
higher harmonics (from the fifth harmonic on) accom-
panied by a phase angle that oscillates around zero.
As we will discuss later, at these higher frequencies, it
is thought that a myriad of reflections arriving from
multiple locations in the arterial tree cancel each other
out at random. Therefore, the remaining impedance is
purely dependent on the local arterial impedance (i.e.,
the characteristic impedance of the vessel at the mea-
surement site, in this case the proximal aorta).

Impedance can be calculated for any point in the arterial
tree, but it is most common to calculate it for the ascending
aorta, then representing the arterial input impedance (where
arterial denotes the entire arterial tree downstream of the
proximal aorta). It therefore includes any possible effect of
the downstream vasculature on the pressure and flow
waves.

FIGURE 3.1 Practical guide to calculating input impedance. The pressure and flow waveforms are decomposed into their mean (DC) component signal
and harmonics (wspectral components), sine waves with a frequency at a natural multiple of cardiac frequency and a time lag. For each frequency,
impedance represents the ratio of the corresponding pressure and flow harmonic, with the impedance modulus being the ratio of their amplitudes, and the
phase angle the difference of their phase angles. Negative phase angle implies that flow is ahead of pressure. The value at 0 Hz is the ratio of mean
pressure and flow, i.e., total arterial resistance.
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Interpreting input impedance: the
windkessel perspective

Input impedance in itself can be a fairly abstract concept
that is not easily interpreted. One way to approach input
impedance is to discard any effects of wave travel and to
consider the arterial tree as a system whose properties are
lumped in space, so signals (pressure and flow) only vary in
time, not in space. The behavior (i.e., the impedance) of
such a system can be modeled by a limited number of
discrete lumped parameter model components. It is com-
mon to mimic the system as an electrical circuitdusing
resistors (to represent viscous friction experienced by the
blood in resistance vessels), capacitances (representing
arterial compliance), and inductances (representing blood
inertia) as building blocksdbut the system can be equally
built using hydraulic components, as was demonstrated by
Westerhof et al. who developed an artificial arterial system
in their studies on heart-arterial interaction in isolated (cat)
heart preparations connected to that artificial system.17

It takes only two components, a resistance (R) and a
volume compliance (C) placed in parallel, to mimic the
effect of the resistance vessels and the buffering action of
the large arteries, a model known as the two-element
windkessel model (the terminology referring to the
German word for air chamber after Otto Frank who was the
first to document the model).18 The two-element wind-
kessel model can replicate the low frequency features of the
pressure waveform fairly well. Indeed, when imposing a
measured flow to the model, the pressure predicted by the
model has the correct amplitude (pulse pressure) and shows
the exponential pressure decay in diastole (with a rate of
decline determined by the time constant RC) as shown in
Fig. 3.2. The two-element windkessel model forms the
basis of compliance estimation methods as the pulse pres-
sure method,19 decay time or area method20 as we will
discuss further on.

The two-element windkessel model, however, cannot
replicate the higher frequency (or “finer detail”) behavior of
the arterial tree (visible in the filtered and delayed appear-
ance of pressures predicted by the modeldsee Fig. 3.2), a
problem solved by the three-element windkessel model
where a resistive elementdcharacteristic impedance, Zcd
is placed in series with the two-element model.17 Indeed,
for higher frequencies, the model impedance now ap-
proaches Zc, generating the desired behavior for those fre-
quencies. However, while solving the problem at the higher
frequencies, Zc introduces problems for the lower fre-
quencies. It is immediately clear from the expression for
impedance that the value at zero frequency is R þ Zc which
means thatdin this modeldZc accounts for some of the
resistance due to viscous friction, a property ascribed to the

resistance vessels and that we preferably capture with R
(such that mean pressure/mean flow equals R, and not
R þ Zc). In addition, the effect of Zc over the complete
frequency range also interferes with the effect of compli-
ance. This becomes most obvious when the three-element
windkessel model is used to estimate compliance;
compared to other models, it will tend to overestimate
compliance to compensate for the presence of Zc that
generates an “impedance offset” in the low frequency
band.21 The higher the ratio of Zc to R, the more prominent
this effect becomes. We demonstrated that the three-
element windkessel model particularly overestimates
compliance in the pulmonary and in the vasodilated sys-
temic circulation, where resistance is low and the ratio of Zc
to R is higher.22 Fig. 3.2 reports the parameters of the
windkessel model fitted to the data from Fig. 3.1. Note that
the three-element windkessel model indeed yields the
highest value for C of all models included.

Many other model configurations exist, with more pa-
rameters usually improving the ability of the model to
mimic impedance or improve model fitting, yet with the
drawback that model parameters lose their physiological
interpretation and the uncertainty on the fitted parameter
value increases. A model worth mentioning is an extension
of the three-element windkessel model with an inertial
element (L) placed in parallel with Zc, proposed by Ster-
giopulos and Westerhof.23 Having the inertial element in
parallel with Zc is not very intuitive, but authors demon-
strated that L represents the inertia of the blood present in
all arteries. Interestingly, at zero and low frequencies, the
low impedance generated by the inertial element L makes
that it acts like a bypass of Zc; while it forces all “current”
(blood) through Zc at the higher frequencies. As such, the
model combines the strengths of the two- and three-element
windkessel models and corresponds well to measured input
impedance of the arterial circulation in vivo. It is clear from
Fig. 3.2 that the four-element windkessel model out-
performs the other models, with an excellent fit of the
measured impedance modulus and phase, and hence an
excellent prediction of the measured pressure waveform.

In summary, windkessel models can be elegant tools to
concisely parametrize and quantify basic physiological
properties of the arterial tree. With an adequate parameter
fit, the parameters of the windkessel model provide the
same information as a measured impedance spectrum and
therefore capture the relation between arterial pressure and
flow. What is important to keep in mind is that these
models cannot account for wave travel and reflection. They
represent the arterial system and its function as a whole,
and parameters cannot not be linked to specific anatomical
regions. Below, we expand on the use of windkessel
models to estimate total arterial compliance.
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FIGURE 3.2 The arterial system can be represented as a windkessel model. The top panels display the mathematical expression for the impedance of a
two-, three-, and four-element windkessel model and the electrical analog representation. The middle panels display, for each model, the best possible
prediction of the measured pressure when imposing the measured flow waveform and fitting the model parameters to the data. It is clear that the four-
element windkessel model provides the best fit. This is also reflected in the two lower rows where the model impedance modulus and phase are shown
together with the measured impedance. The two-element windkessel model describes measured impedance well for the first two to three harmonics, but
the four-element windkessel model has an excellent fit over the complete frequency range.
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Estimating total arterial compliance by use of
windkessel models

The most direct way of using a windkessel model to esti-
mate total arterial compliance is to fit the model parameters
to measured pressure and flow waveform data as was
illustrated above for the 2, 3-, and four-element windkessel
model (Fig. 3.2). The value obtained for the model
compliance then provides an estimate for total arterial
compliance. In this chapter, we limit ourselves to models
with a constant, pressure-independent compliance. More
advanced models incorporating nonlinear24 or frequency-
dependent values of compliance25 can be fitted to data,
but the clinical application of these models has been limited
to date. It is important to keep in mind that different models
yield (slightly) different values of compliance and to be
aware of the susceptibility of the three-element windkessel
model to overestimate compliance, which becomes prob-
lematic in the pulmonary circulation or in the vasodilated
systemic circulation.22 We end this section with compliance
estimation methods that are based on the two-element
windkessel model, but do not require time-resolved pres-
sure and flow waveforms.

The decay-time and area method

The decay of measured arterial pressure in (late) diastole
resembles an exponential function (especially in older
subjects) which is the course predicted by a two-element
windkessel model with resistance R and compliance C:
PðtÞ ¼ P0e�t=RC . The decay time method makes use of
this property and fits an exponential relation to the pressure
in diastole which then yields the time constant, RC. With R
calculated as the ratio of mean pressure and flow, C is
directly found as RC/R. Given that the exponential relation
requires zero inflow, the method is restricted to the central
aorta. Physiological oscillations on the measured pressure
due to wave travel and reflection may complicate the
decay-time method, even when fitting only the last two-
thirds of diastole.26 An elegant work around these dia-
stolic pressure oscillations is found in the area method of
Liu et al.20 They formulated an integral version of the
decay time method and find the time constant as RC ¼R t2

t1
PðtÞdt

Pðt1Þ�Pðt2Þ. The integral in the numerator is the area under

the pressure curve between t1 and t2. This area method is
typically applied using the dicrotic notch and the end of
diastole as t1 and t2, respectively.

The pulse pressure method

Whereas the decay-time and area method require time
resolved arterial pressure (in diastole) and mean flow
(cardiac output), the pulse pressure method is applied with
knowledge of systolic and diastolic pressure (i.e., pulse

pressure) and time resolved aortic flow. The method is
again based on the two-element windkessel model; R is
calculated from mean pressure and flow, and a value of C
is found in an iterative way such that the pulse pressure
predicted by the model is equal to the measured pulse
pressure.19 The method has a simple and stable iterative
scheme, and results do not depend on a chosen time interval
or initial parameter values. The rationale behind the method
is that pulse pressure (as the exponential pressure decay) is
a low-frequency feature that is well replicated by the two-
element model.

Interpreting input impedance: the
wave-system perspective

Characteristic impedance revisited: inertia and
compliance combined

Consider the inlet of a uniform elastic tube that is infinitely
long (Fig. 3.3, left panel). The cross-sectional area of the
tube is A, and it is filled with a fluid with density r. The
compliance (CA) of the tube is given by CA ¼ vA

vP (see also

Chapter 7). When imposing a (sinusoidal) flow eQ at the
inlet, fluid mass has to be displaced along the tube and

accelerated, requiring a proportional increase in pressure eP.
The mass to accelerate, and the associated velocities will on
the one hand depend on the density of the fluid and the
cross-sectional area (i.e., inertia r

A), but also on how much
mass can be locally stored in the distending tube (mass that
is locally stored does not need to be displaced along the
tube), and thus on local compliance CA. If fluid viscosity is
neglected, characteristic impedance of the tube can be
expressed in terms of these inertial and local compliance

properties, Zc ¼

ffiffiffiffiffiffi
r

A
vA

vP

vuuut ¼
ffiffiffiffiffiffi
rvP
AvA

q
4e6. As above, pressure

and flow are linked via eP ¼ ZceQ.
We can further specify the propagation direction of the

wave as forward (or positive, e.g., left to right) and back-
ward (negative, from right to left). In this specific setting of
the infinitely long uniform tube, reflection sites are absent
and only unidirectional waves can exist. By definition,ePf ¼ ZcfQf and fPb ¼ �ZcfQb with subscript f referring to
forward and b to backward propagating waves. The minus
sign accounts for the fact that, in contrast to pressure, flow
is not a scalar property but has a direction, with flow
considered negative when flowing from right to left.

We deliberately used the same notation as above for
characteristic impedance, as it is in essence the same
property that we describe, yet from a different perspective.
While Zc emanated as a resistance from a lumped parameter
model perspective (and in particular for the three-element
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windkessel model), it here becomes clear that it has nothing
to do with viscous friction, but rather integrates local inertia
and compliance. Note that it can also be written as Zc ¼
rPWV

A with PWV pulse wave velocity, the speed at which
perturbations propagate along the tube.

Input impedance: fingerprint of arterial wave
reflections

The arterial tree is, obviously, much more complex than a
uniform elastic tube free of reflection. Therefore, measured
pressure and flow waves are in general composed of for-
ward and backward propagating signals. As such, when we
decompose measured pressure and flow waves into har-
monics using the Fourier theorem, each of these harmonics
will be composed of forward and backward propagating

components, adding up to ePf and fPb for pressure, and fQf

and fQb for flow. By definition, for each harmonic, it applies

that eP ¼ ePf þfPb and eQ ¼ fQf þ fQb.

Making use of the intrinsic relation ePf ¼ ZcfQf andfPb ¼ �ZcfQb, it is easily shown that

ePf ¼
ePþ Zc

eQ
2

; ePb ¼
eP� Zc

eQ
2

Thus, each individual harmonic of pressure (and flow)
can be decomposed into a forward and backward harmonic
of the same frequency.27 Adding all backward and forward
harmonics in the time domain yields the total backward and
forward pressure wave, the end result of a wave separation
analysis.

For each harmonic frequency, we can define the
reflection coefficient G as:

G ¼ ePbePf

¼ �Zc eQb

ZceQf

¼ � eQbeQf

. Again, G is a complex

number where the modulus expresses the ratio of the ampli-
tude of the backward and forward harmonic, while the phase
angle expresses the time delay between the backward and
forwardharmonic.Bringing the above together, it follows that

FIGURE 3.3 Left panels: imposing a sinusoidal flow wave (harmonic) to an infinitely long tube gives rise to a sinusoidal pressure wave of the same
frequency and in phase with the flow wave of an amplitude equal to Zc times the amplitude of the flow wave. Backward waves are nonexisting and the
input impedance will be equal to the characteristic impedance for all harmonics. Middle: in a tube model with a single reflection site at its distal end, a
backward wave will be generated and the measured pressure will consist of a forward and a backward wave. The input impedance modulus is char-
acterized by successive peaks and troughs (and concomitant zero crossings for the phase angle) nonsymmetrically around Zc that occur at frequencies for
which there is maximum destructive (troughs) or constructive (peaks) interference between the forward and backward pressure wave. Right: In the arterial
tree, imposing a sinusoidal flow wave will generate a forward pressure wave that gets reflected at innumerable proximal and distal sites along the arterial
tree, leading to a scattered and diffuse reflection patterns. All backward waves add up to one resultant backward wave that is retrieved when performing
wave separation analysis. The scattered reflections lead to the typical input impedance pattern that resembles that of the single tube for the lower fre-
quencies, but where destructive interference at higher frequencies yields a system that is seemingly free of reflections with input impedance approaching
characteristic impedance.
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Z ¼
ePeQ ¼

ePf þ ePbfQf þ fQb

¼
ePf ð1þ GÞfQf ð1� GÞ

¼ Zc
ð1þ GÞ
ð1� GÞ

Input impedance is therefore nothing but a mathemat-
ical representation of how reflection “disturbs” the relation
between pressure and flow, deflecting it from characteristic
impedance. It is obvious from this formula that the input
impedance always equals characteristic impedance when G
is zero (in the absence of reflections).

AssumingG to be a real number (no phase delays between
forward and backward waves), an input impedance higher
than Zc implies G > 0, so the reflected pressure wave adds to
the forward wave and increases the amplitude of pressure
(constructive interference) (Box 3.2), while total flow will be
reduced because of the opposite effect of reflection on the
flow wave. Similarly, Z < Zc implies that G < 0 and reflec-
tion now reduces the total pressure (destructive interference)
(Box 3.2), while increasing the flow.

It is important to stress that so far we have done nothing
but analyze the relation between pressure and flow at a
given point in the circulation (usually the ascending aorta
or main pulmonary artery) and developed a method that
allows us to decompose the measured signals into forward
and backward waves with knowledge of Zc. We did not
make any interpretations about the origin or mechanism of
wave reflection, which requires further assumptions or the
use of models/paradigms. We will discuss several such
models/paradigms in the following section.

The arterial system: a network of tubes with
distributed reflection sites

The tube modeldtoo simple as a paradigm

The simplest model of the arterial system that accounts for
wave travel and reflection is the tube model (Fig. 3.3,
middle panel), whereby the entirety of the arterial tree is
conceptualized as a uniform tube of a given length L
(e.g., 0.5 m), characterized by characteristic impedance Zc.
The distal end acts as a single discrete reflection site where
resistance, impedance, or a reflection coefficient can be
prescribed.

Assuming a pulse wave velocity of 5 m/s, it will take
0.2 s for a wave to travel back and forth from the inlet to the
distal reflection site (see also basic concept box on
constructive and destructive interference). The net effect of
the reflection will now largely depend on the timing when
the backward wave adds to the forward wave, and this will
highly depend on the frequency (f) of the harmonic, the
associated wavelength l ¼ PWV/f and the phase delay be-
tween the forward and the backward harmonic, given by
D4 ¼ 2L

PWV 2pf . The maximal impact of the backward
wave occurs when D4 ¼ np, with n an integer. When n is
even, the backward pressure wave arrives perfectly in phase

with the forward wave leading to maximal constructive
interference. The opposite happens for the flow wave,
implying a peak in the impedance spectrum for that fre-
quency. Conversely, when n is odd, the backward pressure
wave arrives completely out of phase with the forward
wave, leading to maximal destructive interference and a
minimum in the impedance spectrum. The first minimum
occurs for n ¼ 1, for a frequency fmin ¼ PWV

4L (2.5 Hz in our
example). In a tube model, this leads to a succession of
peaks and troughs at these frequencies, as illustrated by the
impedance spectrum in the middle panel in Fig. 3.3). As
there are no apparent phase delays between the total pres-
sure and flow harmonic, the phase angle will be zero at
these frequencies.

The arterial treedscattered reflections

Most insights on arterial impedance and hemodynamics
have been gained from one-dimensional (1D) arterial
network models accounting for the NaviereStokes equa-
tions (conservation of mass and momentum) and a relation
describing arterial distensibility28e32 or based on electrical
transmission line theory.7,33 These models demonstrate that
reflections arise from discrete impedance mismatch (e.g., at
bifurcations) but also as a consequence of progressive
changes in impedance (geometric and/or elastic taper)
which provoke diffuse, continuous reflections.34 These re-
flections also get re-reflected as they propagate toward the
heart, adding again to the forward wave. As such, what is
conceived as “the” forward and backward wave after wave
separation analysis is the integrated effect of all simulta-
neously coexisting forward and backward propagating
contributions, with reflections returning from sites close to
the heart and further away.35 For the lower harmonics,
these dispersed reflections still act relatively well in phase
with each other. For the first harmonic, the net effect of the
added reflections is constructive for pressure waves and
destructive for flow waves, leading to an impedance higher
than Zc. Most often, one will find a clear local minimum in
the input impedance modulus between the second and
fourth harmonic where Z drops below Zc and where the net
effect of reflected waves is to reduce pressure and increase
flow. With further increasing frequency, however, phase
delays are highly variable, with some reflections arriving in
phase, while others arrive out of phase. Reflected waves
therefore start canceling each other out, leading to a system
that is seemingly free of reflections (comparable to what
happens in an acoustic chamber, where the walls are con-
structed in such a way that sound waves reflect scattered in
all directions). The frequency corresponding to the mini-
mum (fmin) has been used to estimate an “effective length”
of the arterial tree as Leff ¼ PWV

4fmin
. Since wavelength

l ¼ PWV/f, this is known as the quarter wavelength for-
mula. However, the discrepancy between the real arterial
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BOX 3.2 constructive and destructive interference

Constructive interference Destructive interference

The backward wave (in red) arrives in phase with the forward wave (green),

such that the amplitude of the total wave (the summation of both)

increases (blue).

The backward wave (in red) arrives out of phase with the forward wave

(green), such that the amplitude of the total wave (the summation of both)

decreases (blue).
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tree and a tube model is large, and the tube model paradigm
has led to controversial or incorrect interpretations of
arterial hemodynamics.36

Estimating Zc from impedance

Fig. 3.1 displays the modulus and phase of input impedance
measured in a human subject exhibiting type-A pressure
waveforms.15 It is indeed observed that for higher har-
monics (usually from about the fourth to fifth harmonic),
the impedance modulus tends toward a constant value,
while also the phase angle is about zero or oscillates around
zero. For these harmonics, reflections thus appear absent
(G z 0), which implies that for these frequencies, Z z Zc.
Therefore, averaging the higher harmonics of input
impedance is one way to estimate characteristic
impedance.4e6 In previous work, analyzing noninvasively
measured input impedance in middle-aged subjects, we
averaged the fourth to 10th harmonic,37 but other choices
are possible. A good criterion is to select the range where
the phase angle is zero or oscillates around zero due to
randomly interacting wave reflections, which act as noise at
these frequencies.

Pressure-flow relations in the time domain

So far, we addressed pressure-flow relations in the fre-
quency domain, hence considering measured signals as the
superposition of a constant value and sinusoidal waves,
largely building upon the analogy with electrical circuit
theory. This approach assumes linearity of the system
(harmonics coexist but to not interact with each other),
limits the analysis to steady state situations, and is a
somewhat abstract way to analyze the system.

Time domain formulation of wave separation
equations

An alternative way to assess pressure-flow relations is to
simply analyze them in the time domain. To do so, we need
to reconsider the definition of “a wave.” In our digital
world, measured pressure and flow signals are sampled at
discrete moments in time, separated by a given time
(sample) interval. We can then define dP ¼ P(n þ 1)eP(n)
and dQ ¼ Q(n þ 1)eQ(n) as the discrete change in pres-
sure and flow, respectively, from time step n to n þ 1,
where dP and dQ are considered as wavelets or wave
fronts. This definition of a wave is underlying the wave
intensity analysis as introduced for hemodynamic analysis
by Parker and Jones38 and what follows is largely based on
work of Parker and colleagues. We will, however, use
volume flow (Q in m3/s) rather than flow velocity (m/s) in
the analysis to have an immediate parallel with impedance
analysis. One is easily converted into the other via the
cross-sectional area of the artery.

Again assuming an infinitely long uniform elastic tube
(free of any reflections) characterized by Zc, it follows from

the water hammer equations (see Chapter 1) that under
these conditions, dPf ¼ ZcdQf and dPb ¼ �ZcdQb with
subscripts f and b referring to the forward (positive) and
backward (negative) direction, respectively. In the arterial
system, just like we previously showed that harmonics
consist of a forward and backward component, also dP and
dQ will be the result of forward and backward waves, such
that dP ¼ dPf þ dPb and dQ ¼ dQf þ dQb. These
equations can again be combined and lead to the equations
used for wave separation analysis39:

dPf ¼ dPþ ZcdQ

2
; dPb ¼ dP� ZcdQ

2

These equations look identical to equations used to
separate pressure harmonics,27 but have an important
practical difference: rather than being applied to harmonics
of pressure and flow (for which one needs Fourier
decomposition), we now decompose pressure and flow
wavelets that are easily calculated in any spreadsheetdwith
knowledge of Zc.

Estimating characteristic impedance in the time
domain

Fig. 3.4 shows a representative aortic pressure-flow pair,
whereby instantaneous pressure is plotted as a function of
the instantaneous flow level, forming a pressure-flow loop.
When the pressure and flow waveforms are well aligned in
time, one will observe that the section of the loop that
corresponds with early systole (the first w50e100 ms) is
linear. Bearing in mind that it should take some time for
forward waves to reach reflection sites and return as
backward waves, it is a common assumption that early
systole provides a time window where aortic pressure and
flow waves are free of reflections. In such conditions, we
only have forward waves and dP ¼ ZcdQ. Zc can therefore
be estimated as the slope of the linear segment of the
pressure-flow loop.40 Whether that period is really free of
reflections is not entirely clear, however, as linearity of the
pressure-flow relation as such does not exclude presence of
reflections, as has been demonstrated for carotid pressure-
flow relations.41 It cannot be excluded that this also hap-
pens in the aorta,42 at least in some circumstances that lead
to very early systolic reflections such as proximal aortic
aneurysms, aortic coarctation, or ascending aortic tapering.

Wave separation analysis in practice: an
instruction manual

In this section, we will illustrate with a practical example
using the same type-A waveforms how to calculate the
forward and backward wave from a given pair of pressure
(P) and flow (Q) waveforms which have been properly
aligned in time (Fig. 3.5). The data in the example represent
one heartbeat, but data from longer time recordings can be
used as well. The waveform contains N ¼ 463 datapoints
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sampled each 2 ms. Zc was estimated as the slope of the
linear segment of the PQ loop in early systole (Fig. 3.4)

Step 1ddifferentiate: calculate dP(n) ¼ P(n þ 1) �
P(n) and dQ(n) ¼ Q(n þ 1) � Q(n) for n ¼ 1 to
N � 1, i.e., the changes in P and Q as a function of
time. Note that these arrays will thus consist of one
element less than P and Q.
Step 2dseparate: apply the wave separation equations
at each instant in time, yielding dPf (n) and dPb(n),
with n ¼ 1 to N � 1. if the flow wave is also to be sepa-
rated, calculate dQf (n) ¼ dPf (n)/Zc; dQb(n) ¼ �dPb(n)/
Zc.
Step 3dintegrate: calculate the total forward (Pf, Qf)
and backward (Pb, Qb) pressure and flow waves as

Pf (n) ¼ Pf (n � 1) þ dPf (n); Pb(n) ¼ Pb(n � 1)
þ dPb(n); n ¼ 1:N � 1

Qf (n) ¼ Qf (n � 1) þ dQf (n); Qb(n) ¼ Qb(n � 1)
þ dQb(n); n ¼ 1:N � 1

In this step, we add the contributions of dPf, dPb, dQf,
and dQb at the respective timestep, numerically integrating
these waveforms. As this is an integration, we can also add
an integration constant. By convention, Pf (0) ¼ P(1) and
Qf (0) ¼ Q(1), while Pb(0) ¼ Qb(0) ¼ 0. This ensures that

Pf þ Pb ¼ P, and Qf þ Qb ¼ Q. Other choices for these
integration constants are, however, possible.

An intuitive way to visually present the results of wave
separation analysis is to simultaneously plot the measured
and forward pressure wave; the difference between both
then represents the contribution of the backward pressure
wave (bottom panel Fig. 3.5). A similar presentation can be
used for flow. We also stress here that Pf is not identical to
Q * Zc, because wave reflection also affects the flow wave
(the correct statement is Pf ¼ Qf * Zc).

43 Also, caution is
warranted on the strict interpretation of the forward (and
backward) wave, as the forward wave in itself includes
backward waves that get re-reflected (rectified) at the
ventricular-aortic interface, contributing to the forward
wave.27,35,43 As such, Pf is not to be interpreted as the
component of pressure that would exist if the heart would
eject in a reflection-fee system.

Wave power analysis: energizing
hemodynamics

Readers familiar with the literature on arterial hemody-
namics will be well acquainted with wave intensity analysis
as introduced by Parker and Jones,38 with wave intensity
(dI) at a given measuring location being a time-dependent
variable defined as dI ¼ dP.dU with dP a step change in
pressure, as previously defined, and dU a step change in

FIGURE 3.4 Time-aligned pressure and flow waveforms are combined in a flow-pressure diagram, which displays a loop. It is assumed that early systole
(the segment marked in blue) is relatively free of reflections, leading to a linear relationship between flow and pressure. The slope of the line provides an
estimate of characteristic impedance.
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flow velocity. In SI units, dI has the dimension W/m2 and
represents the energy flux carried by the pressure and flow
waves. Following Mynard et al., using volumetric flow Q
as substitute for U (with Q ¼ U.A, A being the cross-
sectional area of the artery), one can define wave power
dp ¼ dP$dQ which is expressed in W (Watt) when using
SI units for pressure and flow.44 Clearly, dp closely relates
to dI (they scale by a factor A), but has the advantage of
representing a conserved quantity, which is not the case for
dI (at bifurcations, for instance, dp in the mother branch
equals the sum of dp in the daughter branches, which is not
the case for dI ).

Wave power to assess the nature and timing of
wave reflection

One obvious application of wave power is to just use it as a
surrogate of wave intensity, as exemplified in Fig. 3.6
where dp was calculated from pressure and flow. With (i)

dp > 0 indicating forward propagating waves (dp <
0 indicate backward propagating waves), and (ii) dP > 0
indicating compression waves while dP < 0 indicates
decompression waves, it is immediately clear from dp (and
dP) which of the four possible wave types dominate at any
moment in time: forward compression waves (generated by
the heart in early systole), forward decompression (or
“suction”) waves (generated at end systole due to inertial
effects45), backward compression waves (as typically
observed in the aorta in mid-systole) or backward decom-
pression waves (rarely seen in vivo, but may be observed in
case of severe aortic aneurysms, causing the systolic for-
ward compression wave to reflect as a backward decom-
pression wave).46

We stressed that dp can only reveal the dominant wave
types. To better appreciate coexisting forward and back-
ward waves, it is recommended to separate dp into dpþ
and dp�, the wave power due to the forward and back-
ward pressure and flow waves with dpþ ¼ dPþdQþ and

FIGURE 3.5 Practical guideline on how to separate the measured pressure waveform into its forward and backward components in three steps
(“differentiatedseparatedintegrate”), starting from measured pressure and flow waveforms and with knowledge of Zc. The bottom panel shows the
backward and forward components on top of each. The reader is referred to the text for details on the different steps.
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dp� ¼ dP�dQ� and dp ¼ dpþ þ dp�. This is partic-
ularly important to reveal early reflections which are easily
masked by the dominant systolic forward compression
wave. An example of wave power analyses of proximal
aortic pressure and flow in a normal adult is shown in
Fig. 3.6.

Energetics in the arterial circulation

In their seminal work, Mynard and Smolich elaborated a
comprehensive framework on wave energetics and hy-
draulic power, and how this relates with the wave potential
concept (i.e., the potential of a pressurized elastic vessel to
generate waves).44,47 In this final section, we briefly discuss
some of their ideas on hydraulic power under the
assumption that the undisturbed pressure in the arterial
circulation is zero (the equilibrium pressure that is attained
when no wave potential or waves exist in the vascular
system).

Wave power quantifies the power (energy/unit of time)
carried by the waves and due to changes in pressure and
flow, irrespective of the absolute pressure level. In the
cardiovascular system, however, it is also the absolute
pressure and flow levels that matter, as this will largely
affect the pressure-volume loop of the heart and hence the

heart’s energy expenditure. The quantity to consider then is
the hydraulic power P, which is composed of a pressure
component PP ¼ PQ and a kinetic component which is
usually small enough to be ignored in the arterial
circulation.44

Onecan thenmakeuseof thepreviouslydemonstratedwave
separation analysis (and with PfQb þPbQf ¼ 0

�
to rewrite

PP ¼
�
Pf þPb

��
Qf þQb

�¼PfQf þ PbQb ¼PP;f þPP;b.
As such, total hydraulic power can be separated into forward
and backward hydraulic power, allowing to quantify the ener-
getic costs of wave reflection.

We repeat that PP and dpdand their forward and
backward separated quantitiesdare pulsatile functions of
time with units Watt or Joule/second (J/s) when P is
expressed in Pa and flow in m3/s. As such, integration in
time (for instance over one heartbeat) of PP and dp yields
the net wave or hydraulic energy (in J) injected into the
circulation distal from the point of observation. Separating
into forward and backward components allows for the
quantification of how wave transmission and reflection
contribute to this energy transfer.

As an application of this approach to a clinical problem,
we recently utilized these principles to study whether dif-
ferences of energy transmission into the brain circulation
(carotid artery) may play a role in some of the side effects

FIGURE 3.6 Left: hydraulic power P is calculated as the instantaneous product of pressure and flow. It can be decomposed into contributions of
forward and backward waves. Right: wave power dp calculated as the instantaneous product of dP and dQ. It is equivalent to wave intensity and can be
used to identify the timing and nature of forward and backward waves. Note the difference in y-scale with hydraulic power orders of magnitude higher
than wave power.
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observed in patients taking organic nitrates (headache and
dizziness).48 In contrast to inorganic nitrates, administration
of nitroglycerine, an organic nitrate, led to a significant
reduction of aortic hydraulic power, an increase in power
penetration to the carotid artery (due to cerebrovascular
vasodilation), and an absolute increase in carotid hydraulic
power.

The reservoir-wave
conceptdoverarching paradigm or
misleading enigma?

Although the presence of pressure and flow waves in the
arterial tree is undisputed, the arterial tree does exhibit a
windkessel-like function that is typically approached using
lumped parameter models, as discussed extensively in
previous sections of this chapter. Lumped parameter
(windkessel) models, by definition, contain no space
dimension and therefore cannot resolve time and space-
dependent wave phenomena. The reservoir-wave concept,
introduced by Parker and colleagues, aims to reconcile the
arterial windkessel function and wave system. The concept
was first introduced by Wang et al.49 and promoted in
subsequent papers in which investigators expanded on the
analysis of the wave component.50e52 Briefly, the arterial
pressure waveform is considered as the superposition of a
reservoir (windkessel) component and an excess pressure
that is ascribed to traveling waves (Fig. 3.7). The concept is
intuitively appealing, since one can imagine that rapidly
acting wave phenomena superimpose on a slower phe-
nomenon, just like ocean waves generated by the wind
superimpose on a tidal wave. To some extent, however, the
concept is old wine in new barrels, and a time domain
representation of the three-element windkessel model: low
frequency (slow phenomena) behavior is described by the
RC-component in the model, while the characteristic
impedance is needed to describe the high frequency (rapid
phenomena) behavior (Fig. 3.7). That also explains why the
shape of excess pressure and the flow wave is similar, since
the ratio of excess pressure and flow is simply the char-
acteristic impedance. In that sense, it is not surprising that
excess pressure carries prognostic information in some
patient populations,53 as it is likely a quantification of the
effect of characteristic impedance, which in turn depends
on ascending aortic size and stiffness.

An important consequence of the originally introduced
concept is that it suppresses the importance of waves and
wave reflections.54 It leads to a drastically different inter-
pretation of arterial hemodynamics with a potential impact
on therapeutic strategies. Supporters of the concept re-
ported that application of the reservoir-wave concept yields
physiologically more plausible patterns of wave travel and
reflection in the aorta than conventional analyses: whereas

traditional wave separation analysis (as applied above on
recorded pressure and flow waves) does not lead to a
backward wave that travels from the distal to proximal
aorta, wave separation analysis on the excess pressure (after
subtraction of the reservoir component) does show a
backward wave traveling from the bifurcation toward the
heart.51 Also, while conventional wave separation analysis
leads to self-canceling forward and backward flow waves in
diastole (such that total flow is zero), wave separation
analysis on the wave component leads to a wave-free
period in diastole.51

The reservoir-wave conceptdas originally
introducedddoes carry some inconsistencies. First, inva-
sive pressure recordings immediately demonstrate that the
pressure waveform propagates as a whole (including the
slow varying component) while the original reservoir-wave
concept assumes a steady, nonpropagating reservoir pres-
sure that is uniform over the entire arterial tree. Three-
dimensional fluid-structure interaction simulations in an
in silico model of aortic coarctation failed to demonstrate
that reservoir pressure relates to the volume in the aortic
reservoir in systole.55 Computer model studies in 1D arte-
rial network models, confirmed by in vivo experiments
have shown that when wave separation analysis is per-
formed on excess pressure, errors are introduced in the
timing, nature, and magnitude of reflected waves, sup-
pressing compression waves and amplifying decompres-
sion waves.54 Also, the argumentation that wave separation
analysis applied to excess pressure leads to a more plau-
sible timing of the backward wave has been refuted: in a
nonuniform and tapering vessel as the aorta, backward
waves are continuously generated along the entire tree as
the forward wave propagates.56 It is only in a uniform tube
with a discrete reflection site at the distal end that the
backward wave would indeed propagate from distal to
proximal. As discussed above, the uniform tube is a poor
model for the arterial tree.36

Mynard conjectured that the inconsistency in the orig-
inal reservoir-wave formulation arises from the use of
hybrid dimensionality, where zero-dimensional (0D) and
1D formulations are inappropriately combined.45,57,58 The
reservoir-like behavior (with the exponential pressure
decay in diastole) is quite bluntly treated as a 0D phe-
nomenon, while such behavior is in essence also the
consequence of waves propagating back and forth in the
aorta during diastole.47 The energy carried by these waves
is, however, low and it is not trivial to demonstrate their
existence in vivo using techniques like wave intensity
analysis. These fundamental critiques have been acknowl-
edged by Parker and colleagues, who modified the theory.
In recent publications, the reservoir pressure is being
treated as a propagating wave (but still of a uniform shape
along the aorta)59 and acknowledged to arise from repeated
reflections and re-reflections.60 This is also consistent with

Pressure-flow relations in the arterial tree Chapter | 3 63



studies reporting that the reservoir pressure is equal to two
times the magnitude of the backward wave as obtained
when applying conventional wave separation analysis.53,61

It is important for the scientific community to get fully
aware of these most recent insights, and especially of the
highly problematic use of excess pressure for wave sepa-
ration analysis which leads to incorrect assumptions about
therapeutic approaches. As convincingly demonstrated us-
ing rigorous computer modeling supported by in vivo
experimentation, wave patterns based on wave separation
analysis of the excess pressure introduce nonsensical errors
and contribute nothing to our understanding on the role of
wave reflections in the arterial tree. The reservoir-wave
paradigm is still being fine-tuned,60 but we remain

skeptical about using an intuitive at first sight, but ill-fitting
paradigm to help us in understanding the complexity of
arterial hemodynamics.

Concluding remarks

In this chapter, we aimed to provide an overview of tech-
niques and methods to analyze and interpret pressure-flow
relations using both “classical” frequency domain
methods (impedance-based) as well as the more recent time
domain methods. Both exist side-by-side and should be
used as such, exploring strengths of both. Impedance
analysis is an excellent way to characterize the arterial
system; time domain methods are more suitable to assess

FIGURE 3.7 Illustration of the parallel between the reservoir-wave and three-element windkessel model using the type A dataset digitized from.15 In the
reservoir-wave concept, the reservoir pressure is determined, and excess pressure is calculated as the difference between measured and reservoir pressure.
Reservoir pressure was estimated using a pressure-only approach (courtesy of J. Mynard). In the three-element windkessel model, pressure can equally be
seen as the superposition of Q x Zc and the pressure due to the RC components (measured pressuredZc � Q).
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timing and nature of wave reflections. We particularly
wanted to convey the message that interpretation of
impedance or wave dynamics is explicitly or implicitly
based on an assumed paradigm (model) for the arterial
circulation. Correct analysis and interpretation of data can
only be built on a solid and full understanding of these
paradigms, considering their strengths and limitations.
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Introduction

For a comprehensive characterization of changes in aortic
morphology, flow, and hemodynamics associated with ag-
ing and disease, accurate and reproducible quantitative
methods are needed.

Magnetic resonance imaging (MRI) has the unique
ability to provide noninvasive, accurate, and reproducible
measurements of aortic stiffness measures such as aortic
strain, distensibility, and pulse wave velocity (PWV), as
well as aortic geometry measures such as aortic diameter,
area, or volume,1,2 length, and curvature.3 Importantly,
MRI allows noninvasive imaging of the proximal aorta and
aortic arch that have pivotal roles in the central car-
diocirculatory system. Such exploration includes both 2D
and 3D anatomy and dynamics as well as time-resolved 2D
(2D þ t) and 3D (3D þ t) flow patterns, allowing for pre-
cise local measurements without geometrical assumptions.
This chapter describes the methodology and prospects
of MRI for the assessment of aortic stiffness and
hemodynamics.

Aortic stiffness assessed by MRI

Aortic strain and distensibility

Aortic distensibilityddefined as the relative change in
aortic lumen area during cardiac cycle (aortic strain)
divided by local pulse pressuredis commonly used as a
measure of local aortic stiffness in population studies4e6

(Fig. 4.1). Ascending and descending aortic strains are
measured using dynamic MRI images acquired in a plane at
the mid-ascending aorta perpendicular to the aortic wall at
the level of the right pulmonary artery. Validated

semiautomated software can accurately determine changes
in the aortic cross-sectional area throughout the cardiac
cycle and represent them as area over time curves4

(Fig. 4.2). Aortic strain is calculated as follows7:

Aortic strain ð%Þ ¼ ½ðmaximum aortic area

�minimum aortic areaÞ=ðminimum aortic areaÞ� � 100

Distensibility is then calculated as aortic strain
normalized by the pulse pressure driving systolic wall
stretch and diastolic recoil of the aorta.7

Aortic distensibility
�
mmHg�110�3

�
¼ ½aortic strain = pulse pressure� � 10

Central pulse pressure instead of brachial pulse pressure
should be used in the calculation of local distensibility, in
order to account for the highly variable pulse pressure
amplification phenomenon across the age spectrum. As
discussed in detail in Chapter 2, several noninvasive
methods have been developed to estimate central blood
pressure using pressure waveforms from the carotid,
brachial, or radial arteries, and calibrated for brachial cuff
pressure, and which can be measured simultaneously to the
aortic MRI acquisitions.

SSFP cine imaging is the most commonly used dy-
namic sequence and is validated for measuring aortic
strain and distensibility, due to its high spatial and tem-
poral resolution and effective flow compensation mini-
mizing flow-related artifacts.8,9 Studies have also
demonstrated that phase contrast MRI (PC-MRI) modulus
images can be used in place of SSFP imaging. Using PC-
MRI images has the practical advantage of reducing scan
time since they will be also used for aortic arch PWV
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calculation and flow components estimation,9 without
requiring additional scan time. Of note, through-plane
motion of the aorta resulting from left ventricular (LV)
contraction may impact the assessment of cross-sectional
aortic distensibility especially in the proximal aortic seg-
ments as it is measured from a fixed acquisition plane.
However, this effect, more pronounced closer to the aortic

root, can be minimized by measuring aortic strain at the
tubular part of the ascending aorta and the descending
aorta most often at the level of the center of the right
pulmonary artery. In this plane, the ascending aorta is
mostly cylindrical with the centerline and aortic walls
remaining mostly perpendicular to the acquisition plane
with a circular cross section throughout the cardiac cycle.

FIGURE 4.1 Principle of local aortic stiffness: ascending aortic distensibility. (A) The ascending aorta is highly distensible and stores most of the stroke
volume from the heart during systole, and, thanks to elastic recoil, redistributes part of this volume to downstream during diastole, thus transforming a
pulsatile flow into steadier flow. The relative change in aortic lumen area divide by pulse pressure defines the distensibility. (B) Comparative illustration of
preserved (left) and altered (right) distensibility of ascending aorta. (C) Corresponding cross-sectional area to cardiac cycle time curves for preserved
(blue) and altered (red) aortic distensibility. Reprinted from Redheuil A, Wu CO, Kachenoura N, et al. Proximal aortic distensibility is an independent
predictor of all-cause mortality and incident CV events: the MESA study. J Am Coll Cardiol. 2014;64:2619e2629 with permission of the publisher.

FIGURE 4.2 Measurement of aortic distensibility in MRI. (A) Magnetic resonance imaging (MRI) shows three-dimensional reconstruction of the
thoracic aorta with the transverse aortic dynamic acquisition plane (red). (B) Results of the semiautomated segmentation of the ascending aorta (green
contour). (C) Resulting cross-sectional area to cardiac cycle time curve. Reprinted from Redheuil A, Wu CO, Kachenoura N, et al. Proximal aortic
distensibility is an independent predictor of all-cause mortality and incident CV events: the MESA study. J Am Coll Cardiol. 2014;64:2619e2629 with
permission of the publisher.
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Interestingly, the longitudinal deformation of the aortic
root can be also quantified from sagittal SSFP MRI images
and was proven of clinical interest in patients with Marfan
syndrome.10

Aortic pulse wave velocity

The most widely used measure of aortic stiffness overall is
PWV, defined as the speed of propagation of the pulse
wave along the arterial path,11 as discussed in detail in
Chapters 1 and 7. PWV is calculated as the ratio of the
distance between two anatomical locations along the artery
to the transit time required for the pressure or flow wave to
cover that distance, commonly expressed in m/s. Arterial
PWV is commonly measured using applanation tonometry
between the carotid and femoral arteries. Carotid-femoral
PWV (cf-PWV) is regarded as the reference method for
arterial stiffness evaluations because it is relatively easy to
use, available in large populations, and has high reli-
ability.12 However, cf-PWV, measured by applanation
tonometry, is affected by inherent measurement errors
associated with using the body surface distance as a sur-
rogate for true arterial path length, which ignores the
tortuous vessel routes.7 Such errors are increased in obese
(increased body surface) or elderly (increased aortic tortu-
osity) individuals.13 Furthermore, cf-PWV ignores the
proximal ascending aorta segment since the proximal point
of measure regards the common carotid artery. Since the
proximal aorta has the majority of the buffering capacity of
the arterial system, this omission may have significant
consequences in understanding the impact of age and dis-
ease on the aorta.

Aortic PWV assessment by MRI is a novel method that
reduces measurement error by using accurate aortic length
with a three-dimensional imaging approach1,3 and the
corresponding transit time between flow wave measure-
ments14,15 in precise locations. Aortic PWV assessment
using blood flow waves derived from PC-MRI has been
well validated in comparison to invasive, intraaortic pres-
sure assessment14 and to cf-PWV,16 as well as through the
Bramwell‒Hill theoretical model.17 MRI PWV assessment
can also provide regional aortic stiffness in different seg-
ments of the aorta, including the ascending aorta, aortic
arch, thoracic descending, and abdominal aorta.18 Arch
PWV is most commonly measured using 2D PC-MRI due
to its simple acquisition and high temporal and spatial
resolution during a single breath-hold of two PC-MRI
planes with a velocity encoding gradient in the through-
plane direction,19,20 making it suitable for routine pro-
tocols. To measure aortic arch PWV, images of the
ascending and descending aorta are obtained simulta-
neously in the transverse plane perpendicular to the aortic
centerline, at the level of the right pulmonary artery.
Specific software for aortic analysis provide an estimate of

the transit time between the two flow waves after automated
segmentation of the modulus and velocity PC-MRI
images21 (Fig. 4.3).

The disadvantage of MRI for PWV assessment is its
relatively lower temporal resolution (10e30 ms, according
to breath holding capability and R-R interval) compared to
echocardiography and to applanation tonometry. The foot-
to-foot method is well established in studies using tonom-
etry to estimate transit time between pressure waves since it
avoids the early reflected pressure waves.7 Transit time
estimation using the foot-to-foot method requires high
temporal resolution to identify an accurate upstroke time,
making this approach unsuitable for flow wave analysis
in PC-MRI. Therefore, different methods to estimate
the transit time using PC-MRI have been described to
overcome such drawback.14,22e24 In addition to the foot-to-
foot approach, the methods to measure transit time by PC-
MRI can be classified into two different strategies: (1)
point-based methods, using systolic peak-to-systolic peak
or maximal upslope acceleration-to-maximal upslope
acceleration,25,26 and (2) wave-based methods using simi-
larity criteria such as cross-correlation as well as Fourier or
wavelet analysis to calculate phase differences between two
flow curves from different aortic sites.27,28 While point-
based methods have been shown to be robust on pressure
waves, it has the disadvantage in MRI of the relatively low
temporal resolution of PC-MRI flow curves.24 Applying the
wave-based methods to the whole cardiac cycle can be
plagued by the presence of wave reflections that occur in
late systole, affecting the morphology of the systolic
downslope.7 To overcome these issues, recent wave-based
techniques have been proposed that focus only on the
systolic upslope of the PC-MRI flow curves.14,19,24 These
methods have been shown to be more robust for low tem-
poral resolution, especially when performed in the fre-
quency domain using a wavelet approach.27 Nevertheless, a
limited temporal resolution remains the main limitation of
MRI, particularly for short arterial path lengths and for
patients with highly stiff aortas (and thus very short transit
times).

Aging and aortic stiffness measurements in
MRI

The relationship of aortic distensibility with age is
nonlinear.19 Recent MRI studies have demonstrated a
marked decrease in local aortic strain and distensibility
before the fifth decade among asymptomatic general pop-
ulation volunteers.19 Ascending aortic distensibility
measured using central pulse pressure was on average
7.4 � 2.3 mmHg�1$10�3 between 20 and 30 years of age,
1.8 � 0.7 mmHg�1$10�3 between 50 and 60 years of age,
and 1.0 � 0.6 mmHg�1$10�3 after 70 years (Fig. 4.4).
Furthermore, aortic distensibility was the most sensitive
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and strongest marker of age compared to the following
peripheral aortic stiffness measures: carotid distensibility,
cf-PWV, and augmentation Index (AIx, which is a surro-
gate marker of wave reflection).7 This interesting finding of
a dramatic decrease in aortic strain and distensibilityd
when changes in blood pressure are not yet apparentdis

consistent with the mechanical hypothesis of a decline in
aortic elasticity in the third decade of life, which results
from thinning and fragmentation of elastin fibers caused by
repeated deformation and stretch induced by pulsatile
stress, among various other biologic processes (discussed in
Chapters 19e25).29

FIGURE 4.3 Measurement of arch PWV in MRI using ARTFUN software (LIB, INSERM 1146, France). (A) Phase contrast cine transverse view. (B)
Aortic arch view with steady-state free precession sequence. (C) Measurement of the transit distance in the aortic arch. Numbers correspond to those in A
and (B) (D) Flow wave curves of ascending aorta and descending aorta after peak flow normalization. Transit time is measured as the average time shift
that minimizes the least squares difference between systolic upslope data points of the ascending and descending aortic flow curves. Reprinted from
Ohyama Y, Ambale-Venkatesh B, Noda C, et al. Association of aortic stiffness with left ventricular remodeling and reduced left ventricular function
measured by magnetic resonance imaging: the Multi-Ethnic Study of Atherosclerosis. Circ Cardiovasc Imaging. 2016;9:pii: e004426 with permission of
the publisher.
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cf-PWV increases progressively with aging, from
approximately 7 m/s at 30 years of age to 12 m/s at
70 years of age.11 A recent study from the Multi-Ethnic
Study of Atherosclerosis (MESA) reports arch PWV
assessed by MRI in a multiethnic population aged 45e
85 years.30 MESA is a prospective study designed to
evaluate risk factors and mechanisms that underlie the
development and progression of subclinical CVD among
asymptomatic individuals using MRI to assess cardiovas-
cular structure and function.31 In that study, arch PWV
assessed by PC-MRI increased pronouncedly between
participants aged 45e54 years and those aged 54 years and
older. Another recent study using PC-MRI has shown that
age has different impacts on regional aortic stiffness.18 The
distal aorta exhibited the greatest age-related increase in
regional PWV and the aortic arch had the least, whereas the
aortic arch had the greatest increase in aortic diameter and
length, which may, in part, help offset an increase in wall
stiffness by maintaining the capacity of the aorta to store
volume during systole. Heterogeneity of structural and
functional changes with aging as well as of atherosclerotic
burden throughout the arterial tree causes differential
regional aortic stiffening.

Cardiovascular risk factors, left ventricular
function, and aortic stiffness

Longitudinal studies from MESA have shown that age,
high blood pressure at baseline, increase in blood pressure
during follow-up, and smoking history were independently
associated with the increase over 10 years in aortic stiff-
ness, with a decrease in aortic distensibility, and an increase
in arch PWV.20 In this study, reduction of blood pressure to
an adequate level during the follow-up period was associ-
ated with less aortic stiffening. In addition, the use of cal-
cium channel blockers was associated with less decrease in
ascending aortic distensibility, while other drugs including
ACE-I/ARB, beta-blockers, and diuretics did not have
the same relationship with aortic stiffness. Recent data

demonstrated an improvement in aortic distensibility in
first-time marathon trainers and completers including older
participants, shedding light on the possibility to partially
reverse this age-related vascular aging phenotype.32 Future
investigations are needed to assess the beneficial effects
of different pharmacological and nonpharmacological in-
terventions on aortic function.

MRI has the ability to assess ventricular geometry and
myocardial deformation as well as central aortic stiffness
simultaneously in a single examination. A recent study on
vascular‒ventricular interaction has shown the relation-
ship between aortic arch PWV assessed by MRI and LV
deformation assessed by tagged MRI as well as LV
structure in the MESA cohort. In that study, higher arch
PWV was associated with LV remodeling and reduced LV
systolic and diastolic function, and this association had a
significant gender interaction.21 In women, greater arch
PWV was associated with LV concentric remodeling,
worse LV diastolic function, and preserved ejection
fraction (EF) with maintained torsion. In contrast, reduced
LV systolic function demonstrated as impaired LV
circumferential strain and torsion as well as reduced LV
concentric remodeling were related to elevated arch PWV
in men. This gender difference in the relationship between
aortic arch stiffness and LV structure and function may be
mediated by hormonal factors and may explain the higher
incidence of heart failure with preserved EF among
women.

Prognostic value of proximal aortic stiffness
measures

A recent study from MESA showed that decreased
ascending aortic distensibility assessed by MRI signifi-
cantly predicted hard CV events including myocardial
infarction, resuscitated cardiac arrest, stroke, and cardio-
vascular death, and all-cause mortality in individuals
without overt CV disease.4 The hazard ratio for death and
hard CV events over 8.5 years was 2.7 and 2.2 for the 20%

FIGURE 4.4 The change in ascending aortic distensibility with aging. (A) Ascending aorta strain (dot) and distensibility (squares) by decades of age. (B)
Ascending aortic distensibility (age <50 ¼ red dots and >50 years ¼ blue dots). Reprinted from Redheuil A, Yu WC, Wu CO, et al. Reduced ascending
aortic strain and distensibility: earliest manifestations of vascular aging in humans. Hypertension. 2010;55:319e326 with permission of the publisher.
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of individuals with the stiffest aortas, independent of
traditional risk factors. The predictive value of ascending
aortic distensibility for CV events was highest in those with
low-to-moderate baseline individual risk.

Another study using the MESA cohort showed that arch
PWV had incremental predictive value for incident CVD
events above traditional CVD risk factors in participants
aged 45e54 years in the general population. Arch PWV
was not associated with incident CVD events in those aged
above 55 years.30 These findings on the age interaction
between arch PWV and events were somewhat consistent
with those previously documented regarding the associa-
tion between PWV and age in metaanalyses.33 Indeed, the
marked increase in predictive power among MESA par-
ticipants aged 45e54 years compared to those aged over
54 years may reflect the greater predictive value of arch
PWV in younger compared to older populations, similar to
distensibility. Furthermore, considering the regional het-
erogeneity of aortic structure, differences in prognostic
values may be related to regional differences in the material
properties of the aortic wall components and their evolution
over time; however, outcome data on such regional dif-
ferences are lacking.

Advanced methodology to assess
pulsatile aortic properties using MRI

Flow analysis

PC-MRI analysis can separate global aortic flow into two
components: forward and backward flow. It should be
noted that here, we refer to the direction of blood flow in a
given region of an aortic cross section due to vortical flow,
rather than forward or backward traveling waves which
impact net measured pressure and flow (as discussed in
Chapters 1, 3, and 11). It has been shown that the magni-
tude of ascending aorta backward flow increases with age
and its onset during a cardiac cycle occurs earlier with
aging.34 Such changes are strongly associated with geo-
metric changes of the aortic arch such as dilation and
elongation, that lead to changes in local pressure gradients
and local rotating blood vortices.34 These flow modifica-
tions, which might lead to increased LV load and a loss in
circulatory system efficiency, partially explain age-related
vascular alterations and their potential clinical implica-
tions regarding increased CVD risk.

It is also important to note that in PC-MRI through-
plane velocity data, the backward flow crossing the
ascending aorta section for a single phase of the cardiac
cycle includes both backward flow going back toward the
heart and locally rotating blood vortices, which reorganize
into forward flow in the following phases. These flow
patterns can be confirmed using 4D-flow MRI, as further
discussed in this chapter.

Combining pressure and flow

According to the American Heart Association’s statement
on scientific principles of arterial stiffening, the ascending
aortic input impedance (Zin) spectrum is the most
comprehensive measurement of vascular load in relation to
aortic stiffness.35 Analyses of pressure flow relations are
discussed in detail in Chapters 1, 3, 11, and 17. Zin is
derived from simultaneous pressure and flow assessments,
and characteristic impedance (Zc) can be estimated in
the either frequency or time domain using tonometry and
PC-MRI36,37 or Doppler echocardiography velocity data.
Flow assessment by MRI with noninvasive pressure
assessment can provide more accurate aortic Zc compared
to measures derived using ultrasound flow assessment,
which samples the LV outflow tract instead of the ascending
aortic flow. In aging, MRI could demonstrate that stiffening
of the ascending aorta was related to increased Zc,
concentric LV remodeling, decreased strain, and augmented
cardiac work to preserve the vascular‒ventricular coupling
in asymptomatic individuals.38 The ability to more accu-
rately measure ascending aortic flow and Zc would likely
provide new insights into aortic function and vascular/
ventricular interactions, and the opportunity to clarify the
differences and similarities between patients with systolic
and diastolic LV dysfunction as the cause of heart failure.39

4D flow

More comprehensive 3D cine techniques in combination
with three-directional encoding of blood flow velocities
(known as 3D cine PC or 4D-flow MRI) over the cardiac
cycle (3D þ t ¼ 4D) have recently been reported and have
greatly expanded clinical and research possibilities
regarding the aorta.40e45 Immediate applications have been
toward the visualization and understanding of complex
aortic diseases such as aneurysms and complications such
as aortic dissection with discernible multilumen flows
(Fig. 4.5). The most interesting feature of 4D-flow MRI is
its full 4D (3D þ t) spatial‒temporal coverage of the vessel
of interest and the acquisition of multidirectional flow at all
locations in a predefined volume (Fig. 4.6). Such volume
can also include the aorta and the heart for the evaluation of
their coupling when they share the same hemodynamic and
loading conditions. Taking into account the unique anat-
omy of the thoracic aorta in individuals with complex aortic
geometry without a priori is one of the advantages of the
4D-flow technique, which enables any desired a posteriori
slicing of the acquired volume for local quantitative mea-
sures. 4D flow can also evaluate regional PWV at any
location of interest in the aorta41,44,46 and 4D-magnitude
images could allow the estimation of local distensibility at
multiple locations with adequate postprocessing software.
Therefore, 4D-flow MRI could provide a comprehensive
assessment of aortic structure, function, and flow

72 Textbook of Arterial Stiffness and Pulsatile Hemodynamics in Health and Disease



simultaneously, and further elucidate the combined age-
related effects of altered aortic geometry, compliance, and
pressure on changes in local flow patterns, and partly explain
aortic complications.

One of the main drawbacks of 4D flow is its currently
low temporal resolution (30e40 ms). Low precision in the
assessment of timing has an impact on the precision of the
PWV estimate, especially in short aortic segments. To
compensate for the low temporal resolution, the time of
travel between two planes is routinely calculated by
including all intermediate analysis planes, and by linear

fitting of the systolic upslope of the resulting series of flow
curves to derive the PWV.41 Several studies have been
dedicated to methods comparison for an optimal estimation
of aortic PWV from 4D-flow data while comparing to
tonometric PWV as well as to the Bramwell‒Hill model‒
derived PWV,42 corroborating the value of considering all
intermediate planes rather than two extreme planes, and
also the 2D PC-MRI findings in terms of robustness of
transit time estimation.47

The 4D flow also provides complex hemodynamic
measures, such as helical and vortical blood flow,48 flow

FIGURE 4.5 4D-flow streamlines depicting aortic dissection Stanford type B with a local intimal tear responsible for a false lumen entry of the flow in
the proximal descending aorta. Image: Dubourg B., Redheuil A. (ICT PSL).

FIGURE 4.6 4D-flow images of an 80-year-old subject free from overt cardiovascular disease. Reprinted from Ohyama Y, Redheuil A, Kachenoura N,
Ambale Venkatesh B and Lima JAC. Imaging insights on the aorta in aging. Circ Cardiovasc Imaging. 2018;11:e005617 with permission of the publisher.
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eccentricity,49 estimates wall shear stress (WSS),50 and
intraaortic pressure gradients.51 Abnormal blood flow pat-
terns, flow eccentricity, and increased WSS have been re-
ported in patients with aortic stenosis and may be
associated with LV remodeling.52,53 These hemodynamic
measures could also provide useful quantitative description
of aortic hemodynamics in patients with other cardiovas-
cular diseases including aortic aneurysm54 or congenital
heart disease.55 Especially, WSS, that is the tangential force
exerted by blood flow on the vessel wall acting on the
endothelial cells,56 can be readily estimated through 4D-
flow MRI.57,58 WSS direction and magnitude can be ob-
tained from spatial derivatives of 3D spatial velocities at the
vessel wall from 4D-flow MRI.57 Recent studies have
shown that regions of aortic wall with an elevated estimated
WSS correlate with dysregulation of the extracellular ma-
trix and degeneration of the elastic fibers in patients with
bicuspid aortic valve.59e61 Other studies have shown that
patients with Marfan syndrome have differences in esti-
mated WSS despite similar aortic dimensions compared to
controls. Together with the fact that aortic distensibility is
also reduced in such patients irrespective of aortic di-
mensions,62 these novel findings implicate that estimated
WSS might be useful in prediction of disease progression
even in earlier and less severe stages.

It should be noted that current methods of 4D-flow
acquisition require rather long, although rapidly
improving, scan times (5e20 min), in addition to the
complexity of postprocessing that requires specific soft-
ware, resulting in its still limited use in large populations.
However, recent studies showed that compressed sensing
could shorten 4D-flow scan times drastically to less than
half.63,64 Furthermore, deep learning enables fast and
automated 3D aortic segmentation form 4D-flow MRI an-
giograms.65 Such parallel improvements in both 4D-flow
pulse sequences and postprocessing methods with
expanded calculation power can lead to rapid increase in
clinical research use and potential translation to routine
clinical use.

Conclusions

MRI has recently been optimized to enable quantification
of aortic function and structure with the aim of improving
medical diagnosis and risk prediction. The precision and
excellent reproducibility of MRI measurements could allow
for the assessment of longitudinal variations of aortic pa-
rameters with aging as well as the effect of pharmacological
and nonpharmacological interventions on aortic function.
In practice, aortic flow and functional assessment both vi-
sual and quantitative could be added to clinical routine
cardiovascular MRI as a comprehensive imaging modality
performed primarily for the noninvasive evaluation of LV
geometry and function. Advanced imaging such as 4D flow

could further provide noninvasive access to elucidate aortic
properties. Further methodological developments and
research including acceleration in acquisition sequences,
large population studies with normative values with lon-
gitudinal follow-up, fast and robust image processing tools
possibly relying on machine learning are needed for a more
complete understanding of changes in aortic stiffness and
hemodynamics in response to aging and disease processes.
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None.
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Introduction

The aorta is the largest artery in the body. It originates
from the left ventricle and conducts oxygenated blood to
the rest of the body through a network of smaller arteries
and arterioles. To perform such function efficiently, the
aorta has unique features in its distinct three wall layers,
which provide elasticity to the aortic wall. Various changes
in this structure can result in disruption of the cushioning
function of the aorta. Aging is a natural process affecting
the aortic function; meanwhile, pathological factors can
take the form of atherosclerosis and arteriosclerosis of the
arterial wall.

Aging and pathological processes cause changes in
aortic characteristics like shape, length, diameter, and
elasticity.1 These changes affect cardiovascular health in a
negative way.

There are many imaging modalities for the detection of
aortic changes with aging and disease, including magnetic
resonance imaging and computed tomography (CT), plain
radiography, ultrasonography (US), and echocardiography.
Currently, CT is the modality of choice for aortic anatomic
assessment. With the new generations of CT scanners, the
time needed for scans as well as the radiation dose have
been minimized.

CT is currently used for the diagnosis of wide variety of
pathological conditions related to the heart and vascular
tree. It is the first choice in diagnosing aortic aneurisms,
dissection, coronary and aortic calcification, and many
other disease states. The applications of CT scans expanded
from its diagnostic ability into prognostic and predictive
abilities. A large number of studies have shown a strong
correlation of the presence of certain pathologic processes
in the aorta or coronary arteries, detected by CT scan, with
the development of cardiac and cerebrovascular adverse
events as well as increased mortality. Vascular calcifica-
tions, which occur in different vascular beds, including
coronary arteries and aorta, can be easily detected by the

CT scans in an accurate, noninvasive way and its presence
reflects the cardiovascular health status.

Basics of CT and physics

Sir Godfrey Hounsfield invented the first CT scanner in
1967 at EMI Central Research Laboratories, England. It
was initially used for brain scanning but was later used for
scanning the whole body.

The origin of the word “tomography” is from the Greek
word “Tomos” meaning “slice or section” and “Graphe”
meaning “drawing.” The name itself gives a pretty good
idea about the whole concept of the CT.

The idea of CT is based on using an X-ray source
emitting thin, fan-shaped beams through the body “slice” in
many angles and detectors receiving these X-rays on the
opposite side. The X-ray source and the detectors are
placed on a circular, rotating frame called “the gantry”
(Table 5.1). X-rays are absorbed by different atoms at
different rates depending on their physical density and
atomic number. This absorption of the X-ray beams while
passing through different tissues in the body is detected and
represented by brightness on a gray scale in the resulting
cross-sectional image where the higher the density, the
higher the absorption, and the brighter the structure on the
CT image (contrast resolution).

Unlike the conventional CT scanners, electron beam
computed tomography (EBCT) does not have a rotating
X-rays source and detector. It has a fixed electron beam
gun at the back of the machine generating an electron
beam directed to four tungsten targets covering 210 de-
grees of the gantry beneath the patient leading to gen-
eration of a 30 degrees fanlike X-ray beams. The X-rays
penetrate the patient’s body perpendicular to its z-axis.
Attenuation of the X-rays is detected by two fixed de-
tector segments on the opposite direction of the tungsten
targets covering 210 degrees of the gantry above the
patient.
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Data recorded by the detectors are digitized into picture
elements called pixels (in 2D) or voxels (in 3D), with known
dimensions. A high quality of the resulting CT images is very
important for accurate diagnosis. Many factors affect the
quality of the images including the following provided below.

Spatial resolution

This is the ability to discriminate small high-contrast ob-
jects next to each other as two distinct entities. The size and
the number of detectors determine the spatial resolution of
the CT scan. With thinner slices, the resolution will in-
crease but so will the radiation dose. The pixels size in the
axial view is determined by the ratio of the display field of
view to the image matrix. The current multidetector
computed tomography (MDCT) scanners use a matrix of
512 � 512 allowing a spatial resolution in x- and y-axis of
0.35 mm (in axial view). However, the best resolution
available in the z-axis for current scanners ranges between
0.5 and 0.625 mm (the width of each detector or the slice
thickness) depending on the type of the scanner, which has
always been a limitation of the spatial resolution of CT
scanners because thinner detectors are not available yet. For
3D images, voxels with equal dimensions in x, y, and z
axes (isotropic) are ideal, but cannot be obtained with
current scanners due to the slice thickness (z-axis) being
greater than resolution in x- and y-axis. However, the x and
y dimensions can be adjusted to the resolution in z-axis to
get the isotropic voxels required for the 3D images recon-
struction but the resolution will be inferior to the axial view

resolution. The area covered with each gantry rotation in
the z-axis depends on the number of detector rows, the
width of each detector, the pitch at which the table is
moving, and the speed of the gantry rotation. Newer
scanners like 320 slice-MDCTs can cover large volumes in
one rotation. For example, if the detector width is
0.625 mm and the number of detectors is 320, then the area
covered in the z-axis with each gantry rotation is 200 mm
(0.625 mm � 320 slices ¼ 200 mm). The whole aorta from
the most cranial segment of the arch to the end of
abdominal aorta can be scanned within a few seconds.

Flat-panel volume CT scanners, where the detector rows
are replaced by an area of detector, have a higher spatial
resolution than MDCT scanners, but they are inferior
regarding temporal and contrast resolution.2 Spatial reso-
lution can be increased by decreasing the field of view and
using a lower pitch, as usually applied in cardiac CT;
however, utilization of a lower pitch increases the radiation
dose. The standard CT matrix is 512 � 512, limiting the
number of pixels or voxels which can be represented.
Increasing matrix size to 1024 � 1024 and 2048 � 2048 in
new ultra-high resolution CT scanners have improved the
image quality and spatial resolution.3 Flat-panel volume
and ultra-high resolution CT scanners are under develop-
ment now and have not been used in clinical practice yet.

Temporal resolution

This is the ability to freeze the motion during data acqui-
sition. For most applications of CT, it is not that important,

TABLE 5.1 Important terms used in the CT scan.

1 Gantry The circular skeleton containing the rotating X-ray tube and detectors. It has a central opening
where the patient is moved in and out for the scan.

2 Matrix Two-dimensional grid of pixels used to compose images on a display monitor. Numbers of
rows and columns in this grid determine the matrix.

3 Pitch The pitch is defined as the distance traveled by the table inside the gantry in one 360� gantry
rotation divided by the total thickness of all simultaneously acquired slices.

4 Scan Field of View (SFOV) The anatomical area got scanned from the patient’s body.

5 Display Field of View (DFOV) The area of the SFOV reconstructed into images. It can be equal or less than the SFOV.

6 Z-axis The cranio-caudal axis of the patient.

7 Helical acquisition The data obtained from the rotating X-ray source and detectors set while the table is moving
inside the gantry resulting in a helical path of the X-rays penetrating the patient.

8 Reconstruction Converting scan data into image data using complicated mathematical formulas and
algorithms.

9 Retrospective reconstruction Creating images from the raw date after the scan when needed.

10 Prospective reconstruction Automatically creating images from the raw data during the scan.

11 Multiple segments
reconstruction

Reconstruction of the combined data obtained for the same view of interest from different
gantry rotations in different heart beats.
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because of the limited motion of organs such as the
abdominal aorta. However, in cardiac CT, temporal reso-
lution is critical because the heart, coronary arteries, and
thoracic aorta are in continuous motion from the cardiac
cycle. This motion creates artifacts in CT images especially
during the scan of ascending aorta and aortic valve which
can interfere with accurate characterization of them. This
can be problematic during assessment of complex aortic
anatomy like in case of ascending aortic aneurysm or in the
case of interventional procedures depending on accurate
scan readings like transcatheter aortic valve replacement.
Such problem decreased dramatically with the increased
speed of image acquisition in new-generation scanners and
with the use of electrocardiographic(ECG)-gating, which
synchronizes the acquisition with the cardiac cycle.4

Temporal resolution can be improved by using multiple
segment reconstruction,5,6 lower pitch, and higher gantry
rotation speed, which is, however, limited due to the G
force generated with higher rotation speeds.6 The limitation
of achieving higher rotation speeds led to the appearance of
dual-source CT scanners where the gantry has two X-ray
sources with corresponding two detector rows perpendic-
ular on each other so that they can cover the whole thick-
ness in a half rotation of the gantry, dramatically decreasing
the time needed for the scan. This improves temporal res-
olution and image quality.7

ECG-gated versus non‒ECG-gated CTA

ECG gating means that there is synchronization of the CT
scanner to the cardiac cycle of the patient, allowing for data
acquisition during phases of cardiac cycle where heart
motion is minimal. These phases are end systole, early
diastole, i.e., (40% phase), or mid-diastole, i.e., (75%
phase).8 There are two methods for gating.

With retrospective gating helical acquisition, data
acquisition occurs during the whole cardiac cycle and then

the computer chooses the images obtained during specific
phases of the cardiac cycle for the image reconstruction.
This method is used when the heart rate is irregular because
we cannot predict the timing of the relevant phases (typi-
cally from 40% to 75% of the cycle). It is also used with
higher heart rates since it provides more images and a
higher chance to get rid of motion artifacts. It also can
detect cardiac motion abnormalities and study the heart
during the systole. The downside of this acquisition mo-
dality is a higher radiation exposure, which can be reduced
in ways we will discuss later.

The second technique is prospective gating (step and
shoot), in which the acquisition occurs only during a pre-
determined time in the cardiac cycle (75% or 40%) and the
gantry is moved for a second rotation in a different heart-
beat. This method is used in the presence of regular and
slower heart rates, because we can predict the phases of the
cardiac cycle. This technique takes a longer time depending
on the number of rotations and the length needed to be
imaged, but it has the advantage of decreasing the radiation
dose by up to 80% (15 mSv down to 3 mSv).9

The importance of ECG-gated computed tomography
angiography (CTA) is not limited to decreasing the radia-
tion exposure in prospective gating10 but also to elimi-
nating image artifacts which can be misinterpreted as
pseudo-dissection of the ascending aorta (image of pseu-
doaneurysm). It is well known that an intimal flap consti-
tutes one of the main findings on CTA seen in aortic
dissection. With non‒ECG-gated acquisitions, misalign-
ment of the reconstructed images can mimic intimal flaps,
leading to the wrong diagnosis11 (Fig. 5.1).

ECG-gated CTA requires a longer time for acquisition
compared to non‒ECG-gated. To overcome this situation
in aortic imaging, a combination of ECG-gated imaging for
the thoracic aorta and non‒ECG-gated imaging for the
abdominal aorta can be used to decrease the time of the
scan (Fig. 5.1).

FIGURE 5.1 Noncontrast CTA of ascending aorta with ECG gated in (A) versus non-ECG gated in (B).
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Contrast resolution

This is the ability of the CT scanner to identify different
tissues based on the absorption or the attenuation of the
X-rays passing through these tissues. Gray scale values of
the pixels within the reconstructed tomogram are defined
with reference to the value of water and are called
Hounsfield units (HUs) or simply “CT numbers.”

There are more than 5000 shades of this gray scale
represented on CT centered around zero (water). Each pixel
is assigned a value between �1000 (air, black) and þ3000
(dense bone, white). Typical CT densities of types of
structures or tissue are shown in Table 5.2.

Blood and soft tissue (in the absence of vascular
contrast enhancement) have similar density, since they
consist of similar proportions of the same atoms (hydrogen,
oxygen, carbon) thus appearing gray on CT. Bone is rich in
calcium and is thus brighter (white) on CT. Fat has an
abundance of hydrogen. Lung tissue contains air, which is
of extremely low physical density and appears black on CT
(HU �1000). CT, therefore, can distinguish blood from air,
fat, and bone, but not readily from muscle or other soft
tissue (i.e., the intrinsic contrast resolution of the CT is not
high for soft tissues).

To identify and differentiate tissues with similar HU we
use intravenous nonionic iodinated contrast media
(enhanced CT scan) which absorb and attenuate X-rays
more than the blood pool and soft tissue, resulting in
higher brightness on the gray scale.

The iodine concentration in the contrast media, the rate
of contrast injection, and the duration of the injection
(resulting in a stable flow rate of the contrast media during
data acquisition) play a critical role in achieving optimal
arterial enhancement and better diagnostic images on CTA
of the aorta. The contrast volume needed for the scan
decreased after the new generation of the scanners with

increased number of detectors and greater z-axis coverage
abilities per each gantry rotation. With injection rates of
4e6 mL/s in most of the modern scanners and moderate
iodine concentration in the contrast media,12 individualized
protocols are important for taking in consideration the
patient’s body weight, cardiac output, and disease status.13

There are two ways to know the perfect timing to start
CTA scanning after injecting the contrast. One is called the
“test bolus,” in which we give a small bolus of the contrast
media and watch the increase in HU in the aorta in order to
measure the time to reach the peak enhancement; we then
give the rest of the contrast and start acquisition after this
time delay. The second way is called “bolus tracking” in
which the region of interest is placed in the aorta. This area
is monitored during contrast injection and the scan acqui-
sition is triggered when a certain density of contrast is
detected (usually 110e180 HU).14 Injection of a saline
flush following the contrast injection is important to
washout the contrast from the peripheral circulation, for
optimizing contrast delivery in the aorta and for decreasing
the required contrast volume15 (Fig. 5.2).

3D reconstruction

The optimal spatial resolution of the current MDCT scan-
ners, while not perfect isotropic voxels, allows creating 3D
volumes of data, which is in turn used to reconstruct true
3D images like multiplanar reformats (MPRs), maximum
intensity projections (MIPs), volume renderings (VRs), and
visual reality representations (Fig. 5.2).16 These 3D mo-
dalities of CT are crucial for diagnosing various aortic
diseases and assessing anatomical variations and abnor-
malities before interventions in many diseases (such as the
diagnosis of aortic aneurysms and planning aortic repairs).
Two important modalities in aortic diseases are

(1) MIP where only the voxels of the highest HU will be
displayed. With enhanced CT scans where the contrast
media will have the highest HU in aortic imaging using
MIP, the whole aorta can be assessed for any stenosis,
occlusion, aneurysms, etc., but it cannot be used to
assess aortic calcifications because the contrast media
and calcium can have similar HU, preventing visualiza-
tion if calcifications.

(2) VR, in which unlike MIP, every voxel is used to create
the image. This technique is superior to MIP in detect-
ing aortic calcifications and overviewing the complex
anatomical structures in real 3D representations.17

(Fig. 5.3)

Challenges

Radiation exposure and contrast use limit the applications
of CTA. That is why decreasing the radiation dose and

TABLE 5.2 Typical Hounsfield units for different types

of structures or tissues.

Metal þ1000 or greater

Enhanced blood pools (lumen,
aorta, LV)

þ300 to þ600

Calcium > þ130 to about þ1000

Enhanced myocardium þ80 to þ150

Nonenhanced myocardium and
blood

þ40 to þ50

Water 0

Fat �100 to �40

Air w �1000 HU
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FIGURE 5.2 ECG-gated CTA with contrast of normal aorta. (A) Volume rendering (VR) view showing complex anatomy of the whole aorta, and
(B) maximum intensity projections (MIPs) view of descending aorta.

FIGURE 5.3 Centerline extraction steps and applications. (A) Showing seeding points (arrows) used to draw centerline in the aorta (arrowheads). (B, C)
Volume rendering view of aorta that was extracted using centerline. (D) Cross section perpendicular to the centerline of the aorta giving accurate esti-
mation of aortic diameter. (E) Centerline is used to measure accurate aortic length in curved and straightened MPR views.
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contrast became critical to using CTA to its full potential.
Ways to decrease radiation and contrast doses include the
following:

1 Modulating the milliamperage of the tube current (mA)
in retrospectively gated studies according to the cardiac
cycle (i.e., decrease the mA dose from the phase corre-
sponding to 80% until the phase corresponding to 40%
of the cardiac cycle, and increase it between 40% and
80% to have better images during the phases with the
least cardiac motion).

2 Performing prospectively gated studies (on and off).9,10

3 Decreasing the kilovoltage (KV) from 120 to 100 when
possible.9 However, this should not be done at the
expense of diagnostic image quality.

4 Administering a saline flush after the contrast
injection.15

5 Using bolus tracking and test bolus methods.14

6 Using the new generations of scanners, with higher
number of detectors, which also results in a better image
quality.18

Over the last few years, with the appearance newer
scanners with higher speed, greater coverage in the z-axis,
iterative reconstruction techniques, and dual-source scan-
ners, the scanning time and radiation exposure has
decreased dramatically.19

Anatomy of aorta

The aorta is the biggest artery in the body. It originates
from the left ventricle and ends at its bifurcation into right
and left common iliac arteries at the level of the fourth
lumbar vertebra. The aorta is an elastic artery which con-
ducts blood from the heart to the rest of the body and works
as a cushion to buffer the pulsatile cardiac ejection. The
aortic wall is composed of three distinct layers: the inner-
most layer is the intima, which contains endothelial cells
arranged on a basement membrane and subendothelial
loose connective tissue. The outermost layer is the adven-
titia, which contains connective tissue, some elastic fibers,
collagen, and fibroblasts; it also contains nerve fibers and
small blood vessels called vasa vasorum, which supply the
arterial wall with blood. The middle layer is the media,
which contains elastic fibers, vascular smooth muscle cells
(VSMCs), and collagenous tissue. Changes in the normal
histology of these three layers affect the aortic function.
The aorta can be divided into two main parts: the thoracic
aorta above the diaphragm and the abdominal aorta below
the diaphragm. The thoracic aorta is further divided into
three parts starting from the aortic root. By drawing an
imaginary line between the angle of Louis of the sternum
and the lower border of the body of the forth-thoracic
vertebra, we can divide the thoracic aorta into (1) The
ascending aorta, from the root until this line; (2) The aortic

arch, which is the segment of the aorta cranial to this line;
(3) The descending thoracic aorta, below this line and the
diaphragm. The aortic arch usually gives three main
branches, which supply the upper body: the brachioce-
phalic, left common carotid, and left subclavian arteries.
Normal populations have variations in the origin of these
three branches. The most common variation is the “bovine
aortic arch,” in which the left common carotid artery
originates from the brachiocephalic artery instead of the
aortic arch itself.20 Identifying the anatomy of the aorta is
critical in treating many aortic diseases like aneurisms or
dissections. Whether normal aortic anatomic variations
have an effect on pulsatile hemodynamics in the aorta and
the brain is unknown.

Aortic assessment using CT for
characterizing aortic geometry,
diameter, centerline length, and shape

Given the noninvasive nature and high accuracy of the new
generations of CT scanners, CT has become the gold
standard imaging technique for aortic evaluation in many
centers. Aortic assessments depend on the clinical condi-
tion and hemodynamic stability of the patient, as well as the
underlying pathology and its location in the aorta. CTA of
the aorta is used to diagnose different aortic diseases like
aortic dissection, aneurysms, intramural hematoma, aortitis,
and atherosclerosis, aortic injuries from either trauma or
penetrating ulcers and any wall or luminal pathology. In
addition, CT is critical in choosing management plans and
for patient follow-up.

Aortic imaging is performed using either contrast or
noncontrast CTA, depending on the purpose of the scan
and the clinical scenario. Noncontrast scans assess aortic
calcification and some pathologies like intramural hema-
toma. Some studies also suggested using noncontrast scan
to assess the aortic diameter. Contrast-enhanced, ECG-
gated CTA provides an accurate assessment of the aortic
geometry. The supervision of an experienced radiographer
during the scan is needed to track the contrast peak in the
aorta using either the bolus tracking or the test bolus
method and to overcome the automated data acquisition if
any error occurred for any reason, like abnormal anatomy.

For an accurate assessment of aortic geometry, the
acquisition of clear images is important. The use of 3D
reconstruction algorithms and centerline extraction and
analysis allow for an accurate assessment of various aortic
characteristics.21 An accurate assessment of aortic geo-
metric features is important especially during the preoper-
ative planning of endovascular aortic procedures, because
critical decisions in the treatment plan depend on it.

Thanks to the high temporal and spatial resolution of the
CT scans and the wide variety of image post processing

82 Textbook of Arterial Stiffness and Pulsatile Hemodynamics in Health and Disease



techniques, CTA gained the superiority over other modal-
ities used for aortic assessment. One of the important
techniques for aortic characterization using CT is centerline
extraction and analysis.

Aortic centerline is a thin line drawn in the center of
the aorta and used to segment the aortic lumen and to
identify the aortic diameter, length, shape, and branches.22

Many reconstruction software packages can be used to
detect the aortic centerline.23 Many seed points are placed
along the course or the aorta. Complex anatomy, angula-
tion, kinking, and tortuosity require the use of more seed
points. The software then segments the lumen at the level
of the seed point depending on the contrast gradient be-
tween the lumen and the aortic wall and the surrounding
tissues determining the central point of the lumen. The
software then connects all the central points creating a
centerline automatically.

Any error of the centerline extraction and measurements
will result in inaccurate measurements. That is why a
vascular imaging expert should verify the resultant
centerline for any errors of the calculation and deviation
from the visually correct center of the aortic lumen, espe-
cially at the site of angulation and tortuosity. Control points
along the centerline is used for manually editing and for
correction of the position of the centerline.

After the verification of the centerline, measurements are
completed. Cross sections perpendicular to this centerline

can be obtained at any point along the vessel course to
accurately assess the minimum, maximum, and average
diameters, in addition to the wall area of the vessel. These
cross sections can be obtained automatically or manually,
especially to include the aortic wall or to optimize the
measurement in cases of thrombus or calcifications.24

Centerline analysis also detects the aortic length accu-
rately with the option to display the centerline in a
stretched or curved multiplanar reconstruction (MPR).25

(Fig. 5.4). Tortuous aortas (typical with advanced age
and hypertension) can be straightened by use of MPR
to accurately evaluate cross sections, aneurysms, and
diameters (Fig. 5.5).

The axial view of aortic CT images does not reflect the
actual diameter of the aorta because of the oblique course
and the tortuosity of the aorta in the body. However, MPR
reconstruction of these axial data can be used to
“straighten” the aorta in reformatted images to create a
plane perpendicular to the aortic lumen giving more accu-
rate measurements correcting for the shape distortion due to
the tortuosity.26,27 (Fig. 5.2).

Many researchers investigated the accuracy and vari-
ability of these measurement techniques of the aorta and
found that centerline analysis with VR is a more accurate
and faster technique than manual interpretation, and it is
associated with less interobserver variability compared to
other modalities.28,29

FIGURE 5.4 (A) Aorta of a 38-year-old patient in volume rendering and curved MPR view appears less tortuous compared to the aorta of a 79-year-old
patient in (B). (B 1) Volume rendering image of the tortuous aorta obtained by centerline extraction, showing a stent in the proximal descending part of the
aorta and an aneurysm in the infrarenal part. (B 2, B 3) curved and straightened MPR images used to measure aortic length despite increased tortuosity. (B
4) Cross section of the aorta showing the stent and giving an accurate diameter measurement.
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Changes in aortic geometry with aging

The aortic diameter, wall thickness, wall composition,
length, and shape change with aging,30e32 gender, and
various disease states. Many investigators have attempted
to establish normal aortic diameters and the changes in
aortic diameter associated with aging. Mao et al. evaluated
the ascending thoracic aortic diameter of 1442 healthy men
and women (mean age of 55 years) referred for CTA and
coronary artery calcium (CAC) scoring, using 64 MDCT
and EBCT. The investigators found that the ascending
aortic diameter increases with age and male gender, with
very low variability in measurements between MDCT and
EBCT.33

Pearce et al. evaluated CT scans performed for clinical
patients for nonvascular diagnoses of 389 men and women
and measured aortic diameters at four anatomic levels:
thoracic aorta and abdominal aorta at the celiac axis, renal
arteries, and midway between the renal arteries and the
aortic bifurcation. They found that at all levels, the aortic
diameter increases with age and male gender; there was
also a positive correlation between aortic diameter and
body surface area (BSA).34

The same results of progressive increase in abdominal
aortic diameter with age and male gender was observed by
Dixon et al. based on an analysis of CT scans obtained for a
variety of clinical indications other than known or sus-
pected aortic disease from 257 male and female participants
aged 30e60 years.35 It was found that different segments of
the aorta increase in diameter with aging at different rates.
Fleischmann et al. evaluated CT scans of 77 healthy

potential renal donors (33 men and 44 women) aged be-
tween 19 and 67 years, to determine age-related geometric
changes in the normal abdominal aorta. They assessed
the diameter of abdominal aorta using centerline analysis in
six consecutive anatomic segments (supraceliac, supra-
mesenteric, suprarenal, interrenal, proximal infrarenal, and
distal infrarenal). A significant effect of male gender, BSA,
and age was noticed. They also found that the age-related
increased aortic diameter is strongly associated with the
relative anatomic position along the abdominal aorta where
it was highest (0.14 mm/year) in the most proximal
segment and diminished gradually when moving distally to
(0.03 mm/year) near the bifurcation, causing an increase of
tapering of the entire abdominal aorta from proximal to
distal with age. However, they found that this proximal-to-
distal tapering is not universal in all segments. Diameter
increase in infrarenal aorta was absent or mild that caused
“negative tapering.” They suggested that this age-related
tapering in aortic diameter does not occur in people older
than 60 years unlike younger people.22 In the population-
based Rotterdam study, which included 5419 men and
women aged 55 years and older, Pleumeekers et al.
assessed the abdominal aorta using ultrasound. They found
that age-related increases in proximal and distal abdominal
aortic diameters are (0.07 mm/year) and (0.03 mm/year),
respectively.36 The difference in the segmental growth rate
between the two studies might relate to the different age
group of the study population.

CTA can also detect changes in aortic distensibility.37,38

Ganten et al. evaluated changes in aortic distensibility with
age among 31 patients without known or suspected aortic

FIGURE 5.5 ECG-gated CTA of the aorta without contrast showing aortic calcification in the ascending (A) and descending (B) thoracic aorta.
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disease aged between 28 and 85 years using retrospective,
ECG-gated, time-resolved CT images to detect the change
in the aortic cross-sectional area during the cardiac cycle.
The authors found a linear decrease in aortic distensibility
with aging with greater decrease in the suprarenal versus
infrarenal aorta.39

Aortic calcification

The mechanisms of arterial calcification are discussed in
detail in Chapter 21, but a brief overview will be provided
here. It is now well established that aortic calcification is an
important predictor of cardiovascular risk. For this reason,
early detection and quantification of aortic calcification
could be used as a tool for cardiovascular prevention stra-
tegies. For a long time, vascular calcifications were thought
to represent a passive degenerative process resulting from
advancing age. Recent studies demonstrate that vascular
calcification is an active process triggered and regulated
via different biologic pathways. Calcifications in the
vascular tree occur in either the media or the intima of the
arterial wall. It is hard to differentiate between these two
locations with standard imaging techniques. The mecha-
nisms by which these two types of calcification occur are
different.

Intimal calcifications: This type of calcification occurs
within atherosclerotic plaques. It is the dominant type of
calcification in coronary arteries but also occurs in the
aorta. It starts as early as childhood as a part of the
atherosclerotic process. Calcification is an active process,
rather than passive as believed in the past. Intimal calcifi-
cation starts as microcalcifications also known as spotty,
which coalesce to form larger and more diffuse calcifica-
tions, while the atherosclerotic plaques progress forming
calcified plaque. Intimal calcification occurs as a result of
an imbalance between factors stimulating and inhibiting
calcification. The atherosclerotic process causes inflam-
mation in the arterial intima which increases the level of
extracellular calcium released from dead cells, favoring
calcification. Calcification, in turn, increases the inflam-
matory process, creating a vicious circle of inflammation
and calcification. Bone-forming pathways are involved in
this calcification process. VSMCs exhibit transformation into
an osteogenic phenotype in atherosclerosis, with expression
of many calcium regulating proteins which cause calcifica-
tion similar to what happens in bone tissue.40 Macrophages
involved in the inflammatory process also initiate and regu-
late this phenotypic transformation of VSMCs. Apoptosis of
VSMCs and macrophages and the formation of apoptotic
bodies and matrix vesicles are believed to play a role in
initiation of the calcifications.41 In atherosclerosis, the
accumulated lipids in the intima are believed to initiate cal-
cifications in different ways, including stimulation of osteo-
genic differentiation of VSMCs. In addition, oxidized fatty

acids interfere with the clearance of apoptotic cells by
macrophages.42,43

Intimal calcification plays an important role in plaque
stability and rupture. In early stages of atherosclerosis, the
heterogeneous nature of the plaques with partial calcifica-
tions makes it less stable and more vulnerable to rupture
under the effect of mechanical stress. However, it has been
noticed that plaques become more stable in the late stages
of atherosclerosis when extensive calcification of the
fibrous cap of the plaque occurs. On the other hand, well-
developed calcified plaques can cause stenosis in the arte-
rial lumen and change the normal hemodynamics of the
blood flow, although this is less likely to occur in large
arteries like the aorta.

Traditional cardiovascular risk factors that cause endo-
thelial dysfunction and increase the risk of atherosclerosis
also increase the risk of intimal calcification. These risk
factors include advanced age, male gender, white race,
hypertension, diabetes, smoking, hyperlipidemia, and renal
failure.

Medial calcification: This type of calcification occurs
with or without atherosclerosis or intimal calcification.
Medial calcification has a different morphology than
intimal calcification. Medial calcification occurs in the
elastic layer of the arterial media and appears early as a
linear deposit. Later on, it progresses to form circumfer-
ential dense calcified layers in the middle of the artery.
Medial calcification does not cause arterial occlusion but
increases the stiffness of the arterial wall, which alters
pulsatile hemodynamics, increasing the pulse pressure.
Medial calcification is more common in peripheral arteries
and in the aorta. Apoptosis of VSMCs and failure of
clearance of apoptotic bodies in the media increases
extracellular calcium. In addition, the breakdown of elastin
during aging and the production of elastin-derived peptides
increase calcium intake into endothelial cells, which
participate in the induction of medial calcification. In
medial calcification, VSMCs in the media showed activa-
tion of many bone-associated genes with expression of
bone-regulating proteins.42,44 The prevalence and severity
of medial calcification increases with age; however, it can
occur in otherwise healthy young individuals, supporting a
role of genetics in the pathophysiology of medial calcifi-
cation. Medial calcification is more frequently observed in
metabolic diseases with electrolyte and pH abnormalities,
particularly diabetes and end-stage renal disease (ESRD).

Quantification of aortic calcification

Many imaging modalities can detect aortic calcification,
including US and plain X-ray films, but only CT scanning
can quantify it in an accurate noninvasive way (Fig. 5.3).
The protocol used in CAC scoring is the Agatston method,
in which noncontrast, ECG-gated acquisitions of 3 mm-thick
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consecutive slices without gaps in between are performed.
Voxels having >130 HU with an area >1 mm2 are included
and the intensity of each voxel is weighted using a grading
system from 1 to 4. The calcium score of each slice is
calculated by multiplying the intensity grade and the area.
The total calcium score is calculated as the sum of the scores
of all the slices.45 Calcification and contrast overlap in their
HU. Theoretically this overlap can cause unreliable grading
and inaccurate calcium scoring using the Agatston method in
the setting of intravenous contrast. However, there have been
trials of detection calcium scoring in the setting of contrast
using the Agatston method.46

The quantification is usually performed in a semi-
automated manner in which an observer verifies the
calcification selection for accuracy. The same protocol is
used for the detection of aortic calcification. Noncontrast,
ECG-gated studies are used for the ascending aorta to
decrease motion artifacts from the heart. For the abdom-
inal aorta, ECG gating is not required because the motion
is limited. Another method comparable to the Agatston
method is using the volume of the calcified spots. In this
method, the amount of voxels above certain cutoff point is
multiplied by the volume of each voxel.47 Many studies
have assessed whether automated aortic calcification
quantification is as accurate as the semiautomated or the
manual methods and found that automated quantification
is possible, time-saving and can be used as a risk marker for
cardiovascular disease (CVD).48e50 With deep learning
artificial intelligence, the algorithm detecting calcification
improved with very high sensitivity and specificity.48 The
first method detected 73.8% of coronary calcifications at
the expense of on average 0.1 false positives, and assigned
the correct risk category to 93.4% of all scans. In the
second study,50 the authors detected 209 calcifications
(sensitivity 83.9%) at the expense of on average 1.0 false-
positive objects per scan. The correct category label was
assigned to 30 scans and only 2 scans were off by more
than one category. Most incorrect classifications can be
attributed to the presence of contrast material in the scans.
Overall the sensitivity and positive predictive value for the
volume of detected calcifications are 0.989 and 0.948.
Only one patient out of 40 patients had been assigned to
the wrong risk category defined according to Agatston
scores.

Tsushima et al. developed a new image analysis soft-
ware program to quantify aortic calcification volume
(ACV) and aortic wall and calcification volume using plain
CT images.51 Few years later, Miwa et al. calculated the
percentage of calcified aortic volume against the whole
vascular volume (%ACV) using a new image color analysis
program.52 Lindholt et al. also used the aortic cross sections
to quantify the calcification as a percentage above or below
50% of the maximal aortic wall circumference based on
visual inspection.53 Hashiba et al. used aortic calcification

area to quantify aortic calcification in ESRD patients un-
dergoing hemodialysis.54

Other less quantitative scoring systems have been used
to quantify aortic calcifications. Kauppila et al. developed a
semiquantitative calcium scoring system called Abdominal
Aortic Calcification 24-score (AAC-24) among 617 Fra-
mingham heart study participants. They included partici-
pants who had two lateral lumbar radiographic films
acquired at baseline and after 25 years follow-up. The aim
was to classify the location, progression, and severity of
abdominal aortic calcification and to evaluate the calcifi-
cation system they used. After they identified the abdom-
inal aorta alongside the first through the fourth lumbar
vertebrae, they divided the aorta into three segments per
vertebra, and each segment was divided into anterior and
posterior, resulting in 24 segments. Each segment was
evaluated for the presence or the absence of calcification
with a score of 1 or 0, respectively. The final score ranges
between 0 and 24. They found that this method is
reproducible.55

Another simplified scoring system based on the same
principle was developed and is called Abdominal Aortic
Calcification 8-score (AAC-8). The abdominal aorta
alongside lumbar vertebrae L1-L4 was divided into four
segments corresponding to each vertebra, with further
diving each segment into anterior and posterior, resulting in
eight segments. Each segment was scored either 0 or 1
depending on the presence or absence of calcification with
a total score ranging from 0 to 8.56 These two scoring
systems are performed manually in a fast way without the
need of measurement algorithms. Many studies validated
the reproducibility and the predictive value of these scores
regarding cardiovascular risk.57,58

Other approaches based on radiography to quantify
aortic calcifications were investigated over the years.59e61

In conclusion, many aortic calcification scoring systems
have been used. The Agatston method and volumetric
scoring methods using CT scans are more accurate than
other methods, but more studies are needed to assess their
reproducibility, inter- and intraobserver and scanner vari-
ability on a larger number of patients.

Progression of aortic calcification

Aortic calcification is related to increased cardiovascular
risk and coronary artery disease (CAD). Detection of the
changes in aortic calcification over time may be a valuable
cardiovascular risk predictor. CT scan is an excellent tool to
detect the progression of aortic calcification over time.
Different studies evaluated the progression of aortic calci-
fication using different quantification methods based on
serial CT scans to assess the associated risk factors with the
calcification progression and to assess the relationship
between aortic and coronary calcification.

86 Textbook of Arterial Stiffness and Pulsatile Hemodynamics in Health and Disease



Kälsch et al. evaluated aortic calcification incidence,
progression, and its association with CAC in a population-
based cohort study. A total of 3270 participants aged
45e74 years (53.1% women) underwent two cardiac CT
scans, at a baseline and after a mean follow-up of
5.1 þ 0.3 years. The Agatston method was used to quantify
the calcium score in the ascending aorta, descending aorta,
and coronary arteries. The authors reported that in patients
with a calcium score of zero in the thoracic aorta at base-
line, 41.6% developed calcification after 5 years of follow-
up and this incidence was associated with age, blood
pressure, low-density lipoprotein (LDL) cholesterol levels,
and smoking. They also found that participants with
elevated initial thoracic aortic calcification, especially in the
ascending aorta, tended to have an increased risk of CAC
progression and vice-versa.62

In Multi-Ethnic Study of Atherosclerosis (MESA),
Youssef et al. evaluated thoracic aorta calcification (TAC)
incidence and progression over a period of 2.4 þ 0.8 years.
The Agatston method was used to measure the TAC scores
of 5886 participants (mean age of 62 years; 48% male) of
four different ethnicities at a baseline and a follow-up
second scans. For the follow-up scan measurements, the
participants were randomly divided into two groups so that
one group had the CTA measurements after 1.6 years and
the other group had the CTA measurements after 3.2 years
with a mean time between the two scans of 2.4 þ 0.8 years.
They found that age, systolic blood pressure, lipid lowering
medications, diabetes, and smoking were associated with
TAC progression.63

Pham et al. investigated the relationship between
smoking and coronary and aortic calcification among 781
Japanese men aged 40e79 years and free of CVD. The
Agatston method was used to measure both aortic and CAC
scores. At baseline, the scores were measured using either a
16-MDCT or an EBCT scan. After 5 years of follow-up,
the scores were measured using a 64-MDCT scan. With a
multivariable analyses controlling for age and other car-
diovascular risk factors, they found that current smokers
had 147% higher odds of aortic calcification progression
compared to never smokers. They also found that the re-
sidual adverse effect of smoking on the aorta and coronary
arteries is present for at least 10 years after smoking
cessation.64

Miwa et al. used the %ACV to investigate the rela-
tionship between pulse pressure and abdominal aortic
calcification progression in 116 patients (74 men and 42
women, mostly middle aged). They included participants
who showed aortic calcification in the baseline scan and
followed them up for a period of 6.3 þ 3.2 years. All par-
ticipants had well-controlled lipid levels with either statins
or other medications. They found that 89% of the partici-
pants had calcification progression reflected by increase in
the %ACV over the study period. This progression was

related to age, body mass index, systolic blood pressure,
and pulse pressure, which was the strongest predictor of
calcification progression.52

Using the Agatston method, Sutton-Tyrrell et al. eval-
uated the changes in coronary artery and aortic calcification
in 80 healthy postmenopausal women by EBCT over an
average of 18 months. They found that aortic calcification
progression was associated with an increased baseline
calcification score, total cholesterol, LDL cholesterol, and
elevated pulse pressure. They also noticed that aortic
calcification progression correlated with the CAC score.65

In a study of 281 kidney transplant recipients, 197
participants had 2 CT scans, 4.4 þ 0.28 years apart. The
Agatston method was used to measure CAC and TAC
scores. Aortic calcification progression was associated with
higher baseline aortic calcification score, higher pulse
pressure, statin use, older age, higher serum phosphate
level, aspirin use, and male sex.66

In a randomized clinical trial of 18 ESRD patients un-
dergoing hemodialysis, Hashiba et al. investigated the ef-
fect of etidronate, a medication used for the treatment of
osteoporosis, on aortic calcification progression. Patients
were randomly divided into an etidronate-treated group of 8
patients and a control group of 10 patients. The treatment
period was 6 months. The patients had CT scans at base-
line, after 6 months and after 12 months to quantify aortic
calcification. They found that the progression of calcifica-
tion in participants treated with etidronate was lower than
among patients who did not receive it.54 This study con-
firms the role of osteogenic proteins involved in vascular
calcification.

From these studies, we conclude that risk factors for
aortic calcification include risk factors for atherosclerosis
and vascular calcification in vascular beds. Aortic calcifi-
cation is independently associated with increasing severity
of coronary atherosclerosis as measured by CAC. These
studies also demonstrated the close relationship between
aortic and coronary calcification.

Studies about the progression of aortic calcification
using CT scans are relatively scarce. New cohort studies
like MESA study will provide further insights about the
nature of aortic calcification and its progression. More
studies on a larger number of community-based participants
for a longer time are needed to better understand the pro-
gression of aortic calcification.

The importance of aortic calcification
detection

In the recent guidelines issued by the American Heart
Association and the American College of Cardiology, CAC
score was recommended in asymptomatic adults at low and
low-to-intermediate cardiovascular risk to stratify these
patients into low-, moderate-, or high-risk patients in order
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to implement appropriate preventive strategies. The results
of the studies conducted on aortic calcification and
atherosclerosis showed that aortic calcification is an inde-
pendent predictor of CVD. Available data also demonstrate
a correlation of aortic atherosclerosis and calcification with
cerebrovascular accidents and mortality.67e71

As discussed previously, several studies found an as-
sociation between aortic calcification and CAC.62,65 On a
population of 6807 included in the MESA study, Budoff
et al. evaluated that the prevalence of TAC and CAC
detected by CT scan using the Agatston method. Over a
period of 4.5 þ 0.9 years, the investigators assessed the
incidence of coronary heart disease (CHD) events,
including hard events (myocardial infarction, resuscitated
cardiac arrest and CHD death), in the study population. The
investigators found that TAC was an independent predictor
of future coronary events only in women.72 Another study
found similar results using plain radiography in which the
presence of abdominal aortic calcification in older women
was associated with increased mortality.73

Takasu et al. found that descending thoracic aortic
calcification in the MESA study population is associated
with increasing CAC and cardiovascular risk independent
of cardiovascular risk factors.74 In another study, Takasu
et al. found that independent of age, descending aortic
calcification detected with nonenhanced CT scan was
associated with a 3.8-fold increase in the risk for obstruc-
tive CAD.75 Criqui et al. evaluated the association between
AAC and CVD in 1974 men and women included in the
MESA cohort. He found that AAC was an independent
predictor of hard CHD, CVD events, and mortality.76

Despite emerging data regarding the prognostic value of
aortic calcification detected by CT scanning, the role of
aortic calcification on routine risk stratification requires
further study.
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Introduction

Increased large artery stiffness (LASt) is thought to result
predominantly from a degenerative process that affects the
tunica media of the arterial wall system (arteriosclerosis).
LASt is associated with traditional cardiovascular (CV) risk
factors and is independently associated with an increased
risk of incident CV events.1e3 The mechanisms of LASt
involve a complex interplay between various pathological
processes, including elastin degradation, collagen deposi-
tion and cross-linking, endothelial dysfunction, inflamma-
tion, and medial calcification.4,5 This eventually results in
impaired arterial compliance, a diminished Windkessel ef-
fect, and increased pulse wave velocity (PWV) with pre-
mature arrival of arterial wave reflections to the proximal
aorta, further potentiating systolic hypertension, left ven-
tricular hypertrophy, and heart failure.6

Various imaging modalities have been developed for
imaging of LASt but are only able to detect the late stages
or the hemodynamic consequences of LASt, and do not
provide information about biologic activity of the aortic
wall. Computed tomography (CT) or X-ray imaging may
detect established calcification (macrocalcification) of the
arterial wall which is only present at a late stage of the
disease process whereby hemodynamic compromise is
likely already present.7 The rising incidence of cardiovas-
cular diseases (CVDs) and associated CV events have
stimulated an interest in the understanding of the earliest
pathological processes of CVD as well as novel targeted
methods for detecting these processes to enable the devel-
opment of preventative therapies.

As discussed in Chapters 20 and 21, respectively,
inflammation and microcalcification often occur in the early

stages of vascular remodeling and play an integral role in
the development and progression of LASt.8,9 Local and
systemic inflammation is associated with LASt through
complex and poorly understood mechanisms and may
promote vascular calcification.8,10 Inflammation may result
in destruction and alteration of the extracellular matrix ar-
chitecture, thereby potentially contributing to LASt.11,12

Medial aortic wall calcification occurs when calcium and
phosphate crystallize in the form of hydroxyapatite in the
extracellular matrix of the aortic wall.13 Both mechanisms
are ideal targets for noninvasive molecular imaging
modalities.

18F-fluorodeoxyglucose (18F-FDG) and 18F-sodium
fluoride (18F-NaF) positron emission tomography (PET)
in combination with anatomical imaging using CT (PET/
CT) or magnetic resonance imaging (PET/MRI) have
emerged as promising modalities for quantitative nonin-
vasive assessment of vascular inflammation and micro-
calcification, respectively.10,14e16 PET imaging of the
aortic wall using these radiotracers may provide signifi-
cant insights into the pathogenesis of LASt, prove useful
as risk stratification tools and may serve as specific end-
points in the trial of novel pharmaceuticals targeting
LASt.17,18 Both modalities were initially introduced for
oncological imaging and were subsequently found to be
useful in vascular imaging, predominantly in the context
of atherosclerosis. However, their role in imaging aortic
disease is becoming increasingly recognized, in part due to
common mechanisms (inflammation and calcification) and
shared risk factors between atherosclerosis and LASt, and
in part due to the independent relationship between medial
arterial inflammation and calcification and aortic wall
diseases.
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In this chapter, we discuss the application of 18F-FDG
PET/CT and 18F-NaF PET/CT for imaging of inflamma-
tion and active calcification of the vascular wall, respec-
tively. These modalities are discussed both in the context of
atherosclerosis and LASt, with a greater focus on LASt.
The advantages and disadvantages of applying PET imag-
ing to the medial arterial wall are presented. Other potential
radiotracers and molecular imaging probes that could be
explored for specific targeting of the medial wall pathology
are also briefly discussed.

Positron emission tomography imaging

PET is a form of molecular imaging which employs ra-
dionuclides or radiolabeled isotopes to visualize, charac-
terize, and measure various biological processes at the
molecular and cellular levels.19 PET imaging is performed
by intravenous injection of a radioisotope (e.g., 18F) that
binds, via various mechanisms, to its target tissue. In time,
the radioisotope undergoes beta-decay and emits a positron
(a positively charged electron) from the central nucleus of

the molecular structure. The emitted positron annihilates
with free or loosely bound electrons resulting in the pro-
duction of two photons: 511 keV each.20 These photons
travel in opposite directions and are simultaneously detec-
ted by PET detectors placed around the patient (Fig. 6.1),
creating a line of response (LOR). The distribution of
radioactivity within the body is determined by obtaining
multiple LORs after a reconstruction of the images in three-
dimension as well as corrections for attenuation, dead time,
scatter, and random coincidences.21

Positron emission tomography radionuclides

Many PET radionuclides have short half-lives that decay at
predictable rates following administration. 18F is the most
frequently used PET nuclide in clinical practice and has a
long half-life of 109 min, which allows for a higher posi-
tron yield and a short positron range, allowing for injection
of lower dose of radioactivity, a higher spatial-temporal
resolution in tissues, delayed imaging protocols, and for
easy transportation over long distances.20,22 Nuclides with

FIGURE 6.1 Mechanisms of positron emission tomography (PET) imaging. Upon injection of a radiotracer, the radioisotope undergoes beta-decay
and emits a positively charged electron (positron). The emitted positron interacts with a free electron resulting in an annihilation reaction and production of
two 511-keV annihilation photons in opposite directions. The annihilation photons strike scintillation crystals and are detected by the PET detectors placed
around the patient, creating a line of response (LOR). The distribution of radioactivity within the body is determined by obtaining multiple LORs after a
reconstruction of the images in three-dimension while the direction of the annihilation photons helps to localize the origin of the photons.

92 Textbook of Arterial Stiffness and Pulsatile Hemodynamics in Health and Disease



significantly shorter half-lives, such as carbon-11 (11C;
20 min), nitrogen-13 (13N; 10 min), and oxygen-15 (15O;
2 min) can also be used, but often require local availability
of a cyclotron.23,24 The characteristics of typical PET
radionuclides with a potential role in vascular imaging are
summarized in Table 6.1. Two 18F-based radiotracers, 18F-
FDG and 18F-NaF, are of significant interest in vascular
imaging and are further described.

Positron emission tomography/computed
tomography fusion imaging

A key advantage of PET over other molecular imaging
modalities, including single-photon emission computerized
tomography (SPECT), is its higher spatial resolution (4e5
vs. 10e16 mm for clinical PET vs. SPECT, respectively).33

However, the 4e5 mm resolution is often insufficient to
localize regions of small activity in the absence of estab-
lished anatomical imaging tools.34,35 Most modern PET
scanners are combined with CT (PET/CT) or MRI (PET/
MRI) to overcome this limitation, allowing same time-point
acquisition of anatomical information.21,36 These functional
and anatomical images can be obtained simultaneously in a
single study and automatically co-registered, allowing for
more precise identification of PET tracer uptake by the
multimodality scanners (PET/CT; PET/MRI).36 This has
revolutionized PET imaging both in oncological and CV
medicine and is particularly useful in the identification of
small, arterial regions of radiotracer activity.

18F-fluorodeoxyglucose positron
emission tomography

Historical background and mechanisms
18F-FDG is a radiolabeled analog of glucose which binds to
glucose transporters (GLUT) to enter cells that use glucose
as a source of energy.37 This was first discovered by re-
searchers at the University of Pennsylvania in the early
1970s who demonstrated that 14C deoxyglucose (DG)
crossed the bloodebrain barrier and could be used to image
brain’s metabolic activity.38 These investigators were the
first to show that DG could be phosphorylated by hexoki-
nase enzyme to DG-6-phosphate in a similar manner to
glucose, as depicted in Fig. 6.2.39 They observed that DG-6-
phosphate could not undergo further metabolism, which
made radiolabeled DG an attractive candidate for imaging of
the brain metabolic activity. Further collaboration between
the University of Pennsylvania and the Brookhaven Na-
tional laboratory in 1973 led to a joint pursuit for radionu-
clides that could be used in humans, and by 1975, 18F-FDG
had been successfully synthesized at the Brookhaven Na-
tional laboratory.38 In a series of animal studies that fol-
lowed, preferential 18F-FDG uptake was demonstrated in
animal models of malignant tumors.37,40 It was later
demonstrated that 18F-FDG uptake correlated with the grade
of tumor. In modern clinical practice, 18F-FDG-PET has
become a well-established modality for noninvasive imag-
ing of cancer metastasis, prognostication, and for early
detection of cancer recurrence after treatments.38

TABLE 6.1 Characteristics of typical positron emission tomography radionuclides with potential utility in vascular

imaging.23e25

Nuclide

Decay

(%) Half-life

Maximum

bD energy

g en-

ergy

(keV)

Examples of positron

emission tomography

radiotracers

Potential clinical

applications
11C bþ (99.8)

EC (0.2)
20.4 min 960 keV 511 11C-choline11C-PK11195 Vascular inflammation26,27

18F bþ (97)
EC (3)

109.8 min 635 keV 511 18F-NaF
18F-FDG

Vascular calcification,
vascular inflammation

64Cu bþ (18)
b� (37)
(45)

12.7 h 653 keV 511 64Cu-TNP Vascular inflammation28

68Ga bþ (90)
EC (10)

68.3 min 1.9 MeV 511 68Ga-DOTATATE;
68Ga-NOTA-RGD

Vascular inflammation29e31

89Zr bþ (22.7)
EC (77)

78.5 h 2.8 MeV 511
909

89Zr-DNP Vascular inflammation32

64Cu, copper-64; 64Cu-TNP, 64Cu-tri-reporter nanoparticle; 68Ga, gallium-68; 68Ga-NOTA-RDG, 68Ga-labeled 1,4,7- triazacyclononane-1,4,7-triacetic acid
(NOTA) - Arg-Gly-Asp (RGD); 89Zr, zirconium-89; 89Zr-DNP, zirconium-89-labeled dextran nanoparticles; DOTATATE, Dodecanetetraacetic acid-DPhe1,
Tyr3-octreotate.

Radionuclide-based imaging of the aortic wall Chapter | 6 93



Over a decade ago, it was observed that vascular areas
with atherosclerotic disease had increased 18F-FDG uptake
compared to nonatherosclerotic segments.41 This exciting
discovery led to further exploration of this modality for
potential imaging of vascular inflammation. In 2002, Rudd
et al. performed the first prospective clinical study of 18F-
FDG-PET imaging in atherosclerosis, and demonstrated
that 18F-FDG accumulated in symptomatic atherosclerotic
carotid artery disease compared to asymptomatic carotid
lesions.14 Since then, multiple retrospective and prospec-
tive studies have shown that 18F-FDG uptake is a strong
predictor of atherosclerotic plaque rupture and poor CV
outcomes in atherosclerotic CVD.18,42 18F-FDG-PET has
become the most established molecular imaging modality
used in atherosclerosis, although its use predominates in
research settings. Its application to the imaging of aortic
wall stiffness is still emerging.

Interpretation of 18F-fluorodeoxyglucose signal

The rate of 18F-FDG update tends to be proportional to the
cells’ metabolic activity and is increased in malignant
tumors, brain tissue, myocytes, and inflammatory cells.
This is in part due to the upregulation of GLUT receptors
and enzymes involved in glucose metabolism owing to the
cells’ increased metabolic needs.40,43 In inflammatory
conditions such as atherosclerosis, increased 18F-FDG
uptake reflects accumulation of activated macrophages,
which are the major driver of vascular inflammation.21

However, the interpretation of vascular 18F-FDG uptake
can be challenging because other metabolically active cells
such as neutrophils, lymphocytes, endothelial cells, and
smooth muscle cells can also uptake glucose.44,45 In

particular, smooth muscle cells and endothelial cells can
markedly increase their glycolytic activity when exposed to
proinflammatory cytokines.45 Increased vascularity in
atherosclerotic plaques may also result in increased 18F-
FDG uptake due to enhanced 18F-FDG delivery to the
resident cells.21

Furthermore, hypoxia has been shown to influence 18F-
FDG uptake through various mechanisms. While both M1
(proatherogenic) and M2 (atheroprotective and
antiinflammatory) macrophages are observed in athero-
sclerotic plaques, M1 macrophages are the predominant
subtype in the early stages of atherosclerosis and prefer-
entially uptake 18F-FDG.46,47 In vitro studies have shown
that increased 18F-FDG uptake correlates with hypoxia-
inducible factor 1a (HIF1A) gene expression, which may
be related to an upregulation of GLUT receptors.43,45,48

Hypoxia can also influence the polarization toward M1
macrophages and can stimulate glycolysis in M1 macro-
phages by stimulating overexpression of hexoki-
nases.43,47,49 Taken together, these factors complicate the
interpretation of vascular 18F-FDG uptake and may
potentially reduce its specificity for imaging of inflamma-
tion. It remains unclear to what extent hypoxia rather than
inflammation, influences 18F-FDG uptake by macrophages.

Practical considerations in
18F-fluorodeoxyglucose imaging

When studying arterial 18F-FDG uptake, a pre-scan plasma
glucose concentration �7 mmol/L (126 mg/dL) is recom-
mended because higher blood glucose levels are associated
with falsely low target-to-background ratios (TBRs) partly
due to an increase in blood pool activity.50 18F-FDG PET

FIGURE 6.2 Mechanism of cellular 18F-fluorodeoxyglucose (F-FDG) uptake and metabolism. Both glucose and 18FDG enter metabolic cells via
GLUT receptors. Upon entry, they both undergo phosphorylation by hexokinase to form glucose-6-phosphate and 18F-FDG-6-phosphate, respectively.
However, only glucose-6-phosphate undergoes further metabolism to its final products via glycolysis, whereas 18F-FDG-6-phosphate becomes trapped
within the cells.
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imaging of the coronary arteries is particularly influenced
by hyperglycemia because background myocardial uptake
is often greater than 18F-FDG signals originating from
coronary plaques.51

Compared to 18F-FDG PET imaging in oncology,
longer 18F-FDG circulation times of 2e3 h are also
required in vascular imaging to allow enough time for 18F-
FDG accumulation into the arterial wall while permitting
decay and excretion of background levels of 18F-FDG
before image acquisition. This is a critical step because a
shorter time interval between 18F-FDG injection and image
acquisition will result in underestimation of arterial
18F-FDG uptake.50,52 When image acquisition is performed
at 3 h after 18F-FDG injection, the intensity of arterial 18F-
FDG uptake correlates with histological macrophage
density.52 Some experts believe that a circulation time of
2 h is likely to be sufficient and potentially more acceptable
to patients.53 Delaying image acquisition by >3 h does not
offer any additional benefit.

The dose of 18F-FDG required for imaging of aortic
wall inflammation can be influenced by the sensitivity of
the scanner, patient’s body habitus, and the circulation
time. It is recommended that the dose be minimized to
reduce the exposure to ionizing radiation, particularly
among patients undergoing serial 18F-FDG PET imaging.53

At least one study has previously demonstrated that a low
18F-FDG dose does not significantly affect the image
quality or quantification of 18F-FDG uptake.50 The
recommended dose is between 3 and 4 MBq/kg body
weight.53

18F-fluorodeoxyglucose positron emission
tomography imaging of the arterial wall
18F-FDG PET is a well-established modality for the
imaging of vascular inflammation of the intimal wall in the
context of atherosclerosis.14,41 This reflects the pivotal role
of 18F-FDG in the detection of intimal macrophages, the
key drivers in the inflammatory cascade of atherogenesis.
This is further demonstrated in both ex vivo and in vivo
studies in which 18F-FDG accumulates in macrophage-
dense areas of atherosclerotic plaques.14,41 In patients
with severe carotid stenosis, 18F-FDG PET signal correlates
strongly with macrophage staining on corresponding
histologic sections after carotid endarterectomy.52

In contrast, the application of 18F-FDG PET to the
imaging of the medial layer of the arterial wall is less
established, perhaps due to the differences in the histology
between the tunica intima and the tunica media, and the
pathophysiological differences between atherosclerosis and
arteriosclerosis. Vascular smooth muscle cells (VSMCs)
are the predominant cell types present in the avascular
tunica media, and the balance between the proinflammatory
and antiinflammatory properties of the VSMCs determines

the extent and severity of medial arterial wall
inflammation.11

While inflammation plays an essential role in the
pathophysiology of atherosclerosis, LASt has a complex
pathophysiology that differs from atherosclerosis, and
involving elastic fragmentation and degradation, collagen
deposition, collagen and elastin cross-linking, VSMC
stiffening, endothelial dysfunction, medial calcification,
and indeed, a component of inflammation.4,5 The associa-
tion between vascular inflammation and LASt is itself
complex and multifaceted. On the one hand, the tunica
media is considered an “immune-privileged” site, being
spared of resident and infiltrating inflammatory cells in
normal and atherosclerotic disease states.11 On the other
hand, medial immunoprivilege breakdown can be observed
in the form of intense leukocyte infiltration associated with
certain aortic aneurysms and vasculitides, which may result
in loss of VSMCs, and destruction of the extracellular
matrix architecture.11 How this inflammation affects LASt
is not well understood, but it may promote the trans-
differentiation of VSMCs into an osteoblastic phenotype,
resulting in active calcium deposition within the arterial
media.8,54,55 Vascular inflammation can also activate ma-
trix metalloproteinases, resulting in degradation of elastin
and collagen.12

Although LASt is mostly determined by factors
affecting the medial arterial wall, it remains unclear
whether medial arterial wall inflammation can be imaged in
isolation because pathologies affecting any of the three
layers of the arterial wall can result in aortic wall stiffness,4

and differentiating these layers noninvasively is diffi-
cult.9,56 Indeed, traditional CV risk factors and endothelial
dysfunction which cause atherosclerosis are also associated
with LASt.4,57,58 Unsurprisingly, a recent study performed
by Al-Mashhadi et al., demonstrated that arterial 18F-FDG
PET signal accumulates equally in intimal wall and other
arterial wall tissues, including the arterial media,56 sup-
porting the notion that aortic wall inflammation may be
associated with both atherosclerosis and arteriosclerosis.9 It
is theoretically possible that some of the 18F-FDG uptake in
the medial arterial wall may be mediated through VSMCs,
rather than or in addition to the macrophages, because
VSMCs can exhibit proinflammatory properties and have
the ability to upregulate GLUT receptors under stress.45,59

Detecting such processes would be possible with 18F-FDG
PET but would rely upon global methods of analysis
whereby entire aortic 18F-FDG burden would be of greater
importance than localized regions of activity.39,60

While the mechanisms of inflammation in LASt remain
poorly defined, many studies have shown that measures of
aortic wall stiffness are associated with markers of active
inflammation in patients with chronic inflammatory con-
ditions such as rheumatoid diseases,10 chronic obstructive
pulmonary disease,61,62 and vasculitides.63 In a small study
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of patients with rheumatoid arthritis (RA), Mäki-Petäjä
et al. demonstrated an increased aortic wall stiffness in RA
patients as determined by aortic PWV, which is strongly
correlated with raised inflammatory markers.10 In a cohort
of patients with ANCA-associated small vessel vasculitis
(systemic inflammation), Booth et al. showed that subjects
with active inflammation had increased measures of aortic
stiffness whereas PWV did not differ in individuals with
disease in remission compared to control subjects.63 The
relationship between inflammation and LASt is discussed
in detail in Chapter 20.

The potential utility of 18F-FDG PET imaging in LASt
can be observed in small studies of older patients and in-
dividuals with diabetes mellitus, and other CV risk factors.
In a cohort of 44 patients with type 2 diabetes without
established CV disease and who were not on hypo-
glycaemic medications, De Boer et al. found a significant
independent correlation between subclinical arterial
inflammation assessed with 18F-FDG PET and arterial
stiffness.9 Furthermore, systemic low-grade inflammation
exists among older individuals and is associated with aortic
wall stiffness. In a study of 149 subjects who were stratified
by age group, it was observed that the percentage of visible
large artery segments with 18F-FDG uptake increased with
age (27% for the first decade, 38% for the second decade,
67% for the third decade, and 77% for the fourth decade).64

In a cohort of 30 patients aged over 65 years with and
without hypertension, Joly et al. observed a positive cor-
relation between aortic 18F-FDG uptake and aortic stiffness
at the level of ascending aorta.65 Stiffness was increased
among individuals with raised inflammatory markers and
this correlated well with 18F-FDG uptake. Compared to
older individuals who were normotensive, hypertensive
older patients of matched age had higher thoracic aortic
PWV and increased 18F-FDG uptake.65 Taken together,
these early observations may suggest a role for 18F-FDG
PET imaging of the aortic wall to detect early markers of
aortic stiffness, but further research is needed.

18F-fluorodeoxyglucose positron emission
tomography imaging in prognostic
assessment

Increased vascular 18F-FDG-PET activity may correlate
with future clinical events, suggesting that it may have a
role in the identification of a subset of patients who may
benefit from intensive medical therapies.52 Indeed, macro-
phages tend to accumulate in unstable atherosclerotic
plaques, which are associated with a risk of rupture and
future CV events.14,42 In a cohort of cancer patients who
were followed up for 29 months after undergoing a whole
body 18F-FDG-PET, Rominger et al. observed a strong
correlation between 18F-FDG uptake in large arteries and

subsequent vascular events.18 Other studies have also
demonstrated a prognostic value of 18F-FDG PET imaging
in predicting CV events.42,66 Figueroa et al. evaluated
whether arterial inflammation measured by 18F-FDG-PET
could predict CV events beyond traditional risk factors. In
this study, 513 individuals with treated cancers and who
had no history of CVD underwent 18F-FDG-PET and were
followed up for 4.2 years. The study demonstrated that
TBR (quantified in the ascending aorta) was a strong and an
independent predictor of subsequent CV events (incident
stroke, transient ischaemic attack, acute coronary syn-
drome, revascularization, new-onset angina, peripheral
arterial disease, heart failure, or CV-related death).42

Furthermore, the addition of 18F-FDG measurements to
Framingham risk scores resulted in incremental improve-
ment in 18F-FDG-PET being able to predict future CVD
events.

These findings suggest that increased vascular 18F-FDG
uptake is associated with active inflammation and is, at
least in coronary atherosclerotic plaques, a predictor of
plaque instability and increased risk of adverse CV
events.14,21 This is particularly relevant from a clinical
standpoint because inflammation is now a key target for
therapeutic interventions in CVD. The Canakinumab Anti-
inflammatory Thrombosis Outcome Study showed that
antiinflammatory therapy targeting the interleukin-1b
pathway with a fully humanized monoclonal antibody,
canakinumab 150 mg every three months, significantly
reduced the rate of recurrent CV events, among patients
with previous myocardial infarction and a high-sensitivity
C-reactive protein level.67 However, this benefit occurred
at the expense of increased risk of fatal infections, making
Canakinumab a less desirable treatment option for coronary
disease. In the low-dose colchicine for secondary preven-
tion of CVD (LoDoCo and LoDoCo2 trials), colchicine
0.5 mg compared to placebo, significantly reduced the rates
of CV events among patients with stable coronary dis-
ease.68,69 The Colchicine Cardiovascular Outcomes Trial
showed that colchicine compared to placebo was effective
at preventing major adverse CV events after a myocardial
infarction.70 These results provide strong evidence for the
potential benefits of antiinflammatory therapies in patients
with coronary artery disease, perhaps by stabilizing
atherosclerotic plaques.

The prognostic value of vascular 18F-FDG uptake in
relation to aortic stiffness and future CV events remains
unclear. It is unlikely that high-risk plaques in the aorta are
of great clinical importance, but global aortic inflammation,
assessed with 18F-FDG PET, may represent an increased
propensity to develop further arterial disease (both intimal
and medial) and subsequent CVD events.18 Data from
small studies indicate that both vascular inflammation and
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aortic stiffness may be reduced by antitumor necrosis fac-
tor-a (anti-TNF) therapies,10 but there is currently no direct
evidence to suggest that this is associated with reduced CV
events.

18F-fluorodeoxyglucose positron emission
tomography in translational research and
clinical trials

There is substantial interest in using 18F-FDG PET as a
surrogate endpoint in clinical trials evaluating the treatment
effects of anti-atherosclerotic and antiinflammatory drugs.
It is expected that this tool may serve as a bridge between
phase I/II and phase III clinical trials by providing early
in vivo evidence of molecular benefits of new pharma-
ceuticals. Absence of improvement in 18F-FDG uptake after
treatment with a new pharmaceutical may indicate that the
new drug is unlikely to have significant clinical effects and
may argue against the need to embark on expensive and
potentially futile phase III clinical trials.71 However, these
studies should be interpreted with caution since other
factors such as duration of follow up, and methods of
quantification of 18F-FDG uptake are likely to influence the
results.71,72

In the first randomized trial evaluating this concept, 43
patients undergoing 18FDG-PET imaging for cancer
screening and who had demonstrable 18FDG uptakes in the
thoracic aorta and/or the carotid arteries were randomized
to either statin group receiving simvastatin (n ¼ 21) or diet
group receiving dietary management only. After 3 months
of follow up, attenuated 18F-FDG standardized uptake
value (SUV) was observed among statin-treated individuals
compared to the individuals in the diet control group, which
paralleled improvement in lipid profiles.73 In a study of
Japanese adults with dyslipidaemia undergoing percuta-
neous coronary intervention for stable angina, Ishii et al.
showed that 6 months of treatment with atorvastatin 20 mg
compared to 5 mg was associated with a significant
reduction in TBR in the ascending aorta and femoral artery,
mirroring improvement in lipid profile and a decrease in
inflammatory biomarkers.74 Other trials have also shown
improvement in 18F-FDG uptake after statin treatment,
which may be dose-dependent,75 and correlates with
improvement in inflammatory biomarkers.76 In RA pa-
tients, Mäki-Petäjä et al. showed that anti-TNF therapy
could reduce aortic inflammation, and this effect correlated
with the decrease in aortic stiffness.10 In this study, 17
patients with RA underwent 18F-FDG PET before and after
8 weeks of anti-TNF therapy. Additional 34 patients with
stable CVD were imaged concurrently and used as positive
control at baseline. Both groups underwent assessment of
aortic 18F-FDG TBRs and aortic PWV. At baseline, RA
patients had higher aortic TBRs than patients with CVD
(2.02 � 0.22 vs. 1.74 � 0.22, P ¼ .0001). At follow up,

aortic TBR fell significantly to 1.90 � 0.29, and the pro-
portion of inflamed slices decreased from 50 � 33% to
33 � 27%. Furthermore, TBR in the most diseased segment
of the aorta also improved. These improvements in TBR
values after treatment with anti-TNF therapies correlated
with reduction in aortic PWV. The results suggest that 18F-
FDG PET may be useful as surrogate endpoint in clinical
trials of therapies for atherosclerosis and may potentially
have a role in evaluation of therapies for aortic stiffness.

18F-fluorodeoxyglucose uptake in aortic
aneurysms and large vessel vasculitis
18F-FDG PET is a very useful modality in certain aortic
aneurysms and large vessel vasculitis where medial
inflammation is typical.77 Rupture of abdominal aortic
aneurysmal (AAA) is associated with high mortality and
although imaging modalities such as CT and ultrasound can
be used to monitor for progression and risk of rupture, these
modalities are imprecise and unable to provide information
about biologic activity within the aortic wall. Aortic wall
inflammation may be associated with an increased risk of
aneurysmal rupture. Biopsy of aneurysmal walls with 18F-
FDG uptake has increased inflammatory cells, and a
marked reduction of VSMCs in the medial wall compared
with PET negative sites.78 18F-FDG uptake in aneurysmal
walls may also be associated with increased activity of
matrix metallopeptidase 1 and 13, which could suggest
active remodeling and a potential risk of rupture.78 Ex vivo
studies have shown an association between pre-rupture 18F-
FDG uptake on micro-PET imaging and inflammation in
the ruptured AAA wall,79 suggesting that it may be possible
to use 18F-FDG PET imaging to monitor inflammatory
changes before AAA rupture. However, although these
ex-vivo observations have been corroborated in small hu-
man studies, the results have been contradictory and there
remains insufficient data to conclusively determine the as-
sociation between aneurysm growth and rupture and 18F-
FDG uptake.80

Large vessel vasculitis (LVV), including Takayasu
arteritis and giant cell arteritis are associated with intense
aortic wall inflammation which may promote vascular
calcification.8 While 18F-NaF remains an investigational
tool in this context, 18F-FDG PET can currently be used in
clinical practice for assessment of suspected giant cell
arteritis when the diagnosis cannot be excluded on basis of
biomarkers, other imaging modalities, and temporal artery
biopsy.81 It may have a greater role in the diagnosis of
extracranial vascular involvement in patients with LVV,
but this is yet to be further elucidated in randomized clinical
trials. If combined with CT angiography, 18F-FDG PET
may help to detect LVV-associated complications such as
stenosis, aneurysmal formation, and dissection.82 18F-FDG
PET may also have a role in monitoring for therapeutic
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response after treatment initiation for LVV although data to
support this use are scarce.81 At present, there is no inter-
nationally accepted definition of LVV based on 18F-FDG
uptake, but expert recommendations have been
published.82

18F-sodium fluoride positron emission
tomography

Historical background and mechanisms
18F-NaF is an established radiotracer that was first intro-
duced and purposed for the detection of osteolytic and
osteoblastic disease in the 1960s.83 The radiotracer had
limited clinical utility initially due to its high-energy nature
and limited imaging modalities at the time and was sub-
sequently superseded by 99 mTcemethylene diphospho-
nate scintigraphy.84 However, recent improvements in
molecular imaging, notably the evolution of PET, has seen
the resurgence of 18F-NaF as a bone-specific agent that has
enhanced diagnostic accuracy in the detection of metastatic
bony disease.85 The improved image resolution of PET
imaging occasioned the observation of nonosseous 18F-NaF
uptake, the most intriguing of such reflecting arterial
calcification activity.86 This has led to a growing interest in
the role of this tracer for imaging of vascular calcification.

Upon intravenous injection, 18F-NaF rapidly binds to
hydroxyapatite (Ca10(PO4)6(OH)2), the predominant
mineral present in bone.13 This involves the 18F-ion
exchanging for a hydroxyl group in the mineral matrix,
thereby resulting in fluorapatite (Ca10(PO4)4F2) forma-
tion.87 This exchange process is rapid, reflecting the high
affinity of this radiotracer for hydroxyapatite structures.87,88

The 18F-ion undergoes radioactive decay as previously
described, and like 18F-FDG, the resulting positron emis-
sion allows targeted identification of regions of radiotracer
binding within the vascular and osseous structures.

Interpretation of 18F-sodium fluoride- signal

The two major factors influencing the uptake of 18F-NaF
into vascular calcifications are (1) the surface area of hy-
droxyapatite available for binding and (2) the delivery of
radiotracer to the area of binding. These features have been
studied mostly in the setting of atherosclerotic calcifica-
tion,88 though similar principles are likely to apply to all
types of calcification within the vasculature. Irkle et al.
studied extracted carotid artery atherosclerotic specimens
incubated with 18F-NaF then imaged with spectroscopy,
autoradiography, histology, and immunohistochemistry.88

In the absence of calcification, no 18F-accumulation was
detected. 18F-NaF radiotracer uptake was greater in the

presence of microcalcifications (nodules <50 mm) more so
than macrocalcification (nodules �50 mm). When carotid
artery specimens were dissected prior incubation in 18F-
NaF, the radiotracer uptake was much higher than in
specimens that were not dissected prior to incubation.
These findings are secondary to the increase in surface area
of hydroxyapatite available for 18F-binding and ultimately
translate to an increased signal intensity of such regions, on
PET imaging.

The role of blood flow and delivery of radiotracer to
hydroxyapatite crystals is surprisingly important, even in
vascular calcification. In the study of carotid specimens
interrogated by Irkle et al., the nondissected regions of
carotid lesions had less radiotracer uptake, likely secondary
to the inability for radiotracer to reach the inner core of the
calcified plaque.88 Therefore, delivery to the core of such
plaques would likely increase radiotracer uptake in that
region. Calcifications in close proximity to the vessel lumen
may have a higher affinity for radiotracer activity, than
those situated nearer to the adventitia, owing to the
increased delivery of radiotracer to this area.88,89 Regions
of progressive atherosclerotic disease, of which calcifica-
tion forms an important component, are often associated
with the presence of microvessels, or vasa vasorum, that
penetrate from the adventitia into the intima90,91 and in
atherosclerotic plaques with high 18F-NaF binding, the
presence of vasa vasorum is almost twice as much
compared to 18F-NaF negative arteries.92 The presence of
vasa vasorum may ultimately assist in the delivery of 18F-
NaF to regions of otherwise “walled off” calcification.
While it is proposed that almost all of 18F-NaF binds to
regions of calcifications on first pass of blood,93 it is very
likely that regions of low blood flow may result in
increased radiotracer binding capabilities because of pool-
ing and a resulting increase in time to bind. This belief,
albeit not entirely understood, may be of particular
importance in aortic wall diseases including dissection,
aneurysm, and coarctation.

In the pathophysiology of calcification within the
vasculature, actively depositing calcifications often begin in
the microscopic form, with high surface area available for
binding and in the absence of locally impaired blood
flow.94 These key features promote increased binding of the
18F-NaF radiotracer in the early and active stages of the
disease process supporting its role in the detection of
metabolically active disease. Furthermore, other histologi-
cal and imaging data support the role of 18F-NaF in the
detection of calcification activity.

An ex-vivo analysis by Joshi et al. observed regions of
radiotracer activity in explanted carotid specimens were
positively associated with other histological and
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immunological markers of calcification activity, increased
alkaline phosphatase, osteocalcin, inflammation (CD68),
necrotic core, and cell death.95 A different study of carotid
plaques also described an inverse relationship between 18F-
NaF activity and a-smooth muscle actin,96 supporting a
role for VSMC transdifferentiation,55 or even apoptosis,97

in the pathophysiological development of arterial calcifi-
cation. In animal studies, 18F-NaF binds to early intimal
disease, perhaps even before the development of histolog-
ically identifiable macroaggregates of calcification.98

Imaging data from both prospective and retrospective
studies have described the role of 18F-NaF activity, detected
using PET imaging, in predicting new CT-detectable
calcification in the same anatomical location, years later.
In the aortic valve, baseline 18F-NaF activity is associated
with the rate of change of calcification.99 Within the
femoral arteries, baseline 18F-NaF activity is positively
associated with the development of new calcifications after
almost six months.16 Within the aorta, retrospective studies
have observed high radiotracer activity within the aortic
wall go on to develop new calcifications in the same
area.100,101 Taken together, these observations support the
role of 18F-NaF PET in the detection of calcification ac-
tivity within the vasculature. The utility of such an imaging
tool is further described.

18F-sodium fluoride- positron emission
tomography imaging of the aortic calcification
activity

Intimal calcification activity

From a pathophysiological perspective, intimal aortic
calcification differs greatly from medial arterial calcification.
However, in severe intimal calcification, the functional
impact on arterial wall stiffness is likely to be similar to that
of medial arterial disease, at least at a local level.7 Therefore,
the prediction of severe intimal calcifications using 18F-NaF
PET is likely to be of great clinical importance when
considering LASt. Within the aorta, calcified atherosclerotic
plaque develops in a similar mechanism to other vascular
territories; however, the prevalence of aortic calcification is
generally lower than the coronary arteries.17,102

The role of 18F-NaF imaging in intimal aortic calcifi-
cations is not well understood, though a significant pro-
portion of our understanding can be extrapolated from
invasive coronary imaging techniques. Atherosclerotic
plaques with increased 18F-NaF PET uptake display
increased prevalence of positive remodeling, necrotic core
and microcalcification, and vasa vasorum.92,95 Addition-
ally, 18F-NaF positive plaques have a greater burden of
atherosclerosis compared to 18F-NaF negative plaques.92

However, 18F-NaF PET activity is higher in partially
calcified plaques than fully calcified plaques, representing

its capacity to differentiate between active ongoing disease
and burnt out, established calcifications.103 In the coronary
arteries, the role of this imaging modality may serve to
function as a tool to identify high-risk plaques non-
invasively, which may be associated with increased risk of
CVD events. In the aorta, the role of high-risk plaque
features is less clinically relevant and the ability to detect
disease activity is of more importance. Increased aortic wall
18F-NaF uptake can be observed many years before the
onset of CT-detectable calcification,104 which may subse-
quently precede the development of clinically relevant
aortic wall stiffness.7

Intimal calcification activity within the aorta was first
described by Derlin et al. in a retrospective analysis of
patients undergoing 18F-NaF PET imaging for oncological
purposes.86 In this study, the prevalence of thoracic aortic
18F-NaF PET positive disease was 36%, and 48% in the
abdominal aorta. In contrast, a different study of high CVD
risk patients described 18F-NaF PET positive disease in
more than 90% of patients.105 Though, it is important to
recognize the difference in thresholds of 18F-NaF PET
positivity between different studies. Intimal aortic calcifi-
cation activity is positively related to already established
calcification burden,106,107 but is inversely related to plaque
density,108 suggesting that densely calcified plaques have a
reduced surface area for binding and probably represent
burnt out, inactive sites. Retrospective studies have
described the relationship between 18F-NaF PET being
more associated with the rate of change of CT calcium
score than the baseline calcium score itself100 and may be
most predictive of disease processes at 1 year follow-up.101

Prospective data have demonstrated a role of 18F-NaF PET
in predicting new calcifications.109 This is of particular
importance in the arterial media, whereby predicting
calcification prior to its macroscopic development may
identify those patients who go on to develop clinically
significant LASt.

Medial arterial calcification activity

X-ray and CT imaging modalities have provided some
insight into the differentiation between intimal and medial
arterial disease using noninvasive imaging. X-ray imaging
has described medial calcifications as uniform, linear
“railroad track” like appearance and intimal calcifications
as discrete, interrupted plaque-like lesions.7,110CT imaging
has more recently established alternative quantitative
methods to differentiate intimal from medial calcifications,
using circularity, thickness, and morphology of the calci-
fications.111 Translating these to 18F-NaF PET is possible
but must be considered in light of the reduced spatial res-
olution of the imaging technique.

Generally speaking, medial arterial calcifications are
more common than intimal calcifications, in the lower
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limbs.112 In contrast, medial calcification is rare in the
coronary arteries where intimal calcification predominates.
In the aorta, the prevalence of medial calcifications is not
well described, though the prevalence likely sits some-
where between the coronary arteries and the aorta will vary
depending on age and other traditional CVD risk fac-
tors.113,114 Medial arterial calcifications begin as fine,
powdery deposits and can develop to severe calcifications
containing osteocytes and features consistent with bone
marrow formation.55,115 Situated in the tunica media, often
with sufficient supply of blood, early stages of these cal-
cifications are likely to display great 18F-NaF uptake. In
comparison to their intimal counterparts, the effect of a
heavily calcified “walled off” effect is probably less
prominent.88

Imaging of medial arterial calcification with 18F-NaF
PET is possible when applying the X-ray and CT guided
imaging principles to the interpretation. Indeed, the prev-
alence of medial calcification detected on 18F-NaF PET is
associated with hypertension, diabetes, and other clinical
risk factors frequently associated with medial arterial
calcification detected using CT and X-ray.116,117 Indeed,
medial arterial 18F-NaF PET activity is positively associ-
ated with established medial arterial calcification burden
detected using CT.118 This is important, because using
current technologies, the single biggest predictor of devel-
oping vascular calcifications is the burden of calcification at
baseline119 and any modality that can provide additional
prognostic information is likely to be of good clinical
utility. Interestingly, smoking is inversely associated with
reduced medial arterial calcification activity detected with
18F-NaF PET,116 and this is a phenomenon witnessed in
other vascular territories examining medial arterial
calcification.120,121

Compared to intimal pathologies, the medial arterial
wall is less influenced by inflammation121 whereas the
calcification of the medial arterial wall is a well-established
process in medial arterial pathologies.118 These differences
have important implications both in the selection of
appropriate imaging modalities and in the prognostic
assessment. In prospective studies of heterogenous cohorts
directly comparing 18F-FDG and 18F-NaF, aortic 18F-NaF
activity was strongly related to CV risk, while aortic 18F-
FDG activity was not.106 However, as previously dis-
cussed, other studies have observed a strong relationship
between aortic 18F-FDG activity and increased CV
risk.14,21 This may be partly explained by the dynamic and
temporal relationship between the pathophysiological
mechanisms underlying inflammation and calcification,
which may occur at different time points in a patient’s
disease progression, but still contributing to the develop-
ment of CV risk.8,10

By detecting arterial calcification activity, 18F-NaF PET
may have an important role in CVD risk stratification,

beyond its role in identifying early medial-specific arterial
calcifications. Firstly, 18F-NaF PET activity is related to
traditional CVD risk factors; age,15 gender,122 diabetes
mellitus,123 hypercholesterolemia,124 hypertension,125 and
Framingham risk score,106,126 and may provide additional
prognostic information over clinical risk scores. Secondly,
in the abdominal aorta, calcification burden is a strong
predictor of CV events,127 even after adjusting for tradi-
tional CVD risk factors and current observations support
the positive relationship between 18F-NaF PET activity at
baseline and subsequent aortic macrocalcification devel-
opment.100,101 Finally, the progression of aortic calcifica-
tion, likely to be predicted by 18F-NaF PET, is positively
associated with the risk of incident coronary calcification
development; the single best available independent pre-
dictor of CVD events.102,128,129

18F-sodium fluoride- positron emission
tomography in aortic aneurysms, large vessel
vasculitis, and other aortic pathologies

The interaction between aortic calcification and corre-
sponding impairment in arterial compliance is becoming
increasingly understood. However, the relationship be-
tween calcification and aortic-specific pathologies, such as
aortic aneurysms is less well understood. Some suggest that
calcification in the presence of an aortic aneurysm is pro-
tective in a nature.130 This may particularly be the case if
the calcifications exist on the outer medial-adventitia border
thereby limiting the progression of arterial wall expan-
sion.131 It has also been proposed that the presence of
calcification within the aortic wall may prevent the wors-
ening proteolysis within the aortic wall, further preventing
the degradation of arterial integrity and progression of
disease.131,132

In contrast, some studies have suggested that the pres-
ence of calcification within the aortic wall is an important
contributor to isolated disruption of already pathological
wall stressors and may increase the risk of rupture of an
existing aortic aneurysm.133,134 The region at the edge of
partially calcified aortic wall within an aorta is at specif-
ically susceptible to failure.135 Notably, the edges of
partially calcified regions are likely susceptible active
calcification processes which may therefore be detectable
using 18F-NaF PET imaging.

18F-NaF PET imaging provides unique biological in-
formation about the calcification activity developing within
an already existent aneurysm and may subsequently serve
to determine who may go on to be at risk of aneurysm
rupture. While such prospective data are not yet available,
18F-NaF PET activity appears to be positively associated
with the rate of change of aortic aneurysm expansion and
likelihood of aneurysmal repair (Fig. 6.3).136 Furthermore,
histological analyses of 18F-NaF uptake within aortic
regions correspond well with regions of
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FIGURE 6.3 Positron emission tomographic and computed tomographic images of abdominal aortic aneurysms. (A) Structural image of
computed tomographic angiography, (B)18F-sodium fluoride uptake on positron emission tomography, and (C) fused positron emission tomographice
computed tomographic images colocalizing 18F-sodium fluoride uptake with the skeleton and abdominal aortic aneurysm. Reproduced from Forsythe RO,
Dweck MR, McBride OMB, et al. (18)F-sodium fluoride uptake in abdominal aortic aneurysms: the SoFIA(3) study. J Am Coll Cardiol.
2018;71(5):513e523.
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microcalcifications.136 It is also possible that the presence
of vasa vasorum, also associated with increased risk of
aneurysm rupture, supplements 18F-NaF delivery to the
vessel media and results in increased 18F-NaF signal
intensity.137

The relationship between aortic calcification, stress, and
subsequent impairment of arterial integrity is also relevant
in the development of aortic dissections. Regions of intimal
tearing, the initiating factor in an aortic dissection, appear
to develop near to or just on regions of aortic calcifica-
tion.138 Coupled with computational fluid dynamics and
traditional CT imaging, detecting early stages of this dis-
ease process may be possible with 18F-NaF PET. Though,
the low prevalence of the dissections and the high incidence
of aortic calcifications, the positive predictive value of such
a tool must be much higher than CT to have clinical utility.
In high-risk subpopulations, 18F-NaF PET may be more
useful.

In patients with Marfan syndrome, early intervention of
aortic aneurysms may be required.139 The disease is char-
acterized by impaired fibrillin formation and subsequently
compromised elastin integrity. The presence of elastic
fragmentation co-localizes with regions of aortic wall
microcalcification deposition and this may further predis-
pose to the development of structural aortic wall dis-
eases.12,140 It is possible that early detection of calcification
activity with 18F-NaF PET may discriminate between those
who require more intensive monitoring, or even interven-
tion, and those who can continue regular monitoring.

Other large vessel vascular diseases have a calcific
component that may warrant dedicated imaging with 18F-
NaF PET. Pseudoxanthoma elasticum involves extensive
calcification of elastic fibers in connective tissues of the
vasculature and prognostication could be assisted with the
use of metabolic imaging.141 Though further research is
needed to understand whether 18F-NaF PET can guide
novel therapies in this population.142

Patients with Takayasu arteritis experience granuloma-
tous large vessel inflammation, and it is traditionally
considered that the resulting calcification is a sequela of
inflammation8 and may present as the chronic component
of the disease process.139 18F-NaF PET can assist in iden-
tifying regions of metabolically active disease,143 as
opposed to metabolically indolent disease, and may
perhaps further assist in identifying regions of the aorta at
risk of life-threatening complications (i.e., Aneurysm for-
mation or dissection).

Finally, it is possible that 18F-NaF PET may be useful
for the identification of those patients in whom interven-
tional therapies, such as endovascular aneurysmal repair,
are failing. In other vascular territories 18F-NaF PET ac-
tivity is related to the risk of in-stent complications144 and
prosthetic valvular complications.145 However, in these
settings, calcification may be more related to stenosis,
which is less likely within the aorta.

Methods of analysis and limitations of
positron emission tomography imaging

In vivo visualization of molecular and cellular processes is
achievable with PET imaging but relies heavily on the
availability of discriminating radiotracers that can be
detected with high-resolution PET imaging hardware. The
quantification of the signal emitted by radionuclides can be
affected by signal-to-noise ratio, which necessitates that
radionuclides exhibit good contrast against normal tissue
surrounding the area of interest. This can be achieved by
selecting radiotracers with a high specificity for its target
(to minimize off-target effects), and a rapid clearance from
nontarget tissues.146 Ideal radiotracers should also be able
to overcome biological barriers while exerting low toxic-
ities to human tissues.25

Many techniques are used to quantify radiotracer uptake
in PET imaging. A relatively common method involves the
segmentation of a region of interest (ROI) and measure-
ments or estimation of radiotracer uptake in the ROI to
determine the mean and maximum SUV.147 SUV is a
dimensionless value and is calculated by dividing radio-
tracer uptake in a ROI by the injected dose per body
weight. Maximal SUV (SUVmax) is the SUV of the most
radiotracer-avid voxel within a ROI while mean SUV
(SUVmean) is the mean SUV within the ROI.53 SUV can
also be normalized for lean body mass, known as SUL,
which provides less variation in the calculated value.
However, SUVmax is preferred in clinical practice due to
its superior reproducibility.60

The accurate quantification of PET radiotracer uptake is
very challenging particularly in the arterial system where
lesions are of small sizes compared to the spatial resolution
of PET.147 While the SUV is commonly used for quanti-
fication of radiotracer uptake in oncology, it has many
limitations when applied to vascular imaging. It can be
markedly influenced by blood glucose in 18F-FDG PET, the
time between injection and image acquisition, spatial res-
olution of the PET scanner, partial volume effects, activity
spill in and spill out, attenuation correction, and image
reconstruction parameters.147,148 PET imaging of the
vasculature is particularly susceptible to partial volume
effects which can significantly underestimate the true
radiotracer uptake.148

TBR measurements are preferred in vascular inflam-
mation as they have been shown to better correlate with
macrophage density.52 TBRmax corrects for blood pool
uptake and is calculated by dividing SUVmax measured in
an arterial vessel wall by the venous blood pool
(Fig. 6.4).42 TBR quantification of 18F-FDG uptake in
atherosclerotic plaques can be performed using three
different approaches. In the assessment of global vascular
inflammation (whole vessel analysis), the average TBR is
measured in all the axial segments of the target vessel
(TBRmax; TBRmean). This allows for signals to be
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averaged over many arterial segments and is therefore
thought to be less sensitive to image noise and 18F-FDG
signal from surrounding structures.60 The trade-off is
reduced sensitivity for detecting small changes in 18F-FDG
uptake in focal areas of atherosclerotic plaques.60,72 In
contrast, the most diseased segment (MDR) approach
measures the average TBR across a small segment of the
index vessel and has been shown to be useful when
assessing the degree of inflammation in a specific athero-
sclerotic plaque.10,75 Finally, the active segment (AS)
analysis is most useful in clinical trials where only lesions
with increased 18F-FDG uptake are monitored overtime to
evaluate the effects of therapeutic interventions on 18F-
FDG uptake.73

Both TBRmax and TBRmean demonstrate excellent
reproducibility and are less influenced by radiotracer cir-
culation times, acquisition times, and reconstruction filters,
which is of particular importance when analyzing radio-
tracer uptake within arterial structures where circulating
radiotracer may influence readings.60 However, factors that
affect blood pool activity such as 18F-FDG uptake in the
circulating blood cells can significantly impact TBR mea-
surements. Similarly, blood pool 18F-NaF PET activity is a
critical regulating factor in the analysis of vascular 18F-NaF
PET and is often adjusted for by taking measurements from

either within the vena cava or the right atria.89 Not sur-
prisingly, the dose of radiotracer injected and PET/CT
imaging system used are important predictors of blood pool
radiotracer activity and should be consistent in serial im-
aging, or in personeperson comparisons.149 Furthermore,
the role of renal function is important, with a lower
glomerular filtration rate being associated with a higher
thoracic aortic 18F-NaF activity.149 This relationship is
likely related to the clinical impact of renal failure on
arterial calcification but should also be considered in its role
in the possibly delayed excretion of radiotracer.22,115

In the analysis of aortic 18F-NaF PET, the proximity of
the aorta to the vertebra can cause significant disruption to
the analysis of aortic activity, owing to the effect of
radiotracer overspill from vertebral bone into the aortic
lumen. This impairs the accuracy of aortic 18F-NaF PET
analysis, mostly owing to a reduced specificity of perceived
aortic measurements. Approaches to improve analysis
include the manual extraction of regions with vertebral
overspill,150 or semiautomated extraction of vertebral 18F-
NaF activity.151 The former method is time consuming
and highly dependent on clinician experience.

Finally, patient motion artifact is a significant limitation
of all imaging modalities and may be particularly unde-
sirable in the temporal acquisition techniques employed in

FIGURE 6.4 Fluorodeoxyglucose (FDG) uptake measurement. In this example, FDG uptake was evaluated within the wall of the aorta on axial
images. At each axial section, a region of interest (ROI) was drawn around the wall of the aorta and the maximum standardized FDG uptake value
(SUVmax) was recorded. The thickness of each axial slice was approximately 5 mm. Subsequently, the target-to-background ratio (TBR) was calculated by
dividing the mean of all axial slice SUVmax (approximately six to eight slices per patient) by the venous blood SUVmax obtained from the superior vena
cava (average of 10 ROIs) to correct for the blood compartment contribution. Ao, aorta; LM, left main artery; SVC, superior vena cava. Reprinted With
permission from Elsevier from Figueroa AL, Abdelbaky A, Truong QA, et al. Measurement of arterial activity on routine FDG PET/CT images improves
prediction of risk of future CV events. JACC Cardiovasc Imaging. 2013;6(12):1250e1259.
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PET imaging. The risk of patient motion is likely higher in
PET imaging due to prolonged acquisition times (up to
30 min) and may be influenced by breathing and the cardiac
cycle. Several strategies are used to improve image quality,
including motion-compensation techniques,21 and software
incorporating patient motion correction algorithms, which
display considerable success.152 Other prospective acqui-
sition techniques, such as respiratory and cardiac gating
may also be useful, although are likely to serve a greater
utility in the analysis of the coronary arteries moreso than
the aorta.153

Future directions

Various strategies are being pursued to improve the diag-
nostic utility of PET imaging, including the search for
novel radiotracers with improved specificity for molecular
targets, developments in whole body PET imaging, and
ongoing research in automated data analysis technologies
such as artificial intelligence.

Novel PET radiotracers in the current research pipeline
are focused on assessment of atherosclerosis and seek to
improve the specificity of vascular imaging by targeting
specific receptors and proteins that are overexpressed by
activated macrophages. This includes 68Ga-DOTATATE, a
novel PET tracer with specificity for somatostatin receptor
2, which is overexpressed by macrophages in response to
inflammation.29 Several studies have demonstrated its
potential utility in PET imaging of vascular inflammation in
atherosclerotic disease.29,30 Other radiotracers that have
shown promise in atherosclerotic imaging include 11C-
PK11195, a selective ligand of the translocator protein
that is commonly used in PET imaging of neuro-
inflammation but also shows promise in vascular inflam-
mation.26 Tracers that target tissue hypoxia such as
18F-Fluoromisonadazole are also being studied,154 and may
be particularly helpful because hypoxia probably precedes
and may promote vascular calcification.155 PET imaging
with 18F-labeled fluoromethylcholine or 11C-choline is used
in cancer imaging but shows promise in atherosclerosis.27

Choline is taken up by activated macrophages, phosphor-
ylated by choline kinase, and is then incorporated into cell
membranes after further metabolism to phosphatidylcho-
line.156 68Ga-NOTA-RGD is a radiotracer that targets
integrin anb3, expressed in angiogenic endothelial cells
and macrophages.31 PET imaging of neoangiogenesis using
this tracer appears feasible in atherosclerotic disease and
may be a useful marker of plaque vulnerability.31 These
novel radiotracers are still in research settings, and although
their use in LASt is theoretically possible, there is currently
no direct evidence of such utility and further research is
needed.

Molecular targeting of the extracellular matrix such as
elastin degradation and collagen deposition is a feasible

future direction in LASt. This approach has been evaluated
in the context of atherosclerosis157 and in patients with lung
and hepatic fibrosis158; however, its application to aortic
wall stiffness remains to be seen. If validated for LASt, it
could lead to imaging modalities specific for aortic fibrosis,
which would be useful in both research and clinical
settings.

Finally, whole body PET imaging techniques that are
under development,159 along with improved analysis
techniques, incorporating manual and automated pro-
cesses,160 will further assist in the full utilization of PET
imaging, allowing mass analysis of data to be extracted
from single datasets, reducing the manual time required for
analysis and improving accuracy.

Conclusion

Vascular inflammation and microcalcification occur in the
earliest stages of vascular remodeling and often precede the
development of detrimental LASt. Both processes are
detectable using 18F-FDG and 18F-NaF PET imaging,
respectively, though the direct role of each radiotracer in
detecting the early stages of LASt needs further research.
Most existing studies have assessed the utility of 18F-FDG
PET imaging of the aortic wall in the context of athero-
sclerosis and only a few small studies have examined the
role of 18F-FDG PET imaging in dedicated LASt. Because
vascular inflammation tends to be associated with both
arteriosclerosis and atherosclerosis and may indeed play a
role in medial arterial calcification, it is reasonable to
consider that 18F-FDG PET could play an important role in
the imaging of early LASt. In contrast, although 18F-NaF
remains primarily a research tool, it may serve a greater
purpose in the imaging of LASt than 18F-FDG PET, as
calcification of the medial arterial wall is better understood
than medial wall inflammation and its relationship with
LASt is well established. 18F-NaF PET has a unique
capability to localize and quantify arterial calcification
within the aortic wall, at an early stage in its development,
prior to the established calcifications detectable on CT
imaging.

Overall, PET imaging of the aortic wall could be used
for CVD risk stratification and subsequent implementa-
tion of preventative therapies prior to irreversible disease
development, in those patients with high disease activity.
It may assist in determining response to established
therapeutics or as a useful tool for the trial of novel
therapeutics, reducing the time required to reach a com-
parable endpoint of CT-detectable changes or hard CV
outcomes. Finally, PET imaging of the aortic wall can
dramatically improve our understanding of the complex
pathophysiological processes of aortic wall stiffness along
with their associated clinical and physiological effects on
the aorta.
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Introduction

“Arterial stiffness” is an intuitive general term that refers to
the arterial mechanical properties, particularly of large elastic
arteries. In this chapter, we first cover the constitution of the
arterial wall, and focus on the role of extracellular structural
proteins and vascular smooth muscle cells (VSMCs) as
drivers of the mechanical behavior of arteries. We briefly
introduce concepts from material science and soft tissue
biomechanics, highlighting the complexity in quantifying
material properties of complex composite tissues as the
arteries. In the in vivo setting, however, one often has to
settle with functional indices that encompass material prop-
erties as well as the geometrical of the artery. To many,
arterial stiffness may have become synonymous to pulse
wave velocity (PWV), the speed at which the arterial pulse
travels over the arterial wall. We outline how PWV relates to
the pressure-area relation of the artery and cover transit-time
methods to measure PWV in the clinical setting and briefly
touch upon the strengths and weaknesses of more recent and
emerging methods to assess arterial stiffness.

Arteriesdwhat’s inside?

The primary role of arteries is the transport of blood from the
heart toward theorgans and tissues (systemic circulation) or the
lungs (pulmonary circulation). To that end, the arterial tree
forms a magnificent branching network of progressively
smaller yet more numerous vessels, encompassing the aorta/
pulmonary artery with a diameter >2 cm close to the heart,
down to capillaries measuring w8 mm in diameter inside the
tissues where the exchange of nutrients and waste products

takesplace.With theexceptionof capillaries, all arteries exhibit
a three-layer structure. In healthy arteries, the innermost
layerdthe intimadis a thin, confluent monolayer of endo-
thelial cells on a basal membrane, forming the interface be-
tween the blood and the surrounding tissues.1 Its physiological
importance and biological function are vital, but the intima
does not directly contribute to the mechanical properties of the
healthy artery. The middle layer, the media, is delineated by
the internal and external elastic membrane, with matrix
proteins (collagen fibers oriented in different directions and
elastic lamellae), VSMCs, and othermatrix components such
as glycosaminoglycans as major constituents. The outermost
layer, called the adventitia, ismainly composed of connective
tissue, and connects the artery to its surroundings. It is
especially the collagen within the media and adventitia that
provide the artery its mechanical strength, while elastin in the
media provides its resilience and distensibility.

Besides simply distributing blood, the arterial system
(together with the heart) also has a key role in active and
passive blood pressure regulation. Mean arterial pressure (the
average pressure over a heartbeat) is driven by cardiac output,
on the one hand, and the total resistance that the viscous blood
experiences because of friction as it pumped through the
arterial network. It is known from Poiseuille’s law that the
flow resistance of a vesselwith diameterD is proportional to 1/
D4, so it is clear that arterial resistance is mainly driven by the
smaller arteries. It is important to keep in mind that, as vessels
bifurcate, they individually decrease in diameter but increase
in number with an increase in the net cross-sectional area after
each new vessel generation. In the circulation, it is the arteri-
oles with diameters of 30e100 mm that play a role in con-
trolling resistance and blood distribution through active
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regulation of their diameters via contraction/relaxation of the
vascular smooth muscle in the media. In addition to arteriolar
constriction, microvascular rarefaction can significantly in-
crease resistance in a given vascular bed.2

Pulse pressure (PP), the difference between systolic and
diastolic pressure, on the other hand, is driven by the
properties of the large central arteries that have the ability
to distend when pressurized and to buffer part of the stroke
volume (SV) with each cardiac contraction. Elastic energy
is stored upon distension in systole, which is released to
promote blood flow in diastole (the “windkessel” func-
tion).3 The more blood stored locally in the proximal aorta,
the less blood has to be transported over longer distances in
systole. This limits the “inertial load,” the required driving
pressure (and energy demands for the heart) and limits the
diastolic-systolic pressure differences.

The physiological function of arteries thus differs along
the arterial tree, which also translates into gradual changes in
their structure and composition along with their size (and the
mechanical load acting on the artery). This difference in
structure and composition is especially visible in themedia as
observed from histological images. The media of large cen-
tral arteries is characterized by an ultrastructure of concentric
elastic lamellae (up to 60e80 in the human ascending aorta),
interdigitated by connective tissue layers that contain
VSMCs. This layered microstructure gradually vanishes in
peripheral vessels as the number of elastic lamellae decreases
while the smooth muscle cell contents increases.4 Arteries
thus undergo a spatial central-to-peripheral transition from
elastic to muscular arteries, in line with their functional
transition of vessels contributing to buffering to conduit
vessels contributing to pressure regulation.

Large artery stiffness and stiffeningda tale of
elastin and collagen

As any organ and tissue in the human body, arteries are not
immune to disease or effects of aging. In this chapter, we do
not consider focal disease as atherosclerosis (that may lead to
stenosis) or pathologies affecting locally the structural integ-
rity of the artery (e.g., aortic aneurysm, aortic dissection), but
rather focus on the consequences of diffuse processes
affecting the overall arterial structure and function, particu-
larly of large elastic arteries, leading to what is known as large
artery stiffening. As a consequence of large artery stiffening,
large arteries gradually lose their windkessel function with a
widening of PP, imposing higher mechanical stress on the
vessels and organs that may result in organ damage in the
heart, kidney, brain, and other organs.7 At the same time,
peripheral arteries (possibly because of their much lower
elastin content) are less susceptible to stiffening, and the
“stiffness gradient” between the central and peripheral arteries
decreases. These processes alter hemodynamics, affect the
magnitude and timing of forward and backward traveling
pressure and flow waves in the circulation, and the

physiological amplification of the pressure pulse from the
heart to the periphery.7,8 All in all, arterial stiffness is
considered as a key biomarker of vascular health, believed to
integrate the accumulated effect of aging and exposure of the
arterial system to insults and mechanochemical stressors, and
has repeatedly been demonstrated to predict cardiovascular
mortality and morbidity above and beyond conventional car-
diovascular risk factors.9e11

To understand the mechanical behavior of arteries, it is
important to understand the role of the matrix proteins
elastin and collagen. The distensibility of young, healthy
arteries at physiological pressures arises first from the
intrinsic distensibility of the vessel’s elastin (having a
Young elasticity modulus that increases with strain up to
values of about 600 kPa12) and from the wavy, undulating
nature of the stiffer collagen fiber families (Young modulus
in the order of 10 MPa12) that helically spiral along the
artery and allow for vessel expansion as intra-arterial
pressure rises. It is then the elastic nature of elastin that
provides resilience and allows for arterial recoil as pressure
decreases. The undulation and dispersion of collagen fibers
ensures that collagen is only progressively recruited with
increasing pressure/stretch levels, ensuring smooth pro-
gressive functional stiffening of the artery at higher pres-
sures (Fig. 7.1B, left panel). The Achilles heel of the artery,
however, is elastin. In contrast to collagendcontinuously
degraded and deposited in a process of mechanobiological
homeostasis13delastin is believed to (a) be only deposited
in the media of the arterial wall during fetal growth and
infancy, without the ability to renew14 and (b) degrade with
a reported half-life of 40e50 years.15 Both have important
consequences for large artery function. With somatic
growth, elastin within the arterial wall becomes progres-
sively stretched, subjecting the elastic arteries to a perma-
nent tensional load in the circumferential and longitudinal
direction (explaining why the arterial wall retracts after
surgical incision). Much like worn out rubber, elastin
degradation in later life in arteries gradually relaxes arterial
prestretch, leading to dilation, elongation, and increased
tortuosity with age.16 In the process, arteries progressively
lose their low-stretch bearing component, shifting load
from elastin to stiffer matrix components (collagen).
Obviously, other constituents can contribute to or modulate
arterial stiffness, including smooth muscle cell stiffness and
tone, fibrosis, cross-linking of elastin and collagen, and
calcification of the media, which interact with each other
and with overarching pathways (such as inflammation and
endothelial dysfunction). We refer to Reference 7 for an
overview. Although stiffness is generally considered a
“passive” property of an artery, smooth muscle tone does
play a significant role in the mechanical behavior of the
arterial wall, whereby the level of smooth muscle cell
contraction seems to modulate the transition point at which
collagen takes over the load bearing from elastin as
demonstrated in pressure-inflation tests on perfused arterial
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segments. This may lead to a perhaps unexpected behavior,
with muscle contraction leading to a functionally more
distensible artery than a vessel under normal tone in the
higher pressure range. Indeed, complete muscle contraction
shifts the elastin-collagen load-bearing transition to higher
pressure levels, implying a more distensible artery as the
contracted muscle becomes the dominant load-bearing
component at lower pressure (Fig. 7.1C, right panel).

Mechanics of arterial tissues:
bioengineering principles and
perspective

In this section, we briefly discuss some bioengineering
principles to characterize the mechanical behavior of ma-
terials and tissues. The main motivation is to sketch the
complexity of arterial biomechanics and confront it with the
prevalent simplistic approach of arterial stiffness charac-
terization in vivo. Rather than formulating equations and
mathematical expressions, we will attempt to illustrate
principles and complexity making use of data that has been
acquired from ex-vivo testing on arterial tissue.

Stress and straindwhat’s in a name?

We all have at least an intuitive notion of the concepts of
stress and strain. Stress, with SI units N/m2 (also called Pa),
is generally defined as force divided by surface (noted here
as s). Strain (noted as ε) is the deformation of material
relative to a reference state and is dimensionless.

In material science, materials are characterized from the
relation between stress and strain, i.e., a constitutive rela-
tion describing the response of the material to a stimulus.
The simplest example is a metal rod with unloaded length
L0 and cross-sectional area A0 subjected to a force F
(Fig. 7.2, panel A) that leads to small deformation
(lengthening) of the rod, say 0.2%, to its new deformed
length L (stretch l ¼ L/L0) and cross-section A. Stress is
then simply calculated as F/A, and strain ε (in this case,
0.2%) is calculated as (L � L0)/L0 ¼ l � 1. The relation
between stress and strain is linear (the material is called
linear elastic or Hookean) and the ratio of stress and strain
is the Young elasticity modulus E (in Pa), such that s ¼ Eε.
If the material is isotropic, i.e., its mechanical properties are
the same in all directions, E fully characterizes the material
(Fig. 7.2B).

FIGURE 7.1 (A) There is a gradual transition in the composition of arteries along the arterial tree. Large elastic arteries, close to the heart, have the
characteristic lamellar structure with layers of elastin interdigitated by layers of collagen and vascular smooth muscle. These arteries contribute to buffer
function. Further away from the heart, arteries lose the elastic lamellar structure and evolve into muscular-type arteries with a decrease in elastin and
increase in smooth muscle contents. (B) pressure-diameter relation of the untreated mouse carotid artery (dark blue) and after removal of elastin (red) or
collagen (green). (C) pressure-diameter relation of the pig carotid under control conditions (dark blue) and after modulation of smooth muscle tone to
maximal contraction (red) and relaxation (green). (A, B) Reconstructed from Gabriela Espinosa M, Catalin Staiculescu M, Kim J, Marin E, Wagenseil JE.
Elastic fibers and large artery mechanics in animal models of development and disease. J Biomech Eng. 2018;140:0208031e02080313; (C) Recon-
structed from Zulliger MA, Kwak NT, Tsapikouni T and Stergiopulos N. Effects of longitudinal stretch on VSM tone and distensibility of muscular conduit
arteries. Am J Physiol Heart Circ Physiol. 2002;283:H2599eH2605 (data at stretch 1.4).

Arterial stiffness: principles and in-vivo measurement Chapter | 7 113



FIGURE 7.2 (A) and (B) concepts from linear elasticity. (A) Definition of stress, strain, and stretch based on simple extension; (B) stress-strain plot for
small deformations (much less than 1%) with the slope yielding the Young elasticity modulus. The area under the stress-strain curve is the elastic energy
stored in the material. (C) in vivo loads acting on an arterial segment and resulting principal strains acting in the radial, circumferential and longitudinal
direction. (D) and (E) concepts from arterial mechanics, characterized by large deformations with nonlinear stress-strain relations and appearance of
hysteresis loops in loading-unloading experiments indicating viscoelasticity (D). The tissue is anisotropic, with much stiffer behavior when a load is
applied along the fiber direction than across the fiber direction (E).
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This simple example with uniaxial loading of an isotropic
linear elastic material undergoing small deformations is,
however, of little relevance when studying arterial me-
chanics, and the concepts of stress and strain become
much more complex and ambiguous.

Stresses acting on the arterial wall

Let us approximate an arterial segment in the circulation as
a cylinder with radius R and wall thickness h. The blood
pressure, P, will induce stresses that, for a thin-walled
cylinder (h/R < 0.1), are given by Laplace law yielding
PR/h (tensile) in the circumferential and -P/2 (compressive)
in the radial direction. In the arterial tree, however, the
cylinder is not isolated and axial stresses of unknown
magnitude will act on the segment due to axial prestretch
(that can be as high as 1.6 or higher), effects of tethering,
anchoring, or other factors (e.g., cardiac motion). Arterial
pulsations induce diameter changes in the order of 10%, but
these are superimposed on the much larger deformation that
already exists at the diastolic blood pressure level. As such,
to understand the effective stress and strain levels that the
artery is subjected to, one should first consider the segment
in its unloaded configuration (depressurized and discon-
nected from its surroundings). The stresses that are needed
to deform the unloaded segment to its diastolic in vivo
configuration are called the initial stresses. Assessing these
initial stresses involves solving a complex inverse problem.
Note that the unloaded arterial segment will generally not
be totally stress-free: arterial remodeling will lead to the
development of residual stresses that are evidenced when
further cutting up the arterial segment in ring segments,
cutting these ring segments that will typically open up to a
certain angle.

The above demonstrates that (i) arterial tissue is simul-
taneously loaded in multiple directions; (ii) deformations are
very large and approximations based on small deformation
theory should be used with caution; (iii) initial stresses
are present on which the diastolic-to-systolic loading is
superimposed.

Arteries consist of anisotropic, viscoelastic,
nonlinear tissue

Arterial biomechanics is further complicated by the compo-
sition of the artery, directing its mechanical behavior. The
concentric layering of large elastic arteries and especially
the specific orientation of different collagen fiber families
render arterial tissue anisotropic, meaning that its behavior
will depend on the loading direction. Also, loading the
tissue in one direction will interfere with its behavior in
another direction and induce a complex stress field with
principal stresses in the circumferential, axial, and radial
direction (Fig. 7.2C). The undulation, dispersion, and

progressive recruitment of collagen fibers as the artery is
stretched will lead to a nonlinear relationship between
stress and strain. Arteries will also exhibit some degree of
viscoelasticity, which manifests itself in hysteresis (en-
ergy losses due to internal friction) in stress-strain plots of
cyclic loading experiments (Fig. 7.2D),17 but its effects on
arterial hemodynamics are relatively small.18 For ex vivo
testing of arterial segments or tissue specimens to be
relevant and insightful, it is important that experiments are
conducted in line with the loading as experienced by the
vessel in vivo. In particular, data from pressure-inflation
tests on prestretched segments and multiaxial testing on
tissue specimens have been instrumental for the arterial
biomechanics community (Fig. 7.2E).

A glimpse on strain energy functions

It is clear that the complex behavior of arterial tissue cannot
be described by the linear elasticity theory with the Young
modulus as single material parameter. One has to rely on
large deformation theory of nonlinear materials, simulta-
neously considering stress, strain, and stretch and their re-
lations in all directions in a three-dimensional (3D) setting
making use of tensor notations for stress and strain. It is
also important to realize that different definitions for strain
and stress exist, and that caution is warranted when inter-
preting stress-strain data (one can, however, always convert
one into the other). The reader is referred to specialized
literature on the topic for more details.19e21 In (computa-
tional) soft tissue biomechanics, it is most common to ex-
press deformation using the GreeneLagrange strain tensor,
E, and stress by the so-called second Piola Kirchhoff stress
tensor, S (with E and S being 3 � 3 tensors with nine
components).

What is still missing is a constitutive relation that relates
S to E, thus describing the material behavior. In soft tissue
biomechanics, that relation is typically expressed making
use of a so-called “strain energy density” function J, such
that S ¼ vJ

vE . The functionJ yields a positive scalar value,
representing the energy stored in the material for a given
deformation status, and with value 0 in the undeformed
state. As the material deforms, energy is stored (or,
conversely, it requires a certain amount of energy to deform
the material). Applying the concept to the example of the
linear elastic rod loaded along its axis,J ¼ 1

2Eε
2such that

s ¼ vJ
vε

¼ Eε. J represents the area under the stress-
strain curve (Fig. 7.2B).

In arterial biomechanics, strain energy functions as the
Holzapfel-Gasser-Ogden model (called after the researchers
proposing the model) are probably most widely used,
describing the anisotropic nonlinear behavior of arterial
tissues, accounting for fiber orientation. Models are
phenomenological in the sense that material constants are
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derived after fitting the model to experimental data. As
denoted in Chapter 9, it is essential that experimental data
are acquired under conditions that are representative for the
in-vivo loading.

Mechanics of arterial tissues: clinical/
in vivo perspective

In the previous sections, we highlighted the complex ar-
chitecture and microstructure of arterial tissue. Structural
and mechanical properties of individual matrix constituents
and smooth muscle cells, their 3D organization, inter-
connectivity, and smooth muscle tone drive the functional
behavior of the artery. Ex-vivo experimentation on arteries
have demonstrated nonlinear, nonisotropic properties
(mainly induced by the orientation and distribution of
collagen fiber families), with stress-strain relations that
highly depend on the loading direction. Given the spatial
variation of the size and composition of arteries throughout
the arterial tree, and the permanent pathophysiological
mechanobiological processes of matrix degradation and
synthesis leading to arterial growth and remodeling, arterial
properties vary from one location to another and are not
constant in time. The mathematical formulation of the
mechanical behavior of such materials is nontrivial and still
mainly restricted to a phenomenological approach where
the parameters of constitutive lawsdunder the form of
strain energy functionsdare determined by fitting data
from experiments to these models.

To date, however, this biomechanical approach has been
of little direct diagnostic or prognostic value to the clinical
community. Conversely, the clinical communitydbesides
being the provider of tissue samplesdhas been of relatively
limited value to the biomechanical community (at least to
those members of the community performing fundamental
biomechanical research). This is regretful, as recent work in
mouse models of arterial agingdwith availability of in-vivo
and ex-vivo testingdhas demonstrated that concepts arising
from a fundamental biomechanics approach can lead to
important insights in the pathophysiology of arteries. In
particular, stored elastic energy seems to be a sensitive
biomarker of microstructural damage as demonstrated in
fibulin-5 deficient mice. Advanced computational models
also pinpoint an important role of perivascular tethering in
arterial biomechanics.22

The fundamental problem that is faced when applying
some of the more advanced biomechanical concepts in vivo
is that the data that can be acquired in vivo are simply
insufficient to reliably determine the parameters needed to
feed into constitutive relations. Limiting factors are not so
much imaging or measuring limitations, but rather the
confined loading of the in vivo vessel. Indeed, the artery at
interest is subjected to a given (unknown) level of axial

prestretch, and deforms mainly in the radial direction under
the pulsatile loading of blood pressure, varying between
diastolic and systolic blood pressure. Typical datasets such
as pressure-diameter relations over the in vivo pressure
range are simply insufficient to reliably fit the multiple
parameters of constitutive models without making stringent
assumptions on the in situ configuration23 and factors such
as perivascular tissue and tethering and presence of un-
known residual stresses that will have an effect on model
fitting and the parameter values obtained.24

The clinical perspective on arterial stiffness, therefore,
rather focusses on quantifying arterial function and
assessing functional indicesdbiomarkersdthat are,
ideally, easy to measure with an acceptable accuracy and
sensitivity that allows to discern pathology from normal
physiology and carry prognostic information beyond stan-
dard clinical data (such as age, blood pressure, plasma
lipids, etc). The remaining part of this chapter will focus on
the in-vivo measurement of such functional indices. We
will first cover locally measured functional indices that
come closest to the biomechanical perspectivedyet most
often making abstraction of the continuum mechanics
complexity. We will next discuss PWV as an elegant way
to regionally phenotype arterial stiffness indices and
conclude with methods that aim to quantify the buffering
capacity of the entire arterial tree (or arterial territories)
through measurement of (total) arterial compliance.

Local functional indices from pressure-area
data: compliance and distensibility

As previously described, there is a nonlinear relation be-
tween intra-arterial pressure and lumen cross-sectional area
(or diameter), which becomes particularly visible when
testing arterial segments over a wide pressure range. This is
best illustrated using seminal work done by Langewouters
et al., who performed pressure-inflation tests on human
excised, perfused thoracic, and abdominal aortic seg-
ments.25 Testing over a 0e200 mmHg pressure range, they
observed a typical nonlinear pressure (P)-area (A) relation
that they analytically described using an arc-tangent rela-
tion as illustrated in the top panel of Fig. 7.3. We can now
use this data-based analytical expression to study well-
known functional indices as (area) compliance and
distensibility.

(Area) compliance and distensibility

Area compliance, CA, is defined as the ratio of the change
in area, vA, in response to the change in pressure vP, CA (in
m2/Pa in SI units) is the local slope of the pressure-area
curve. Using the arc-tangent relation, CA is equally a
function of pressure as illustrated in the second panel of
Fig. 7.3. Normalizing CA to cross-sectional are yields the
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distensibility, DA (in Pa�1), defined as vA/A/vP. It is the
ratio of the relative change in cross-sectional area (vA/A)
and change in pressure vP and is obtained as CA(P)/A(P).

Clearly, compliance is pressure-dependent and reaches its
maximal value for infraphysiological pressures (at P0).
Within the physiological pressure range of 80e120 mmHg,

FIGURE 7.3 The top panel displays a pressure-area plot that is analytically described by an arc-tangent relation. Am, P0, and P1 are obtained via curve-
fitting on experimental data of the thoracic aorta of a 39-year old (Am ¼ 6.4 cm2, P0 ¼ 41.3, and P1 ¼ 36.8 mmHg)17. Am is the maximal cross-section at
high pressures, P0 the pressure corresponding to the inflection point of A(P) where the vessel reaches its maximal compliance, and P1 is a measure for the
steepness of the pressure-area relation. The pressure-area relation forms the basis for the computation of compliance and distensibility, which can be
converted into pulse wave velocity using the BramwelleHill equation26.
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CA is reduced by 62% when pressure increases from 80 to
120 mmHg, a phenomenon known as pressure-dependent
stiffening. As CA, distensibility is maximal at infraphysio-
logical pressures, but not at the same pressure as CA.
Distensibility is reduced by 67% when pressure increases
from 80 to 120 mmHg.

Compliance coefficient and distensibility
coefficient

It is not uncommon in clinical studies to discard the
pressure dependency of CA and distensibility, and to
calculate the compliance coefficient (CC) and distensi-
bility coefficient (DC) from diastolic and systolic values
differences in cross-sectional area (DA) and pressure
(DP) as

CC ¼ DA

DP
z

pDDD

2DP
; DC ¼ DA=A

DP
z

2DD
DDP

Cross-sectional area (change) is obviously easily
derived from diameter (D) measurements and assuming
circularity of the cross-sectional area. This approach im-
plies a linearization of the pressure-area relation between
diastolic and systolic pressure, with CC the slope of this
line yielding a value in between the diastolic and systolic
value (Fig. 7.3).

CA and DA (or CC and DC) quantify the functional
mechanical properties of the blood vessel. They depend
not only on intrinsic wall tissue properties but also on wall
thickness and vessel dimensions (especially CA). Indices
are best calculated using local blood pressure, which may
differ substantially from brachial cuff values due to pulse
amplification as the pulse travels from the heart to the
periphery.27 Arterial area and diameter can be obtained
using ultrasound for superficial vessels (typically the ca-
rotid and femoral arteries); magnetic resonance imaging
(MRI) can in principle provide such data all along the
systemic and pulmonary vasculature, but the spatial res-
olution sets limits in practice to the larger vessels where
changes in area can still be measured with reasonable
accuracy. Obviously, pulmonary artery pressure cannot be
obtained in a noninvasive way. Of note is that in ultrasound,
some algorithms (especially wall tracking algorithms)
may measure the diameter using the media-to-adventitia
transitions rather than lumen diameter. As this yields
smaller DD and larger D, DC will be somewhat
underestimated.28

Stiffness moduli

Although the bioengineering perspective provides many
arguments against doing so, the linear elasticity theory
(assuming infinitesimal changes in diameter) applied to a
pressurized thin-walled (with thickness h) cylinder does

provide a Young elasticity modulus (E, SI units Pa)
given as

E ¼ DP

DD
D2 ð1� n2Þ

2h

with DD the diameter variation corresponding the pressure
variation DP, h wall thickness, and n the Poisson ratio of
the wall material (0.5 for biological tissue).29

A better approach, given the high nonlinearity of the
vessel wall and the large deformations, is to use the “in-
cremental” elasticity modulus Einc, derived from stepwise
variations of pressure (and diameter).29 Assuming no
external pressure, Einc is given by:

Einc ¼ DP

DDo=Do

2D2
i ð1� y2Þ
D2

o � D2
i

with indices o and i for outer and inner wall, respectively.
Einc increases with intraluminal pressure; for a blood pres-
sures of 100 mmHg, it is about 400 kPa for the aorta, while
reaching 2000 kPa or more for peripheral arteries.29

Lastly, it is worth mentioning the sometimes reported
Peterson incremental elasticity modulus EP, which does
not require knowledge of arterial wall thickness. It is
defined as30:

EP ¼ DP

DDo=Do

The reader should, anyhow, be aware that none of the
above indices should be seen as constitutive material pa-
rameters describing the intrinsic nonlinear mechanical
properties of an artery. At best, they provide a single
number quantification of the functional stiffness of the ar-
tery in the circumferential direction. The reader is referred
to Chapter 9 for further advanced reading on this topic.

Shear wave elastographydan in-vivo
bioengineering perspective?

Shear wave elastography for soft tissue characterization is
receiving a lot of attention in the ultrasound community31

and may provide a clinically feasible way to effectively
apply bioengineering principles in vivo. The working
principle is that (i) small amplitude mechanical perturba-
tions are induced locally within the tissue (typically micro-
meter displacements generated using mechanical energy
from the focused ultrasound beam), and (ii) the propagation
of the generated shear waves is tracked. As the shear wave
speed is proportional to the stiffness of the tissue, shear wave
elastography is potentially a direct stiffness measuring
technique. Initially mainly used for liver fibrosis staging or
breast tumor characterization, shear wave elastography is
now fully being explored for the quantification of stiffness of
the heart and arteries.32 Methods are still under investigation,
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and the complex anisotropic and layered nature of the thin-
walled tissues pose extra challenges, but initial results are
highly promising.33 In addition, given that shear waves can
be tracked in 3D and propagation characteristics are sen-
sitive to the tissues microstructure and anisotropy, shear
wave elastography may provide in vivo assessment of
arterial anisotropy.34 Applications would be mainly
directed toward the superficial carotid artery (whose prop-
erties may not always change in tandem with those of the
aortic wall). Clearly, this technique is under development
and any clinical and prognostic value remains to be
established.

From local pressure-diameter to pulse
wave velocity

Local stiffness measurements have the merit of phenotyp-
ing functional properties at a specific arterial site, but
measurements and postprocessingdone has to combine
pressure and diameter/area datadmay be tedious and local
properties not necessarily reflect the overall vascular health
of a person. Above methods are therefore less frequently
applied in clinical research whereby more global markers of
vascular health may be more relevant. In the vast majority
of these studies, PWV will be used as biomarker of arterial
stiffness.

PWV is the speed at which the arterial pulse travels
through the arterial tree, leading to easily observed time
delays when the pulse is measured at two distinct locations
(try, for instance, simultaneous palpation of the carotid and
radial artery). The theoretical grounds that relate PWV to
the stiffness of the distensible tube that the pulse travels in
were established by Moens in 187735 and Korteweg in
187836 leading to the MoenseKorteweg equation PWV ¼ffiffiffiffiffi

Eh
rD

q
with E the Young elasticity modulus, h wall thickness,

r the density of the liquid inside the tube, and D the tube
diameter. It were Bramwell and Hill in 1922, who refor-
mulated this equation avoiding the necessity to measure E,

h, and D into PWV ¼
ffiffiffiffiffiffiffiffi
V
r

vP
vV

q
with V the volume within a

tube segment of a given length.37 Assuming a fixed length,

one finds PWV ¼
ffiffiffiffiffiffiffiffi
A
r

vP
vA

q
with vA the change in lumen area

in response to a change in pressure vP. With vA
AvP repre-

senting the distensibility (DA) of the tube, PWV ¼
ffiffiffiffiffiffi
1

rDA

q
.

High vessel stiffness (lower DA) thus translates into a higher
PWV. Note that, as the relation between pressure and area is
nonlinear (as is the case in arteries), PWV will equally
depend on operating pressure. As such, when using the foot
of the wave as the fiducial point to assess transit time, one
obtains PWV at diastolic pressure. The interrelations be-
tween the pressure-area diagram, distensibility, and PWV
are illustrated in Fig. 7.3. It is important to realize that the

theoretical MoenseKorteweg and BramwelleHill relations
hold for a uniform elastic tube, free of reflections (presumed
infinitely long), which are conditions that not met in vivo,
with arterial size and properties permanently changing
across the arterial tree and with pressure and flow waves
shaped by transmission and reflection. As such, despite
generally considered the clinical gold standard to assess
arterial stiffness, PWV may not be the most sensitive
biomarker to detect changes in arterial wall material stiff-
ness, as shown by modeling studies.38

Measuring (aortic) pulse wave velocity
in vivo

Transit-time methods

In clinical practice, PWV is most commonly calculated as
PWV ¼ DL/DT, with DL the distance between two
measuring sites, and DT the time it takes for the arterial
pulse to travel from the proximal to the distal measuring
site42 (Fig. 7.4). With “pulse,” we refer to measurable
physiological signals that all propagate as a wave along the
arterial tree at the same PWV such as pressure, flow or
velocity waves, and arterial distension. With the aorta the
largest elastic artery in the body, contributing to over 60%
of the arterial buffer capacity,43 most methods aim to
measure aortic PWV which is ideally based on measure-
ment locations within the aorta itself. The absolute refer-
ence is PWV from invasive pressure catheter recordings,
but it is clear that such protocols are typically confined to
technical validation studies (see e.g., Reference 44). More
feasible, though probably not for large scale studies, is MRI
which provides the 3D aorta and path length from
anatomical imaging, while transit times can be assessed
from flow measurements in specific cross-sections using
phase contrast sequences.45 Keep in mind, however, the
temporal resolution of MRI which may not be sufficient to
resolve transit times of a few tens of milliseconds, partic-
ularly when assessing regional PWV over shorter segments
as the aortic arch.46 Besides MRI, also two-dimensional
ultrasound holds promise as a widely available technique
to assess thoracic aortic PWV (from the aortic root to the
diaphragmatic hiatus).7

To date, the closest proxy for aortic PWV is carotid-
femoral PWV, with transit times assessed from “fiducial
points” that are identified on signals measured at the carotid
and femoral arteries.42 These sites provide superficial arteries,
still relatively close to the aorta, and accessible to measure
pressure (applanation tonometry), flow velocity (ultrasound),
arterial distension (ultrasound), or even skin-measured
acceleration or vibrations (Fig. 7.4). These measuring
techniques are embedded in commercially available sys-
tems such as Complior,47 Sphygmocor,48 Pulsepen,49 and
others, as well as custom-built data acquisition systems (as
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FIGURE 7.4 Left: illustration of the concept of carotid-femoral pulse wave velocity. The transit-time time (DT) of the pulse from the carotid to femoral
is measured, together with an estimated travel path length L. The ratio of L and DT yields PWV. Right: illustration of the various loop-based methods that
have been proposed to estimate local pulse wave velocity. The PU-loop method was first introduced by Khir et al.,39 who reformulated the method to the
ln(D)U method to avoid the use of pressure.40 The QA method was introduced by Rabben et al.41 The absolute reference and gold standard, however, is to
use the pressure-area relation from which one can get PWV as a function of pressure as illustrated in Fig. 7.3. Methods have been shown susceptible to
wave reflection (see text).
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used in the Framingham11 and Asklepios50 population
studies). Measurements are best performed simulta-
neously, but ECG-gated sequential measurements are
common practice.51 The availability of a large reference
value database acquired from data across Europe52 and
studies demonstrating its prognostic power10,53 have
given carotid-femoral PWV a reference status of reference
for clinical studies in Europe and the United States. The
biomarker has, however, some important drawbacks as
phenotype of large artery stiffness as the method bypasses
the ascending aorta and part of the aortic arch, discarding
the properties of the aortic section that contributes most its
buffering function. Besides the difficulty in assessing the
carotid-femoral pathlength (the current consensus being to
simply calculate PWV using 0.8 times the distance be-
tween the carotid and femoral measuring site), there is
ambiguity in its definition since the pulse does not directly
travel along a single path from the carotid to the femoral
measuring site. Also, computer modeling studies have
shown that carotid-femoral PWV strongly correlates with,
but differs substantially from theoretical PWV values
derived from the BramwelleHill equation due to non-
linearities in arterial elasticity and the nonhomogeneity of
the arterial tree.54

Several other devices have been developed over the past
decades (see Reference 55 for a recent review), recording
signals at more peripheral locations using cuffs at the
brachial, ankle, and thigh or photoplethysmograph devices
on the finger and toe.56 As can be expected and confirmed by
an invasive validation study, the further measuring sites
move away from the aorta, the lesser the correlation and
agreement with invasively measured aortic PWV.44 None-
theless, brachial-ankle PWV is frequently used in Asia, with
large studies demonstrating the prognostic ability of this
metric to assess cardiovascular risk.57 The very large dis-
tance of the measuring sites to the aorta leads to an unin-
terpretable ambiguity in the path traveled by the wave along
elastic and muscular arteries, making it virtually impossible
to reconcile how derived values effectively relate to aortic
PWV.58 It may be more sensible to aim for heart-femoral
PWV, detecting the time delay between closure of the
aortic valve (detectable via a microphone) and arrival of the
pressure wave picked up by a femoral cuff.

An index closely related to PWV is CAVI, the cardio-
ankle vascular index. CAVI assumes a nonlinear (expo-
nential) pressure-diameter relation59 and provides a
pressure-independent stiffness metric (after correcting the
original formulation).60 However, the arterial path used for
the underlying measurement of PWV will largely impact its
physiological meaning and interpretation.

As extensively discussed in a recent review,58 we
discourage the use of devices estimating PWV from a
single brachial cuff pressure recording. It is physically
impossible to measure PWV from only a pressure tracing at

one single measuring site, and devices only provide some
estimate that may or may not be based on legitimate un-
derlying models, and involve algorithms trained on datasets
to ensure that plausible PWV values are provided by the
device.

Loop-based methods to measure local pulse
wave velocity

An appealing class of methods to assess arterial stiffness
are the so-called loop-based methods that exist in several
formulations, depending on the combined signals (Fig. 7.4).
All methods rely on the (reformulated) water hammer
equations that state thatdin a uniform elastic tube and in
absence of wave reflectionsdchanges in pressure (dP) and
flow velocity (dU) relate as61 dP� ¼ �rPWVdU� with
the � sign indicating the direction of propagation of the
wave, r the density of the liquid inside the tube (about
1050 kg/m3 for blood), and PWV the local PWV. To
illustrate: for an arterial segment with a PWV of 5 m/s, a
step increase in flow velocity of 1 m/s would give rise to a
step increase in pressure of 5250 Pa (36.4 mmHg).

Khir et al. demonstrated that, when plotting simulta-
neously measured and properly time-aligned in-vivo pres-
sure as a function of flow velocity, a loop is obtained that
will typically display a linear segment that corresponds in
time with the first few tens of milliseconds in early systole.39

As also discussed in Chapters 3 and 17, when describing a
time-domain method to estimate characteristic impedance, it
seems plausible that wave reflection is minimal during that
particular window in time, which would fulfill the conditions
of the water hammer equation. In other words, the slope of
the linear segment of the PU-loop in early systole equals
rPWV from which PWV is directly calculated. Reformula-
tions of the method have led to more easily noninvasively
applicable methods such as the flow-area method (QA
method41) and the ln(D)U method, D being diameter.40

Especially the QA-loop method is alluring as both variables
are fairly easily measured with MRI and can also be applied
to the pulmonary artery.62

The presence of a linear segment in the PU-loop (or QA
or ln(D)U loops), however, does not guarantee absence of
reflections, and these most appealing methods have proven
to be susceptible to error induced by wave reflections.63

This has been demonstrated in hydraulic bench set-ups,64

in silico65,66 and in vivo.66 The impact of reflections on the
accuracy of the method is variable and differs from one
location to the other.65,67 In the vicinity of a reflection of
the closed type as in the carotid artery, the PU loop tends to
overestimate effective PWV, while the QA and ln(D)U
method tend to underestimate. The opposite happens in the
vicinity of open-type reflections.65,67 Attempts to correct
for the error have been undertaken, but without real
applicable success to date.
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Pulse wave imaging

An interesting ultrasound technique that holds the middle
between a transit time and a local PWV measurement is
pulse wave imaging. The use of unfocused plane waves
enables measurements with a temporal resolution of several
kHz that are thus fast enough to monitor the propagation of
a pulse within the artery over the width of the imaging
window.68 Pulse wave imaging visualizes the propagating
wave front using spatiotemporal plots of wall displacement,
velocity, or acceleration indeed, with PWV given by the
slope of the propagating wave front.69 The technique,
applicable to superficial vessels as the carotid artery, cap-
tures PWV throughout time, and it is possible to track the
wave front in early systole (PWV at diastolic pressure) as
well as the wave front arising from aortic valve closure (at
the dicrotic notch pressure).33

Total arterial compliance

As explained before, the “windkessel” function refers to the
ability of the arterial tree to partly buffer SV in systole,
keeping pressure pulsations within physiological limits
preventing excessive systolic pressures as well as a steep
pressure decline in diastole, preserving perfusion pressure.
That overall function is best quantified by the total arterial
compliance (C). C, defined as dV/dP with V intra-arterial
volume and P pressure, is expressed in m3/Pa in SI units
(or in mL/mmHg). A simple estimate of total arterial
compliance is the ratio of SV and PP.70,71 SV/PP could be
thought of as the total arterial compliance if the complete
SV were buffered in the large elastic arteries in systole,
without any peripheral outflow (and discarding, among
others, wave reflection and viscoelastic effects). As there is
a continuous run-off of blood, the volume increase during
ejection is only a fraction of SV and SV/PP should over-
estimate true compliance.72,73 The reader is referred to
Chapter 3 (Essential Principles of Pulsatile Pressure-flow
relations in the arterial tree) for windkessel modelebased
methods to estimate total arterial compliance.

Total arterial compliance versus arterial
stiffness and pulse wave velocity

Despite the physiological significance of total arterial
compliance, it is only seldomly used in clinical research.
Besides the necessity to measure pressure and flow (SV), an
important drawback of compliance is that it depends on
stroke volume and pressure. While pressure can be assumed
to be intrinsically independent of body height, SV clearly is
not. This necessitates normalization, implies different
values for men and women, and complicates comparison
between groups. In addition, arterial aging encompasses
changes in arterial stiffness and aortic enlargement, which

may compensate and lead to little changes in volume
compliance, making it a rather insensitive biomarker to
follow up on arterial changes. This stands in contrast with
most (not all) aforementioned metrics of local stiffness and
PWV which are insensitive to body size in humans and
have similar values in mammals. This also facilitates
translational research, with a straightforward adoption and
translation of findings in animal models to the human
setting.

Total arterial compliance versus effective
arterial elastance

Effective arterial elastance (EA), defined as the ratio of SV
and end-systolic pressure, is a parameter frequently used in
studies on ventriculo-arterial coupling. It is, however, oc-
casionally reported as a measure of arterial stiffness. We
have shown theoretically74 and in vivo75 that EA is simply a
function of systemic vascular resistance and heart rate and
is negligibly influenced by (and insensitive to) changes in
pulsatile afterload in humans. It should therefore not be
used to quantify arterial stiffness or compliance.

Concluding remarks

Arterial stiffness (or rather the inverse, arterial distensi-
bility) is a key physiological property of the organism
which is, unfortunately, not easily quantified in a simple,
tangible metric. The complex composite nature of the
arterial wall yields a soft tissue with highly nonlinear
anisotropic and viscoelastic properties that are site-
dependent and further modulated by arterial tone and ad-
aptations driven by mechanobiological interactions. It is
therefore almost surprising that crude in vivo functional
measurements as carotid-femoral PWV (and alternatives)
have been proven such strong prognostic biomarkers. The
urge for quick and easy assessment of stiffness (PWV) in
larger (general) populations has stimulated the development
of devicesdsome more trustworthy than othersdthough
without really advancing the field or facilitating standard-
ization. In the research setting, the further exploration of
MRI for aortic assessment, and developments in ultrasound
imaging may open up new, reliable methods for targeted
functional phenotyping of the proximal aorta and large
central arteries and material characterization using elas-
tography. The further integration of imaging, advanced
computational biomechanics, and most likely artificial in-
telligence, will, no doubt, further unravel the complex
biomechanical axial-circumferential interactions in ar-
teries and how these evolve in an aging aorta that dilates
and elongates while being exposed to mechanical and
biological/metabolic insults. At a macroscale, such studies
should include the interaction of the aorta with its
surroundingsdthe heart at its inlet, and its anchoring and

122 Textbook of Arterial Stiffness and Pulsatile Hemodynamics in Health and Disease



tethering. At the microscale, they should increase our
understanding of mechanobiological interplay and the
interaction of cells within the arterial wall and the extra-
cellular matrix that it maintains and synthesizes. Ulti-
mately, these insights should lead to novel methods for an
easy assessment of vascular health in the general public,
and to therapies for an optimal preservation of vascular
health within an individual’s lifetime.
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Ambulatory 24-h measurement of
brachial blood pressure and heart rate

Although office blood pressure (BP), admittedly through its
time-honored wealth of outcome data, particularly related
to drug treatment of hypertension, is still the basis of the
management of high BP,1,2 out-of-office measurement of
BP (24 h ambulatory BP monitoringd24 h ABPM and
home BP monitoring) is increasingly recognized and rec-
ommended in current guidelines.1,2 Compared to office BP,
24 h ABPM has numerous advantages,3 including but not
limited to the following: 24 h ABPM provides a much
larger number of readings for a better assessment of an
individual’s BP level, with reproducible average 24 h,
daytime and nighttime values, identifies white coat and
masked phenomena in untreated anddless reproducibled
in treated individuals,4 provides a BP profile in the in-
dividual’s usual daily environment, demonstrates nocturnal
hypertension and dipping patterns, assesses BP variability
over 24 h, and assesses the efficacy of antihypertensive
drugs over 24 h. These benefits translate into a superior
prognostic value of 24 h ABPM, as compared to office BP,
as studies, beginning in the 1960s5 and up to the present,6

have repeatedly shown. Recently, an analysis of the Inter-
national Database on Ambulatory Blood Pressure in Rela-
tion to Cardiovascular Outcome (IDACO), including 13
population studies in Europe, Asia, and South America and
11,135 participants,6 provided compelling evidence that
24 h ABPM provides additive prognostic information to
office BP, corroborating previous findings.7 Accordingly,
24 h ABPM is recommended in the most recent versions of
Guidelines on the Management of Hypertension globally,

for instance, in Europe,1 in the US,2 and Japan.8 Within this
context, nocturnal BP and the daytime/nighttime ratio
(“dipping”) seems to be particularly important.3,6,9 During
healthy nocturnal sleep, a marked shift in autonomic bal-
ance occurs, with an increase in parasympathetic activity
and a reduction in sympathetic cardiac/cardiovascular
modulation, giving rise to a decrease in BP and heart rate
by 10%e20% compared with daytime average.3,10

Although regularly assessed during 24 h ABPM, 24 h
heart rate and daytime/nighttime ratio of heart rate have
been investigated less often than BP. In an analysis from
the IDACO registry,11 24 h and nighttime heart rate as well
as night/day ratio of heart rate independently predicted all-
cause mortality. The results regarding the prognostic rele-
vance of heart rate “dipping” were confirmed in the Spanish
ABPM registry on data from 56,901 patients.12 Interest-
ingly, in most studies investigating the prognostic role of
24 h ABPM, heart rate was not taken into consideration in
the statistical models.6,13,14

Pulsatile and steady state
hemodynamics

Due to the nature of the pump in the human circulation (the
heart), pressure and flow in the arterial circulation are
pulsatile, rather than steady. During the first decades of BP
research, the focus was mean arterial pressure (MAP) and
diastolic BP (DBP), with the very first successful trial in
patients with high DBP (averaging 115e129 mm Hg)
published in 1967.15 At that time, hemodynamic phenom-
ena were often simplified (ignoring atrial pressure) as
“cardiac output ¼ MAP/systemic vascular resistance
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(SVR),” assuming a steady-state circulation. This approach
is not only widely used in clinical medicine but also has a
long track record in hypertension research,16 up to recent
years.17

However, for a more comprehensive view, one has to
take the pulsatile phenomena, arising from the pulsatile
pump and its interaction with the arterial system, into ac-
count. The simplest measurement is brachial pulse pres-
sure (bPP), the difference between brachial systolic (SBP)
and DBP. bPP is convenient and available with every
single BP measurement, but only a crude measurement of
pulsatile hemodynamics. Brachial PP increases with age
and with stiffening of the aorta and the large arteries, and
with increasing wave reflections.18 Brachial PP is more
closely related to cardiovascular risk in middle-aged and
elderly individuals than other BP components,19 and can be
used in the diagnostic workup of patients with unexplained
exertional dyspnea.20 Brachial PP > 60 mm Hg indicates
asymptomatic hypertension-mediated organ damage in
older people, according to the 2018 European Society of
Hypertension (ESH)/European Society of Cardiology
(ESC) guidelines for the management of arterial hyperten-
sion.1 However, bPP has several limitations: it depends not
only on arterial (PP increases with increased arterial stiff-
ness/wave reflections) but also on cardiac function (PP
decreases with severely impaired systolic function),21

which leads to an inverse relationship (i.e., a lower PP is
associated with a worse prognosis) with outcomes in pa-
tients with severely impaired systolic function22; PP
measured at the brachial artery does not exactly reflect PP
at the ascending aorta (aortic ¼ central PPdcPP), with
bPP being higher (“amplified”) than aoPP in most people.
The pulse pressure amplification (PPA),23 expressed as a
difference or ratio between aoPP and bPP, depends among
other factors on aortic stiffness, cardiac function, heart rate,
and arterial geometry, as discussed below.

More sophisticated measurements of pulsatile hemo-
dynamics beyond brachial and central pressures (cSBP,
cPP) have become available, e.g., estimates of forward and
reflected waves, and measures of arterial stiffness. A wide
array of more complex models of the circulation are dis-
cussed in depth in other chapters of this book and else-
where,24 but below we focus on measurements available
from current 24 h ABPM techniques.

The classical theory of pulsatile hemodynamics, i.e., the
Windkessel model, fails to take into consideration the
concept of pressure wave reflections, which is essential for
the understanding of the peripheral circulation. Indeed,
whereas cSBP and cPP are lower than their brachial
counterparts (by anywhere up to 30þ mm Hg),25 MAP and
DBP decrease by only 1e2 mm Hg from the aorta to pe-
ripheral arteries.24 As a consequence, cSBP and cPP
aredcompared to bSBP and bPPdmore relevant to vital
organs like the heart, brain, and kidney, and have been

closer associated with cardiovascular outcomes in
some,26,27 but not all studies.28,29 These are direct conse-
quences of the fact that pressure and flow waves, which are
generated with each heartbeat and propagate toward pe-
ripheral sites, are also reflected backwards (toward the
heart) for a combination of reasons (impedance mismatch,
stiffness gradient, presence of bifurcations, abrupt diameter
gradient in arterioles). Reflected waves merge with the
antegrade waves at various phases during the cardiac cy-
cle,24 with pressure waves adding to the antegrade wave,
and flow waves subtracting from the incident wave.24 With
aging, waves travel faster due to an increase in arterial
stiffness. With vasoconstriction, the amplitude of the re-
flected pressure waves increases. As a net result of both of
these processes, cardiac load and oxygen consumption is
increased, resulting in an imbalance toward myocardial
ischemia and an impairment of (mainly diastolic) left
ventricular function.30

Wave reflection can be quantified from pressure wave-
forms (pulse waveform analysisdPWA), or from simulta-
neous analysis of pressure and flow waves (wave separation
analysisdWSA)dFig. 8.1. The technique of PWA is
based on the mathematical identification of an inflection
point on the pressure waveform, which is thought to
represent the beginning of the arrival of reflected waves at
the ascending aorta.24 The pressure rise from the inflection
point to the systolic peak of the pressure curve is named
“Pressure AugmentationdAP,” and the ratio AP/cPP is
named “Augmentation IndexdAIx.” Thus, AP and AIx are
thought to reflect and quantify the influence of wave
reflection on the central aortic waveform. Using WSA, the
amplitudes of the forward wave (Pf; the pressure wave
generated by the heart) and the backward wave (Pb; the
reflected pressure wave) can be derived, as well as their
ratio (Reflection Magnitude RM; Pb/Pf).

Arterial stiffness (particularly aortic stiffness) can be
measured in vivo because the speed of propagation of pulse
waves (pressure or flow or distension) in an artery is
directly related to the mechanical properties of the vessel
(the stiffer the vessel, the higher the velocity).31 Therefore,
when the time delay between the arrival of a pulse wave at
two locations (commonly the carotid artery and the femoral
artery), and the distance between both locations are
measured, pulse wave velocity (PWV) as the most robust
measure of arterial stiffness31 can easily be calculated. As
the effects of the aging process (i.e., loss of elasticity,
increased stiffening) are most pronounced in the human
aorta as opposed to the muscular arteries,32 the aortic
pathway should be included in the measurement. In addi-
tion, the prognostic value is largely limited to pathways
including the aorta,33 such as carotid-femoral PWV
(cfPWV). cfPWV is a strong independent predictor of
cardiovascular events in different groups of high and low-
risk patients and in the general population.34 Obviously,
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24 h ambulatory measurement of cfPWV is not feasible.
Technical35,36 and mathematical37 solutions to provide es-
timates of aortic PWV, based on brachial cuff recordings,
have been developed. Although smaller preliminary studies
in patients with chronic kidney disease, showing a rela-
tionship with cardiovascular events,38,39 are promising,
there is no consensus regarding the potential value of these
aoPWV estimates at present.40

Techniques and devices for 24-h
ambulatory measurement of pulsatile
(and steady state) hemodynamics

For office measurements of cBP and wave reflections, most
often brachial or radial tonometry was the basis (Fig. 8.1) of
the next steps (calibration, transfer functions, PWA, WSA,
etc). In one study, the daytime variability of parameters

FIGURE 8.1 Methods to quantify pulsatile hemodynamics. Top line: recording of signal-averaged radial or brachial pressure waveforms with tonometry
or brachial cuff. Second line: following calibration with brachial pressures, aortic waveforms are calculated with a TF. Pulse waveform analysis, based on
pressure signals alone, yields measures of the first (P1) and second (P2) systolic peaks for computation of augmented pressure and augmentation index
(AP, AIx). Third line: flow waveforms are obtained, either with Doppler recording of LV outflow (which equals aortic inflow), or as model-driven flow or
triangular flow as a proxy. Bottom line: combined and time-aligned analysis of a pressure-flow pair is used for wave separation analysis, wave intensity
analysis, and other analytical approaches. AIx, augmentation index; AP, augmented pressure; DBP, diastolic blood pressure; MAP, mean arterial pressure;
Pb, amplitude backward wave; Pf, amplitude forward wave; PP, pulse pressure; PWA, pulse waveform analysis; RM, reflection magnitude; SBP, systolic
blood pressure; TF, transfer function;WIA, wave intensity analysis;WSA, wave separation analysis. WSA, wave separation analysis. Courtesy of Bernhard
Hametner, reproduced with permission from Weber T, Chirinos J. Pulsatile haemodynamics in heart failure. Eur Heart J 2018;39:3847e3854.
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related to wave reflection has been assessed with tonom-
etry,41 and shown that it is the main cause of circadian
variability of PPA.42 However, in general, the feasibility of
tonometry for ambulatory recordings is quite limited.
Therefore, alternatives have been developed, which rely on
acquisition of waveforms with a brachial cuff35,43e45 or with
a wrist-watch like tonometer.46 Table 8.1 provides an over-
view of current devices.

24-h variability (“dipping”) of pulsatile
and steady state hemodynamics

Brachial BP and heart rate in healthy individuals are higher
during daytime and decrease during nocturnal sleep (“dip-
ping”).47 Circadian variations in steady-state hemodynamics
have been repeatedly assessed, using invasive48e50 and
noninvasive51e54 methods, in healthy individuals,49,52,54 in
patients with so-called essential hypertension,48e51,53 and in
patients with chronic kidney disease.54 In general, it was
observed that SBP, DBP, MAP, and heart rate decreased
during nighttime.48e54 CO decreased during nighttime in most
studies,48,50,52,54 and was unchanged in some.49,53,54 Results

for SVR were more variable and showed an increase,51,52 a
decrease,48,49,53,54 or no consistent changes54 with a peak value
at 08.00 a.m.50. These differences may be related to mea-
surement techniques or the influence of disease.54

Most interestingly, the diurnal variability, i.e., “dip-
ping,” of bSBP and cSBP are different to a smaller or larger
amount. Using the BPro device, in a trial of two different
drugs for BP lowering,55 24 h curves for bSBP and cSBP
were largely parallel with preserved nocturnal dipping.
However, the amount of nocturnal dip in SBP was 8.2% for
bSBP and 6.9% for cSBP, respectively. Adjustment for the
nocturnal change in heart rate attenuated the difference. In a
trial in normotensives and hypertensives, using the same
device, the nocturnal decrease of amplification (the differ-
ence between cSBP and bSBP) was mainly driven by the
day-night difference in heart rate.56 Similar results were
obtained with the BPLab device in a multicenter registry,57

with SBP amplification being 11.6 mm Hg at daytime and
8.8 mm Hg at nighttime.

When the Mobilograph device is used, a particular
technical aspect needs to be taken into account: for cali-
bration of the initially acquired waveforms, brachial BP is
used. Due to the well-established systematic underestimation

TABLE 8.1 Commercially available device for 24 h measurement of central hemodynamics.

Name of

device Manufacturer

Type of

device Algorithms used

Parameters displayed

(selection) and technical

validation studies

FDA 510(k)

clearance

Arteriograph
24

Tensiomed, Budapest,
Hungary

Brachial
cuff

Suprasystolic signals Brachial SBP and DBP, heart
rate,88 MAP, central SBP,89

central PP, AIx,90,91

aoPWV35

No

Bpro Healthstats, Singapore Wrist-
worn
tonometer

Tonometry, n-point mov-
ing average algorithm

Brachial SBP and DBP,92

MAP, cSBP46,93
Yes

Mobilograph
PWA

IEM, Stolberg, Germany Brachial
cuff

Transfer function, PWA,
WSA, nonlinear regres-
sion (estimated aoPWV)

Brachial SBP and DBP,94e96

heart rate,88 MAP,43 central
SBP,43,97,98 central PP,
AIx,99,100 AP, Pb,101 Pf, RM,
SV,102 CO,103 SVR, esti-
mated aoPWV36,104

Yes

Oscar 2 with
SphygmoCor
inside

AtCormedical, Naper-
ville, IL, and SunTech
Medical, Morrisville,
NC, USA

Brachial
cuff

Transfer function, PWA Brachial SBP and
DBP,105,106 heart rate, MAP,
central SBP, central PP, AIx,
AP

Yes

Vasotens
BPlab

Petr Telegin Ltd, Nizhny
Novgorod, Russia

Brachial
cuff

Transfer function, PWA,
transition time between
first and second wave
(PWV)

Brachial SBP and DBP,107

heart rate, MAP, central
SBP,108 central PP, AIx,108

AP, Pb, Pf, RM, PP amplifi-
cation, aoPWV109

No

Aix, augmentation index; AP, augmented pressure; CO, cardiac output; DBP, diastolic blood pressure; estimated aoPWV, estimated aortic pulse wave ve-
locity; MAP, mean arterial pressure; Pb, backward wave amplitude; Pf, forward wave amplitude; PP, pulse pressure; RM, reflection magnitude; SBP, sys-
tolic blood pressure; SV, stroke volume; SVR, systemic vascular resistance.
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of true (i.e., invasive) bSBP by noninvasive cuff-based
measurement,25 waveform calibration with noninvasive
bSBP will most often result in underestimation of cSBP, as
compared to true (invasively measured) cSBP, whereas SBP
and PP amplification will be preserved. In contrast, MAP can
be determined directly with oscillometry as the point of
maximal oscillations of cuff pressure during gradual cuff
deflation.43,58,59 As a consequence, waveform calibration
with MAP (and DBP) may result in a better estimate of true
(¼invasive) cSBP.60e62 With MAP/DBP calibration, the
true level of SBP amplification can be apparently distorted
(i.e., negative/inverse) because usually cuff-measured bSBP
(and not invasive bSBP) is the comparator. In other words,
the apparent inverse amplification is the result of a correct
measurement of cSBP and an underestimation of bSBP by
cuff measurement.60 Theoretically, true (¼invasive) bSBP
can be calculated from MAP/DBP calibrated cSBP and SBP/
DBP calibrated amplification,63 but this approach has never
been tested clinically. Preliminary results suggest that this
technical issue translates into clinical outcomes (see below),
favoring MAP/DBP calibration. It has to be acknowledged,
however, that the concept does not hold for all cuff-based
devices.64

Data from the SAFAR study, using the Mobilograph
device and SBP/DBP calibration, show that SBP amplifica-
tion is higher during daytime, as compared to nighttime.65 In
a random sample of 167 participants from Uruguay, the
difference between bSBP and cSBP was 14 mm Hg at
daytime and 9.7 mm Hg at nighttime.66 In 136 untreated
adolescents and young adults from Greece,67 virtually the
same results were obtained, with a difference between bSBP
and cSBP of 16.3 mm Hg at daytime and 10.5 mm Hg at
nighttime. In the same population, also the results of MAP/
DBP calibration were reported: due to the different calibra-
tion, cSBP was apparently higher than bSBP, particularly
during nighttime, and dipping of cSBP (MAP/DBP) was
absent (even slightly reversed). In a preliminary analysis68

from a global academic research consortium (international
24 h aortic BP consortiumdi24abc), based on measure-
ments in more than 2500 healthy individuals from 20 centers
in 14 countries, analysis of nocturnal “dipping” was stratified
across age groups. For bSBP, daytime-nighttime difference
was between 10% and 20% in the youngest age group (i.e.,
normal3), and smaller in the oldest age groups. In contrast,
cSBP (MAP/DBP calibration) displayed only minor
daytime-nighttime changes. Fig. 8.2 shows 24 h profiles of
bSBP and cSBP in a random sample of 500 individuals from
the authors’ institutions.

Apart from SBP, most other hemodynamic parameters
exhibit circadian variability. Using the Mobilograph device,
Boggia et al. were among the first to describe diurnal profiles
of pulsatile hemodynamics, using a sample of 167 middle-
aged and elderly Latin Americans. During nighttime, a
decrease of cSBP, DBP, heart rate, and PPA, and an increase

of cPP and AIx were observed. These findings were later
verified and further extended by data published from the
SAFAR study.69 Moreover, in 136 adolescents and young
adults from Greece, Ntineri et al.67 confirmed the results for
pulsatile hemodynamics, and extended them to steady-state
hemodynamics: they observed an increase in SV and a
decrease on SVR and CO at nighttime. Fig. 8.3 shows 24 h
profiles of selected steady-state and pulsatile hemodynamics
in a random sample of 500 individuals from the authors’
institutions.

As the change in body position is one of the obvious
differences between daytime and nighttime, the changes in
24 h ABPM profiles are contrasted to those during active
standing70 and head-up tilt test.71 It appears that daytime-
nighttime variability of most hemodynamic measures
indeed mirrors changes induced by active or passive (tilt-
test) standingdTable 8.2. These results were confirmed
and extended in a randomized cross over study with
assessment of bBP and aortic pressure waveforms in the
sitting and supine position in randomized order in 61
subjects. Whereas MAP did not change upon changing of
body position, bPP, cPP, AIx, and AIx75 significantly
increased in the supine position, whereas PPA decreased.
The decrease in PPA was mainly driven by changes in
pressure wave reflections.72

24-h ambulatory measurement of
pulsatile (and steady state)
hemodynamicsdclinical studies

Regarding office-based measurements, a recent meta-
analysis suggested that cBP is more strongly related to
hypertension-mediated organ damage (left ventricular
mass, carotid intima media thickness, and PWV) than
bBP.73 Along the same lines, 24 h cSBP was more closely
associated with left ventricular mass and left ventricular
hypertrophy in the SAFAR study (a single center study
from Greece)65 and in a multicenter study,74 performed in
seven European centers, as compared to brachial office and
brachial 24 h SBP. The same trend, albeit without reaching
statistical significance, was available in another small single
center study from Spain.75 In all studies, the same device
(Mobilograph), has been used, and in all three studies, the
superiority of 24 h cSBP was dependent on a technical
issue, i.e., MAP/DBP calibration.Virtually the same results
(a closer association with 24 h cSBP, as compared to 24 h
bSBP; the results are confined to the MAP/DBP calibration
method) have been obtained for left ventricular diastolic
dysfunction.76 Moreover, central BP variability, investi-
gated with the Mobilograph device, has been shown to be
superior to brachial BP variability in terms of association
either with cardiac77 or carotid78 damage. In a multicenter
registry using the BPLab device,79 24 h cSBP and cPP
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showed a numerically closer association with LV hyper-
trophy, as compared to 24 h bSBP and bPP.

In patients with end-stage renal disease undergoing he-
modialysis, ambulatory 48 h aoPWV, estimated with a
nonlinear regression which includes age, central SBP, and
waveform characteristics, was an independent predictor of
cardiovascular events and all-cause mortality.39 These results
were confirmed in another small study in dialysis patients.38

24-h ambulatory measurement of
pulsatile (and steady state)
hemodynamicsddrug trials

Office-based studies successfully demonstrated that drug-
induced changes in cSBP may be different from changes
in bSBP.80e82 For 24 h cBP, such results are currently
missing. Changes in 24 h cSBP in most trials paralleled
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TABLE 8.2 Comparison of hemodynamic changes (brachial and central blood pressure, steady-state and pulsatile hemodynamics) during 24 h ambulatory

monitoring, passive (tilt table test71) and active standing.70

Parameter

Change ABPM from daytime to

nighttime

Change TT from supine

to standing

Change AS from supine to

standing Y/O

Brachial (radialetilt test) systolic blood pressure (SBP) ZZ Y Y/5

Diastolic blood pressure (DBP) ZZ [ [/[

Mean arterial pressure (MAP) ZZ [/\

Brachial (radialetilt test) pulse pressure (PP) 5 Z Z/Y

Heart rate ZZ \\ \\/\

Aortic SBP (SBP/DBP calibration) Z Y

Aortic SBP (MAP/DBP calibration) 5/Y

SBP amplification (SBP/DBP calibration) Y

SBP amplification (MAP/DBP calibration) ZZ

Aortic PP (SBP/DBP calibration) \ Z Z

Aortic PP (MAP/DBP calibration) \\

Augmentation index (AIx) [/\ ZZ ZZ/Z

AIx75 Y/5 Z

Augmentation pressure (AP) \\ ZZ

Forward wave amplitude (Pf) \/[ Y/5

Backward wave amplitude (Pb) \\/\ Z/Y

Reflection magnitude (RM) \/[ Y/Y

Stroke volume (SV) \/[ Z ZZ/Z

Cardiac output (CO) Y/5 Z Z/Y

Systemic vascular resistance (SVR) Y/5 \ [/[

O, old; Y, young; other abbreviations see Table 8.1.
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changes in bSBP, for instance, in a study comparing
Sacubitril/Valsartan and Olmesartan in elderly patients with
isolated systolic hypertension,83 in a study comparing
Nebivolol and Olmesartan in patients with acute ischemic
stroke,84 or in a study comparing the hemodynamic effects
of Empagliflozin with placebo in patients with type 2 dia-
betes mellitus.85

Summary and outlook

Recent advances in technology enable 24 h measurement
not only of brachial BP and heart rate but also of steady-
state and pulsatile hemodynamics, the latter including
central hemodynamics, antegrade and reflected waves.
With technical validation rapidly progressing, these mea-
surements can be performed in daily routine and even under
unusual conditions, like long-term space flights.86 24 h
hemodynamics may find their way into physiological,
pharmacological, and clinical research and, finally, clinical
routine, if important prerequisites can be fulfilled: (1) proof
of (added) prognostic value; (2) establishment of reference
values, which are currently only available for office-based
measurements87; (3) development of treatment strategies,
based on the 24 h ambulatory hemodynamic measurements
(personalized medicine); and (4) proof of medical and
economic superiority of these strategies.
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Introduction

As emphasized throughout this textbook, increased arterial
stiffness is an initiator and indicator of diverse cardiovas-
cular, renovascular, and neurovascular conditions, and thus
all-cause mortality. It is increasingly important, therefore,
to measure arterial stiffness in at-risk patients, though
typically such measurements are limited to in vivo metrics.
Complementary studies in animal models therefore remain
important for identifying the underlying molecular and
mechanical mechanisms of arterial stiffening. These pre-
clinical studies can also be useful for evaluating new
measurement methods as well as potential drug efficacy. In
this chapter, we first review key mechanical concepts
related to arterial stiffness and its measurement, including
common in vivo and ex vivo methods. We then discuss
representative mouse models and conclude with a com-
parison of techniques and a set of brief recommendations.

Mechanical concepts

As discussed in Chapter 7 and various other sections of this
textbook, pulse wave velocity (PWV)dthe speed at which
the blood pressure wave travels along a vascular pathdhas
come to be regarded as the gold standard metric for arterial
stiffness in the clinical setting. A much broader range of
measurements and metrics are possible in animal studies,
however, and an overall standard in animal models has yet
to emerge. Toward this end, it is important to remember
that the different metrics have different meanings, and thus
different utilities.1

Briefly, stiffness is a measure of the change in loading
needed to cause a particular deformation; compliance is the

inverse of stiffness. The different metrics of stiffness thus
emerge depending on the definitions of “load” and
“deformation” as well as the conditions of loading.
Importantly, material stiffness refers to an intrinsic property
of the material; structural stiffness depends on both the
material stiffness and geometry (Box 9.1). As an example,
if the deformation is taken as an in vivo change in luminal
cross-sectional area over the cardiac cycle and the load is
the corresponding change in blood pressure, one obtains a
structural measure of compliancedthe coefficient
CC ¼ ðAs �AdÞ=ðPs �PdÞ, with As and Ad the systolic
and diastolic luminal cross-sectional area, and Ps and Pd the
systolic and diastolic blood pressure, respectively. An
overview of different metrics of arterial stiffness commonly
used in animal research is given in Table 9.1, which
delineates structural and material metrics.

Measurements of arterial stiffness thus depend strongly
on the loading conditions.1 The most variable loading
determinant in vivo is the blood pressure at the time of
measurement, followed by heart rate (Box 9.2). In vivo, an
artery is also subjected to a significant degree of axial
stretch that is induced largely during somatic growth; it
helps to ensure that the artery does not bend during blood
pressure fluctuations. In addition, this axial stretch in-
fluences the circumferential stiffness of the arterial tissue.
Whereas the axial stretch of an artery is dictated by the
prevalent physiologic conditions in vivo, it is highly
modifiable ex vivo, though often not reported or empha-
sized. For an ex vivo measure of stiffness to mimic in vivo
conditions, the artery should be stretched axially to its
in vivo length, as well as pressurized to its in vivo value.
Box 9.3 illustrates some effects of different ex vivo loading
conditions on stiffness measurements.
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BOX 9.1 Arterial stiffnessdmaterial versus structural

Metrics of arterial stiffness can be divided into structural and material (Fig. 9.1). Metrics of structural stiffness quantify the stiffness

of the artery as a whole, that is, as a structure. Examples include pulse wave velocity (PWV), compliance coefficient (CC), and

distensibility coefficient (DC) (equations in Table 9.1). Metrics of material stiffness, on the other hand, quantify the intrinsic

stiffness of the wall material, reflecting its composition, which is necessarily defined at a point. Examples include the incremental

Young’s modulus (Einc)
14 and the small-on-large metric Cqqqq.

49 Differences between structural and material metrics can be

appreciated through an illustrative example of vascular hypertrophy. Suppose, for example, that the arterial wall begins to thicken

in incident hypertension. If this thickening occurs via deposition of the same type of material as was already present, the material

stiffness does not change although the thickening necessarily increases the structural stiffness.

Finally, as can be seen from the MoenseKorteweg equation, PWV (a structural metric) incorporates both material (through Einc)

and geometric (wall thickness h and internal radius ri) information:

PWV ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
Einc$h

2$r$ri

s
; (9.1)

with r the mass density of the fluid, namely blood in vivo. It is thus structural metrics of stiffness that dictate the hemodynamics.

By contrast, material metrics are important to the local mechanobiology, that is, the response of the cells to changes in their local

mechanical environment.

FIGURE 9.1 Structural versus material stiffness. Source data from Spronck B, Humphrey J. Arterial stiffness: different metrics, different
meanings. J Biomech Eng. 2019.
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TABLE 9.1 Overview of commonly used formulas for arterial stiffness calculation in animal research.

Name Equation Eq.

Structural/

material? Description

Compliance coefficient (CC) CC ¼ As �Ad

SBP�DBP
(9.2) Structural Absolute change in area for a given change in intralumi-

nal pressure

Distensibility coefficient (DC) DC ¼ As �Ad

ðSBP�DBPÞ$Ad
¼ CC

Ad

(9.3) Structural Relative change in area for a given change in intraluminal
pressure

Pulse wave velocity (PWV) PWV ¼ Ds
TT

(9.4) Structural Propagation speed of the blood pressure wave along the
arterial tree

PWV ¼
ffiffiffiffiffiffiffiffiffi
1

r$DC

q
(9.5) Structural

Incremental (circumferential)
Young’s modulus (Einc)*

Einc ¼ 2 $ r $ ri $PWV2

h
(9.6) Material Linearized, approximate increase in Cauchy stress per unit

increase in stretch*
Einc ¼ dsww

dlw
(9.7) Material

Small-on-large material stiffness (ℂ)
*,** ℂijkl ¼ dikbt olj þ bt oildjk þ 4Fo

iAF
o
jBF

o
kP F

o
lQ

v2W
vCABvCPQ

����
Co

(9.8) Material Linearized increase in Cauchy stress per unit increase in
strain*

Referential material stiffness (K)* K ¼ vS
vE ¼ v2W

vEvE ¼ 4 v2W
vCvC (9.9) Material Increase in second PiolaeKirchhoff stress per unit increase

in GreeneLagrange strain*

As and Ad , systolic and diastolic cross-sectional area; SBP and DBP, systolic and diastolic blood pressures; Ds, transit distance; TT, transit time; r, blood mass density; ri, inner radius; h wall thickness;
sww, circumferential Cauchy stress; lw, circumferential stretch; F, deformation gradient tensor; W , stored strain energy function; bt , extra (deformation-dependent) part of Cauchy stress tensor; d, Kronecker
tensor; S, second PiolaeKirchhoff tensor; E, GreeneLagrange strain tensor; and C, right Cauchy-Green tensor (C ¼ FTF). * for more details on material stiffness metrics and their differences, see Box 9.5.
** a detailed derivation of ℂ can be found in Reference 49.
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In vivo methods to study arterial
stiffness

In principle, most methods for measuring arterial stiffness
in vivo in humans (discussed in detail in Chapter 7) can be
used in animals. In some cases, however, size/resolution

may be a limiting factor. We will therefore review the most
appropriate methods.

Blood pressure measurements

Blood pressure is a strong determinant of the measured
value of arterial stiffness (Box 9.2). Therefore, ideally,

BOX 9.2 Effect of loading conditions: in vivo

The nonlinear material behavior of the artery wall renders measurements of arterial stiffness strongly dependent on the loading

conditions, especially transmural pressure (Fig. 9.2). These dependences are of particular relevance during in vivo studies due to

changes in blood pressure and heart rate, which are highly variable in rodents; emotional stress due to handling quickly raises

blood pressure while anesthesia decreases heart rate and blood pressure. Therefore, when reporting arterial stiffness metrics

measured in vivo, the blood pressure at which those measurements were taken should always be reported.

FIGURE 9.2 Influence of heart rate (HR, A) and diastolic blood pressure (DBP, B) on pulse wave velocity (PWV) measurements in rats.10

Numbers in red/blue denote average HR and BP dependencies, respectively. BP dependencies are calculated for DBP ¼ 85 mmHg. Distensibility-
based measurements are derived from ultrasound echotracking-based measurement of diameter and catheter-based measurement of blood pressure.
Transit time PWVs are derived from the time difference between two catheter-based measurements taken simultaneously a fixed distance apart.
Figure reproduced from Spronck B, Tan I, Reesink KD, et al. Heart rate and blood pressure dependence of aortic distensibility in rats: comparison
of measured and calculated pulse wave velocity. J Hypertens. 2020, with permission.
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every in vivo study measuring arterial stiffness should also
measure (or estimate) blood pressure at the site(s) of in-
terest. Methods have been developed, for example, to
transform peripheral measurements (e.g., via sphygmoma-
nometer) to central measurements. In mice, peripheral
blood pressure can be measured similarly using a tail-cuff
device, as well as invasively using a catheter, either
indwelling or during a surgical procedure. Both fluid-filled

and (solid state) pressure-tip catheters are used, though
given the fast heart rate and correspondingly high-
frequency content of the mouse blood pressure signal,
pressure-tip catheters are preferable. When measured by
acute catheterization, it is important to remember that
anesthesia generally reduces blood pressure from its
ambulatory value.2,3 By contrast, when measured by
telemetry, with the pressure catheters connected to a radio

BOX 9.3 Effect of loading conditions: ex vivo

The influence of loading conditions on measurements of arterial stiffness is not limited to the in vivo case (Box 9.2). While an

artery is (by definition) at its in vivo length/stretch in the body, the researcher is free to stretch the artery to any length ex vivo.

Fig. 9.3 illustrates the influence of axial stretch on a structural (PWV) and a material (small-on-large stiffness, Cqqqq) metric of

stiffness (see Table 9.1).

FIGURE 9.3 Effects of pressure and axial stretch on arterial stiffness ex vivo. Panels a and b show typical arterial pressure-diameter (structural)
and circumferential (circ.) stress-stretch (material) curves. Individual lines correspond to values of axial stretch (lz), increasing from lz ¼ 1 to
lz ¼ 1:7 in steps of 0.1. Dots correspond to a pressure of 120 mmHg. Panels c and d illustrate effects of increasing lz on pulse wave velocity and
small-on-large material stiffness, typical structural and material stiffness metrics, respectively. Source data from Spronck B, Humphrey J. Arterial
stiffness: different metrics, different meanings. J Biomech Eng. 2019. A theoretical analysis of the PWV can be found elsewhere Demiray H. Wave
propagation through a viscous fluid contained in a prestressed thin elastic tube. Int J Eng Sci. 1992; 30:1607e1620.
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transmitter that is implanted under the skin, one measures
ambulatory pressures under conscious conditionsd
currently considered the gold standard. Nevertheless, due to
the small size of the mouse vasculature, catheterization can
alter blood flow and pressure.4 Whereas the tail-cuff mea-
surement does not affect the blood flow and pressure
directly, the required animal restraint can result in highly
variable results in mice due to differences in emotional
distress.5

Invasive blood pressure to measure arterial
stiffness by transit time

If blood pressure is measured invasively and simulta-
neously at two locations along the arterial tree in mice, a
diastolic foot-to-foot transit time can be obtained which,
given a distance measurement, yields a transit time PWV
(Eq. (9.4), Table 9.1).3,6 Distance can be measured by
leaving both catheters in place after euthanasia, dissecting
the (intact) artery free, and measuring the distance using a
small suture or, when straight, directly with a ruler or
caliper.7 This technique can also be performed using a
single, dual-tip catheter, which removes the necessity to
measure the distance between measurement sites and thus
removes any measurement error in such distance mea-
surement. Alternatively, when an ECG is recorded together
with the BP signal, the time difference between the R-wave
on the ECG and the diastolic foot on the BP signal can be
obtained. By performing this in duplicate, for two BP
measurement locations, one also obtains a transit time.

Different methods are available to determine the time
difference between two blood pressure waves. Similar to
the human case, the diastolic foot of the waveform provides
a reliable fiducial point for transit time determination in
murine models.8 Both second derivativeebased and inter-
secting tangentebased methods provide robust foot
detection.9,10

High-resolution ultrasound

Several other methods exist for measuring structural stiff-
ness in mice.11 Ultrasound tracking of arterial wall motion
can be used to measure in vivo changes in diameter.
Together with pressure measurements, this yields the
structural stiffness metrics of compliance and distensibility,
the latter of which can be converted into a local estimate of
PWV (Eqs. (9.2), (9.3), and (9.5), Table 9.1), for a given
artery (e.g., carotid). Alternatively, ultrasound can be used
to obtain regional, point-to-point (over finite lengths)
PWVs by measuring the velocity waveform at two points
along the artery and determining the time difference be-
tween those points. Division of the effective distance be-
tween these points by the transit time yields a transit time
PWV (Eq. (9.4), Table 9.1). Because PWV varies along the

arterial tree, such transit time PWV represents a regionally
averaged metric.

Applanation tonometry

In humans, transit time PWV is commonly estimated using
applanation tonometry, where a tonometer is pressed
against (superficial) arteries, typically at the carotid and
femoral locations. This approach is also feasible in mice.12

As with all in vivo methods for measuring stiffness in ro-
dents, the animal has to be sedated, thus potentially influ-
encing blood pressure (Box 9.2) and, thereby, the measured
PWV.

Ex vivo methods to study arterial
stiffness

In vivo measurements of arterial stiffness are necessarily
limited to in vivo loading conditions, namely, with blood
pressure fluctuating but axial stretch fixed. In contrast,
ex vivo measurements offer much greater experimental
control, and thus freedom, to test a sample over a wide
range of loading conditions. Yet, the choice of these
loading conditions has important consequences for the
obtained results.13

Atomic force microscopy

Atomic force microscopy (AFM) allows measurement of
material stiffness (Box 9.1) at the nano- and microscales,
thus enabling stiffness to be inferred for individual com-
ponents of the arterial wall (e.g., cells, elastic laminae, and
collagen fibrils) or locally. Typically, the AFM tip is used
to indent (i.e., push into) an otherwise unloaded sample
while measuring the indentation depth and corresponding
force. In this mode, AFM yields a (radial) compressive
stiffness under nearly unloaded conditions (near the
traction-free state, implying no external forces acting upon
the sample) typically inferred as an (estimated) Young’s
modulus.14 In contrast, physiologically, the dominant
relevant loads within the arterial wall are typically tensile,
oriented in the circumferential and axial directions. These
differences in loading, radial compression rather than in-
plane tensile, leads to Young’s moduli that typically
differ by multiple orders of magnitude between AFM and
the in vivo loading state (Table 9.2).1 Other methodological
confounders are the indenter tip size and diameter, and the
algorithm/model (e.g., Hertz) used to convert measured
data into a Young’s modulus.

Wire myography

Wire myography involves the circumferential stretching of
a short arterial ring between two wires while
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TABLE 9.2 Values of aortic stiffness (mouse) depend strongly on methodology.

Vessel/Mouse Modality Definition/State Value, units, age References

Thoracic aorta, C57BL/6J (age 2e18 mo) AFM In vitro, unloaded, cut open, radially indented from
luminal side (endothelium intact)/compressive

E ¼ 3.1 kPa (2 mo)
E ¼ 3.6 kPa (6 mo)
E ¼ 16.9 kPa (12 mo)
E ¼ 21.8 kPa (18 mo)

77

Suprarenal abdominal aorta, C57/Sv129
(age 10e13 mo)

AFM In vitro, unloaded or pressurized to 100 mmHg and
elongated to in vivo axial stretch, ring, axially
indented/compressive

E ¼ 18.7 kPa (unloaded)
E ¼ 12.3e76.4 kPa (loaded;
bimodal distribution)

78

Aorta, C57BL/6J (age 11 mo) AFM In vitro, unloaded, cut open, radially indented from
luminal side (endothelium removed)/compressive

E ¼ 24 kPa 32

Ascending thoracic aorta, C57BL/6J (age
0.5e3.5 mo)

AFM In vitro, unloaded, cut open, radially indented from
luminal side (endothelium intact)/compressive

E ¼ 2.8e12.7 kPa (0.5 mo)a

E ¼ 5.0e38.8 kPa (2 mo)a

E ¼ 4.4e36.7 kPa (3.5 mo)a

79

Ascending thoracic aorta, C57BL/6J (age
15.2 � 0.1 wks)

Biaxial testing In vitro, loaded, intact, pressurized to 128 mmHg,
elongated to in vivo axial stretch/tensile

ℂqqqq ¼ 2.76 MPa
ℂzzzz ¼ 2.26 MPa

80

Suprarenal abdominal aorta, C57BL/6J
(age 5e6 mo)

Biaxial testing In vitro, loaded, intact, pressurized to 100 mmHg,
elongated to in vivo axial stretch/tensile

vSqq/vEqq ¼ 1.33 MPa
vSzz/vEzz ¼ 0.082 MPa

81

Carotid-to-femoral arterial bed, C57BL/6J
(age 5.6 � 0.2 mo)

Applanation tonometry In vivo, 4%e5% sevoflurane or 75 mg/kg sodium
pentobarbital anesthesia, noninvasive/PWV

PWV ¼ 3.96 m/s (sevoflura-
ne)b

PWV ¼ 2.89 m/s (sodium
pentobarbital)b

12

Abdominal aorta, C57BL/6 (age 3e4 mo) Ultrasound echotracking In vivo, 125 mg/kg tribromoethanol anesthesia,
noninvasive/PWV

PWV ¼ 2.70 m/sc 82

Aorta (regionally dependent), C57BL/6J
(age 3 mo)

Ultrasound echotracking/
pressure catheter

In vivo, 1.5% isoflurane anesthesia, noninvasive
(ultrasound), invasive (catheter)/PWV

PWV ¼ 5.2 m/sd

PWV ¼ 3.0 m/se

PWV ¼ 3.5 m/sf

11

E, Young’s modulus
aComputationally separated, numbers denote intimal/medial moduli. AFM, atomic force microscopy; PWV, pulse wave velocity; ℂqqqq and ℂzzzz , linearized circumferential and axial spatial material stiffness
obtained using the theory of small-on-large. vSqq/vEqq and vSzz/vEzz, referential material stiffness defined as the derivative of second PiolaeKirchhoff stress with respect to Green strain.
bCarotid-to-femoral transit time PWV.
cPWV in the window of an ultrasound probe.
dAortic arch-to-femoral bifurcation transit time PWV (ultrasound).
eAbdominal transit time PWV (blood pressure catheter, 2 cm path length).
fDistensibility-based local abdominal PWV obtained from BramwelleHill equation. In studies where interventions were performed, control groups are displayed here.
Table adapted from Spronck B, Humphrey J. Arterial stiffness: different metrics, different meanings. J Biomech Eng. 2019.
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simultaneously measuring the associated force (Fig. 9.4).
Wire myography is typically performed with the artery at a
physiological level of circumferential stretch, but the axial
direction is left unloaded, allowing it to move freely during
testing and thus shorten via a Poisson effect (the phenom-
enon in which a material tends to compress in directions
perpendicular to the direction of extension, and vice versa).
In vivo, however, arteries are typically tethered axially and
prestretched (elongated). The effect of axial stretch on
circumferential mechanics is elaborated in Box 9.3. For a
more detailed review about wire myography, the reader is
referred to Reference 7.

Pressure myography

In pressure myography, an arterial segment (preferred
length w5 times its unloaded diameter) is mounted
between cannulae and pressurized, which necessitates that

all side branches are ligated (Fig. 9.4). The artery is typi-
cally maintained at a fixed length, which is often chosen as
the minimum length at which the vessel does not buckle
visually during inflation. Yet, the length (axial stretch) at
which the artery is distended influences its circumferential
behavior (Box 9.3). Hence, the artery should be mounted at
its in vivo length, thus ensuring that the loading conditions
mimic those in vivo. This can be accomplished for some
arteries by measuring the length in situ prior to excision.
Identifying the proper in situ length can be difficult for
many arteries, however, including the ascending aorta and
coronary arteries (which change length over a cardiac cy-
cle), the common carotids (if the neck is extended to enable
the requisite cut-down), and smaller arteries (which have
significant adherent perivascular tissue).

Some pressure myographs allow measurement of axial
force. If such measurement is available, the in vivo length
of the artery can be estimated without measuring an actual
in situ length. This method exploits the observation that the
axial force remains approximately constant when an artery
is pressurized at its in vivo length.15 When held at a greater
or shorter length, the force increases or decreases, respec-
tively, with increased pressure. Using this knowledge, one
can estimate the axial stretch that corresponds to the in vivo
situation by repeatedly inflating/deflating an artery while
measuring axial force.

Biaxial biomechanical testing

Biaxial biomechanical testing is similar to pressure myog-
raphy. These two techniques differ, however, in that a
biaxial test does not only involve distension (while keeping
the artery at a fixed length or axial force) but also extension
(while keeping the artery at a fixed diameter or pressure;
Fig. 9.4). By combining these two loading modes, biaxial
testing assesses arterial behavior along the two primary
directions or axes.16,17 Hence, one can quantify both the
circumferential and the axial material stiffness, thus
revealing potentially coupled behaviors (Box 9.3).
Although beyond the current scope, such biaxial data allow
one to quantify the nonlinear anisotropic behavior in terms
of appropriate constitutive relations.18

Digital image correlation

Panoramic digital image correlation (pDIC) is a relatively
new technique that provides spatially resolved material
properties under biaxially loaded conditions.19,20 For pDIC,
the artery is typically first tested biaxially (see previous
paragraph) to estimate the in vivo axial stretch and to
determine the bulk biaxial properties. Optical coherence
tomography (OCT) can also be used to measure local wall
thickness for the full sample. Thereafter, a speckle pattern
is created on the sample, which is then mounted vertically
within a conical mirror (Fig. 9.4). Imaging via this mirror
from the top yields the full surface deformation pattern,

FIGURE 9.4 Schematic comparison of ex vivo methods for whole-artery
stiffness testing: from top to bottom: wire myography, pressure myog-
raphy, biaxial biomechanical testing, and panoramic digital image corre-
lation (pDIC).
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which is repeated for different pressures and axial stretches.
The OCT and pDIC data can then be used together to
identify constitutive properties locally, which can be
particularly important in cases of complex geometry, such
as aneurysms.

Mouse models to study arterial stiffness

Many different animal models continue to contribute to our
understanding of arterial stiffening, both its presentation
and potential reversal. Nevertheless, the mouse has
emerged as the model of choice for multiple reasons. The
many different genetically modified mouse models avail-
able allow one to delineate effects of individual cell
phenotypes, proteins, receptors, etc., on overall vascular
structure, function, and properties. The many different
surgical models enable one to focus on the effects that
altered hemodynamics have on subsequent vascular and
cardiac changes. The many different possible pharmaco-
logical interventions allow one to study both disease
progression and its treatment. Perhaps most importantly,
technological advances now allow one to collect extensive
cell biological, biomechanical, and physiological data that,
in turn, can be correlated with (immuno)histological in-
formation given the many antibodies available in the
mouse. Finally, the short gestational period, the ease of
handling, and the lower cost of mice are particularly ad-
vantageous for performing longitudinal studies over pe-
riods of weeks or months. Box 9.4 discusses key
differences and similarities between the mouse and human
aorta. In the following sections, we briefly discuss a few
studies representative of the large number of papers avail-
able on arterial stiffness in diverse mouse models.

Aging

Among others, Sir William Osler, one of the four founding
fathers of Johns Hopkins Medicine, remarked at the
beginning of the 20th century that we (humans) are as old
as our arteries. Natural aging is now a well-known
contributor to arterial stiffening and thus a strong, inevi-
table risk factor for many cardiovascular diseases. In
humans, extreme aging results in many vascular changes,
including endothelial cell dysfunction, increased inflam-
mation, and fibrosis. Importantly, aging also results in
progressive decreases in elastic fiber integrity, since func-
tional elastic fibers are only deposited early in life, though
with a normal half-life in the order of 50 years. In mice,
with much shorter lifespans than humans, the elastic
lamellar structure appears to change little with natural
aging. If the effects of reduced elastic fiber integrity are of
interest in a particular study, mice deficient in the elastin-
associated glycoprotein fibulin-5 can be useful, which
mechanically phenocopy human aging,21 enabling their
use, for example, in studies on the combined effects of

aging and hypertension.22 Despite the minor changes in
elastic lamellar structure in mice, other effects of aging do
manifest therein. Careful measurements of blood flow and
pressure reveal changes in characteristic impedance in aged
mice,23 thus reflecting underlying stiffening. At least in
some mice, such age-induced stiffening associates with
arterial inflammation and adventitial fibrosis, which is
partially reversible with aerobic exercise.24 Again remem-
bering the different definitions and metrics, such stiffening
appears to be due primarily to changes in wall thickness,
due to increased accumulation of fibrillar collagen and
glycosaminoglycans, rather than marked changes in mate-
rial stiffness21 (that is, it is the structural stiffness that in-
creases). Similarly, a paradoxical increase in arterial
stiffness, and thus PWV, emerges in progeria, an extremely
rare, highly accelerated aging disorder. In this condition,
decreases in material stiffness are far outweighed by in-
creases in wall thickness, again due to accumulating
collagen and especially glycosaminoglycans, thus
increasing structural stiffness and PWV.25 These changes
can be slightly greater in the abdominal than in the thoracic
aorta, causing regional differences in PWV, but neverthe-
less augmenting central pulse pressures as would be ex-
pected of aortic stiffening.

Connective tissue disorders

Marfan syndrome results from a mutation in the Fbn1
(mouse) gene, which codes for the elastin-associated
glycoprotein fibrillin-1. This syndrome affects many
different tissues, though aortic root aneurysms are the most
common cause of morbidity. In addition to aneurysms,
Marfan syndrome results in a stiffening of many central
arteries, as first inferred via measurements of PWV.26 In
mice, Marfan syndrome is also associated with endothelial
cell dysfunction and compromised nitric oxide signaling,
which can have myriad effects on wall composition and
thus properties.27 Biaxial mechanical testing reveals further
that it is an increase in material stiffness in the thoracic
aorta that associates with Marfan syndrome in the Fbn1mgR/
mgR mouse model,28 consistent with a reduced ability of the
smooth muscle cells to mechanosense and mechanoregulate
wall stiffness in genetically predisposed thoracic aorto-
pathies.29 Material stiffness otherwise appears to be
mechanoregulated well in many cases,30 hence suggesting
that measurements of intrinsic stiffness are also important
indicators of the ability of the intramural cells to sense and
regulate their local mechanical environment, which is
crucial for maintaining proper structure and function via
mechanical homeostasis.31 Although most findings herein
derive from mouse studies, the mouse and human aorta are,
despite their size difference, structurally very similar.
Controversy, however, exists about the role of smooth
muscle tone in the human aorta, whereas this is well
established in the mouse aorta (Box 9.4).
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Diabetes and obesity

Obesity and diabetes are increasingly responsible for many
sequelae, including cardiovascular disease. They also have
significant effects on large artery stiffness. Importantly, it

was shown that increases in arterial stiffness, as inferred via
the PWV, in obese mice can precede the development of
hypertension,32 consistent with general findings in
humans.33 That is, it is now clear that increased large artery
stiffness can be both a cause and consequence of

BOX 9.4 The mouse aorta versus the human aorta

When choosing the mouse as a model animal for arterial stiffness research, one should be aware that, necessarily, differences exist

between murine and human large arteries. Table 9.3 lists key structural and functional metrics for both species. Most structural

metrics come from the seminal work by Wolinsky and Glagov,56 in which they showed that, despite major size differences across

species from mouse to human, the medial lamellar unit is remarkably well conserved. Indeed, though the number of lamellar

units in the human aorta is w12 times that of the mouse, lamellar thickness and especially tension per unit is similar across

species.

The human aorta is often said to possess little vascular tone, in contrast to the murine aorta which contracts strongly to

vasoactive substances.62 Despite these claims, direct measurements (e.g., myography) of human aortic contractility remain

wanting. “Indirect” evidence suggests, however, some vascular tone in the human aorta. Stefanadis et al., for example, showed a

shift in the aortic pressure-diameter relationship shortly after smoking, suggesting involvement of vascular tone.63 In addition,

several studies investigated effects of sympathetic activation on PWV with disparate results, which may be attributable to the

concomitant changes in blood pressure that often occur with sympathetic stimulation64e68 (review in Reference 69). To overcome

this limitation, Nardone et al. used lower-body pressure changes to elicit sympathetic activation, and showed significant increases

in carotid-femoral PWV after mild lower-body negative pressure, without changes in blood pressure.70

When arteries distal to the aorta are studied, the influence of vascular tone becomes stronger and clearer. Vascular tone is well

known to modulate human brachial artery diameter, as used in flow-mediated dilation measurements.71 In addition, transit time

PWV measurements that (also) involve more distal arteries have shown a vascular tone dependency.72,73 Finally, cardio-ankle

PWV as used in cardio-ankle vascular index (CAVI)/CAVI0 changes markedly with alpha-1 adrenergic receptor blockade,74,75

independent of blood pressure.

TABLE 9.3 Structural and functional metrics for mouse and human aortas.

Metric Mouse Human References

Diameter (loaded) (mm) 1.2 17 56

Medial thickness (mm) 0.03 1.1 56

Number of lamellar units 5 60 56

Interlamellar distance (lamellar thickness) (mm) 6 18 56

Medial circumferential wall tension (N/m) Total 7.8 110 56

Per lamellar unit 1.6 2.2 56

Material stiffness (ℂqqqq, Eq. (9.8), Table 9.1) [MPa] 1.89 0.65e1.71 48,57

Structural stiffness (cfPWV*, Eq. (9.4), Table 9.1) [m/s] 4.0 6.6 12,58

Wall shear stress [Pa] 9e30 0.5e1.5 59,60

Vasa vasorum Absent Present 61

Subendothelial connective tissue Absent Varies** 61

Typical murine and human body weights are 30 and 75,000 g, respectively.56

*cfPWV: carotid-femoral PWV from applanation tonometry. Murine measurements were performed in w5.5-month old mice under sevoflurane
anesthesia.12 Human values are for 30e39 year old normotensives.58 **Varies with age/disease.
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hypertension, thus revealing potentially insidious positive
feedback loops that drive disease.34,35 Recent data also
indicate a bidirectional relationship between diabetes and
large artery stiffness, since the latter can predict new-onset
diabetes36 and conversely, diabetes increases arterial stiff-
ness, largely via fibrosis,37 though also via changes in
advanced glycation end-products.38 We are reminded,
therefore, that it is both changes in arterial wall composi-
tion and organization that dictate the material stiffness.
Indeed, increasing evidence points to a critical role of tissue
transglutaminases in arterial stiffening, which are important
in matrix cross-linking.39,40 The reader is also referred to a
study that showed that obesity-induced arterial stiffening
can be prevented with low-dose mineralocorticoid receptor
blockage in mice, with arterial stiffness assessed using ul-
trasound (in vivo) as well as pressure myography and AFM
(in vitro), hence emphasizing the different metrics having
different meanings, though with overall consistent
implications.41

Hypertension

Uncontrolled hypertension is one of the most common risk
factors for myriad cardiovascular diseases; it, too, associ-
ates with marked increases in arterial stiffness. There are
many different ways to induce hypertension in mice,
including salt-loading, blocking endothelial-derived nitric
oxide synthase using N(G)-Nitro-L-arginine methyl ester (L-
NAME), surgically introducing constrictions, and chronic
infusion of angiotensin II (AngII) or norepinephrine. Each
model provides important, complementary insights. The so-
called transverse aortic constriction model is particularly
useful for it introduces proximal hypertension mainly via a
mechanical perturbation. Nevertheless, it elicits infiltration
of inflammatory cells and engages a local AngII response,
both contributing to a structural stiffening of the wall.42,43

Because of the central role of the renin-angiotensin system,
chronic infusion of AngII is very common, with diverse
arterial phenotypes being possible.44 Again emphasizing
the importance of matrix cross-linking in arterial stiffness,
blocking the effects of lysyl oxidase (using b-amino-
propionitrile, BAPN) in AngII-induced hypertension pre-
vents the expected increase in PWV in mice.45 The
important dependence of mechanosensing in hypertensive
arterial remodeling was demonstrated directly by showing
attenuated remodeling in mice lacking the a1-integrin
subunit46; integrins are, of course, key components of
mechanotransduction in arteries. At least in the AngII-
infused model, aortic stiffening depends both on elevated
pressure-induced wall stress and inflammatory cell burden,
which was demonstrated clearly using mice deficient in
T-cells or interleukin 17a.47 Again, however, it was struc-
tural, not material, stiffening that emerged,48 suggesting yet
again that the intramural cells try to mechanoregulate ma-
terial stiffness. It is, nonetheless, the structural stiffness that
affects the hemodynamics (see Eq. (9.1), Box 9.1), hence

reinforcing the importance of measurements of wall thick-
ness, though this should ideally be total wall thickness, not
just intimal-medial thickness, since adventitial fibrosis is
evident in many cases of arterial stiffening, ranging from
aging to hypertension.

Comparison of methods

In the preceding sections, we reviewed the primary
methods available for measuring arterial stiffness, both
in vivo and ex vivo, and illustrated their use via brief dis-
cussions of diverse mouse models. As elaborated in
Boxes 9.2 and 9.3, loading conditions significantly influ-
ence such measurements.1 Table 9.2 illustrates how dif-
ferences in loading conditions and methodologies can
potentially lead to large differences in calculated values of
stiffness for the mouse aorta. As an example, note that
reported values of material stiffness obtained from AFM
(radial compressive in the traction-free state) and biaxial
testing (circumferential and axial tensile in the in vivo
stressed state) can differ by three orders of magnitude (i.e.,
1000�). Clearly, such metrics cannot be compared directly.
Although we did not detail appropriate constitutive re-
lations, they are essential to the interpretation of measure-
ments. Given that the arterial wall exhibits strongly
nonlinear, anisotropic behaviors over finite deformations,
appropriate theoretical frameworks should be employed.18

We emphasize further that the associated reference state
should be chosen carefully noting that stress-free (approx-
imated via a series of judicious cuts), traction-free (in the
absence of applied loads), and in vivo (e.g., in vivo value of
axial stretch and diastolic pressure) can each be appropriate,
indeed convenient, depending on the metric of interest.
When using the in vivo state as a reference, however, one
must ensure that the state of “prestress” is accounted for
appropriately, which can be achieved in different ways
depending on the application. As an example, our group
has used three different approaches simply when consid-
ering the in vivo reference, with applications to quantifying
the hemodynamics, the mechanobiological state, or a
reference for complex subject-specific geometries.49e51

One approach is not necessarily better than another, they
are simply different with different utilities.

Recommendations

In this section, we offer a few recommendations for
choosing an appropriate method to study arterial stiffness.
First, if a direct comparison/translation is to be made to
human studies, in vivo measurement of PWV may be an
appropriate choice. We emphasize again, however, the
importance of the associated loading conditions: blood
pressure at the time of measurement strongly influences the
value of the calculated in vivo stiffness. Therefore, care
must be taken to ensure that measured effects are not due to
anesthesia and/or emotional stress influencing blood
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pressure. Another potential factor that mandates in vivo
studies is the requirement for follow-up measurements. If
follow-up measurements are not required and excised tissue
can be obtained, ex vivo measurementsdnot affected by
the large confounding influence of blood pressuredmay be
more appropriate. Importantly, PWV can be approximated
from ex vivo measurements of pressure and diameter (when
performed under loading conditions similar to in vivo)
using the BramwelleHill equation (Eqs. (9.3) and (9.5),
Table 9.1),10,52 without the need to take into account the
effects of anesthesia or emotional stress, while allowing
direct comparisons between in vivo and ex vivo. In this
regard, note that perivascular tissue typically exerts a radial
load on the adventitial surface, thus affecting the transmural
pressure that distends the wall. Such perivascular effects
can be significant and should be accounted for.53

Ex vivo methods come in many varieties. Indentation
methods such as AFM provide extremely detailed maps
(“images”) of spatially resolved stiffness values. Yet, often
performed as an indentation test, AFM measures
compressivednot tensiledstiffness, often in the excised
traction-free state. Hence, translation of such measurements
to whole-artery, in vivoerelevant arterial stiffness values is
cumbersome.

Myography has become a well-established method to
functionally test arterial responses to vasoactive stimuli. In
particular, wire myography (requiring only small ring-like
samples) allows simultaneously testing of responses to
various stimuli. Wire myography also has the advantage
that side branches, if present, do not have to be ligated
(pressure myography does require this, in order for the
artery under test to hold pressure). Smooth muscle

BOX 9.5 Different material stiffness metrics

Many different metrics of material stiffness are used in arterial stiffness research. Often encountered is Young’s modulus (E), a

measure of the extensional stiffness (i.e., change of stress with respect to strain) of a material, which can be inferred by plotting

normal stress versus extensional strain in a uniaxial stress test.76 E is defined for LEHI (linear, elastic, homogeneous, isotropic)

material behavior. The artery wall material, however, is strongly nonlinear and anisotropic, limiting the appropriateness of E in

arterial mechanics.

The linearity assumption of E is commonly “overcome” by estimating an incremental Young’s modulus (Einc) as the local

tangent of the circumferential Cauchy stress-stretch curve obtained during inflation (Eq. (9.7), Table 9.1). However, such loading is

not uniaxial but rather biaxial (with lateral contraction due to a Poisson effect in standard “uniaxial” tests and, with strong biaxial

coupling present due to the axial (pre)stretch in pressurized vessels) (Box 9.3). The local tangent, hence, is influenced by both

circumferential and axial behaviors and cannot be interpreted as an “independent,” circumferential, material stiffness.

Strictly speaking, (material) stiffness is defined as a change in stress with respect to a change in conjugate strain (or stretch).76

Common stress-strain pairs are given in Table 9.4, below. Note that Einc when obtained from Cauchy stress and stretch ratio (a

component of the deformation gradient or the left stretch tensor), violates this definition.

Commonly observed (circumferential) stiffness metrics that obey conjugacy are vPqq=vlq and vSqq=vEqq. Both, however, are

defined with respect to the original volume. Typically, one wants a (material) stiffness metric to reflect how a material will deform

if it is loaded in the current configuration. Baek et al. invoked the theory of small-on-large to arrive at such a metric that is useful in

fluidesolid interaction simulations over a cardiac cycle (ℂ; Eq. (9.8), Table 9.1),49 which has the advantage that it can be intu-

itively used to directly operate on a small strain tensor (ε; the small strain in small-on-large theory), yielding the associated change

in Cauchy stress (s ¼ ℂ : ε).

TABLE 9.4 Conjugate stress-strain measures.

Stress measure Conjugate strain measure Volume

Integral of stress-strain product

over volume

Cauchy (s) e Deformed/current e

First PiolaeKirchhoff (P) Deformation gradient (F)a Original/material Stored energy

Second PiolaeKirchhoff (S) GreeneLagrange (E) Original/material Stored energy

awhich has stretch ratios l on diagonal in the absence of rigid body rotations.
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contraction in wire myography occurs under non-
physiological axial loading, however, and may not be
directly comparable to the physiological case.54 This issue
is resolved in pressure myography, where the artery can be
held at its in vivo length. When the main study of interest is
to quantify structural stiffness (Box 9.1) under reproduc-
ible, in vivo relevant conditions, pressure myography is a
good compromise. When constitutive behavior and material
stiffness (Box 9.1) are of particular interest, biaxial testing
has a clear advantage.

Biaxial testing enables parameterization of an aniso-
tropic constitutive model of the arterial wall material. Such
a constitutive model enables calculation of true material
stiffness parameters (Box 9.5), which have been shown to
be particularly relevant in aneurysm mechanobiology,28

and which are essential in informing finite element for-
mulations.49 pDIC, finally, extends biaxial testing to ac-
count for nontubular/nonuniform geometries. This is also
particularly relevant in aneurysm research, yielding detailed
maps of material parameters along the entire aneurysmal
surface. As such, it allows properties to be compared, as,
for example, at the neck and in the dome regions of an
aneurysm. pDIC is, however, a highly specialized tech-
nique, typically requiring the combination of three mea-
surement modalities (“normal” biaxial testing, OCT, and
pDIC imaging) as well as inverse finite element modeling.
As such, its use is practically limited to dedicated engi-
neering labs.
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Hemodynamic role of the aorta
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Introduction

The aorta, a large elastic artery, exerts important hemody-
namic role beyond its conduit function. A healthy aorta
exerts a powerful cushioning function, contributing to the
delivery of nearly steady flow to the microvasculature
despite the intermittent left ventricular (LV) ejection.
Increased large artery stiffness (LAS), which occurs with
aging and various disease states, causes an impairment in
this cushioning function, leading to multiple deleterious
consequences on pulsatile arterial hemodynamics, and ul-
timately on target organs (Fig. 10.1). LAS causes isolated
systolic hypertension,1 an endemic condition characterized
by increased systolic blood pressure with normal or low
diastolic blood pressure (i.e., increased pulse pressure
[PP]), responsible for a large proportion of the global
burden of cardiovascular morbidity and mortality. Second,
LAS reduces coronary perfusion pressure and increases LV
afterload, promoting LV remodeling, dysfunction, and
failure, as discussed in Chapters 15, 16, 17 and 36.2 Third,
by promoting increased arterial pressure and flow pulsa-
tility, LAS leads to increased penetration of pulsatile en-
ergy into the microvasculature of target organs, particularly
those that require high blood flow and therefore must
operate at low arteriolar resistance.3 Interestingly, target
organ failure (such as chronic kidney disease and diabetes)
can lead to further arterial stiffening,4 creating a vicious
cycle of hemodynamic dysfunction that ultimately con-
tributes to the pathogenesis of heart failure (HF), impaired
coronary perfusion, kidney disease, and cerebrovascular
disease. Recent data also support a potential role for LAS in
metabolic dysfunction and diabetes. Consistent with the
central role of LAS in human health, measures of LAS
(such as carotid-femoral pulse wave velocity, CF-PWV)
independently predict the risk of incident cardiovascular

events in various populations including clinical and
community-based cohorts.5e7

This chapter, largely based on a recent review of aortic
stiffness by the author and collaborators,7 provides an
overview of key principles related to the hemodynamic role
of the aorta, the impact of aortic stiffening on target organs.
Specific aspects of the hemodynamic role of the aorta will
be developed in dedicated chapters throughout this text-
book. This chapter also provides a brief description of key
mechanisms leading to aortic stiffening, which are devel-
oped in detail in subsequent chapters.

Hemodynamic consequences of large
artery stiffness

The hemodynamic consequences of LAS are variable and
relatively complex, but can be conceptually described from:
(1) The effects of LAS on the early aortic systolic pressure
rise; (2) The effects of LAS on the speed at which the
cardiac pulse travels in the arterial wall2,8; (3) The effects of
LAS on wave reflections at first-order bifurcations.

Effect on the early systolic aortic pulse
pressure rise

As described in detail in Chapters 1 and 3, at the beginning of
each cardiac cycle, the left ventricle generates a forward-
traveling pulse that increases pressure and flow in the prox-
imal aorta. The amount of pressure increase required to push
the pulse flow through the aortic root in early systole depends
on the local impedance offered by the proximal aorta. This
local impedance, called the characteristic impedance (Zc), is
a measurable property that increases due to aortic root wall
stiffening, a small aortic cross-sectional area, or both.2

Interestingly, Zc is much more sensitive to size (i.e., cross-
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sectional area) than to the stiffness of the aortic wall material.
Therefore, aortic dilation may partially overcome the he-
modynamic consequences of aortic root stiffening, and
conversely, wall stiffening in the absence of eccentric
remodeling of the root can have particularly pronounced
effects on PP. However, excessive aortic dilation with
aneurysm formation is clearly deleterious and associated
with a risk of aortic rupture. Although the physical principles
governing PP are well understood, the causal interrelation-
ships between aortic dilation, aortic wall stiffening, and
pressure pulsatility are likely multidirectional and incom-
pletely understood from a biologic standpoint.

Effect on wave speed (Fig. 10.2)

As discussed in detail in Chapter 11, the energy wave
generated by the LV (incident wave) is transmitted by
conduit vessels and partially reflected at innumerable sites of
impedance mismatch throughout the arterial tree, including

points of change in wall diameter, change in material prop-
erties along the artery wall, and points of branching. A
myriad of scattered tiny reflections from individual reflection
sites are conducted back to the proximal aorta andmerge into
a net reflected wave. The timing of arrival of reflected waves
to the proximal aorta is strongly influenced by the pulse wave
velocity (PWV) of conduit vessels, particularly the aorta,
which transmits both forward and backward travelingwaves.
Stiffer aortas conduct waves at greater PWV, and therefore
promote an earlier arrival of the reflectedwaves for any given
distance to reflection sites.

In the presence of a slow PWV, as occurs in young,
healthy adults with elastic aortas, wave reflections arrive at
the aorta predominantly during diastole, augmenting dia-
stolic pressure. In contrast, when PWV increases due to
aortic wall stiffening, wave reflections return to the prox-
imal aorta in mid-to-late systole, producing systolic pres-
sure augmentation, with loss of diastolic pressure
augmentation and widening of the aortic PP (Fig. 10.2).

FIGURE 10.1 Role of large artery stiffness in health and disease. In young healthy adults, a compliant aorta: (A) effectively buffers excess pulsatility
due to the intermittent left ventricular ejection; (B) exhibits a slow pulse wave velocity (PWV), which allows pulse wave reflections to arrive to the heart
during diastole, effectively increasing diastolic coronary perfusion pressure but not systolic ventricular load. A number of factors increase aortic wall
stiffness, which leads to several adverse hemodynamic consequences. Aortic stiffening leads to increased forward wave amplitude on one hand and
premature arrival of wave reflections to the heart on the other. This leads to increased pulsatile load to the left ventricle in systole and a reduced coronary
perfusion pressure in diastole, ultimately promoting myocardial remodeling, dysfunction, failure, and a reduced perfusion reserve (even in the absence of
epicardial coronary disease). This adverse hemodynamic pattern also results in excessive pulsatility in the aorta, which is transmitted preferentially to low-
resistance vascular beds (such as the kidney, placenta and brain), because in these organs, microvascular pressure is more directly coupled with aortic
artery pressure and flow fluctuations. Reproduced from Chirinos JA, Segers P, Hughes T, Townsend R., Large-artery stiffness in health and disease: JACC
state-of-the-art review. J Am Coll Cardiol. 2019; 74(9):1237e1263, with permission from Elsevier.
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Interestingly, this phenomenon cannot be measured via
brachial PP measurements because the reflected wave tends
to augment central systolic pressure to a greater degree than
brachial pressure. Moreover, even at the central aorta, the
reflected wave not only increases central peak pressure but
also has a predominant effect on the morphology of the
pressure waveform, with a pronounced mid-to-late systolic
component relative to early systolic and diastolic pressure.
Therefore, individuals with identical central PP values can
have markedly different central pressure profiles and for
any given absolute blood pressure level, late systolic
loading from wave reflections determines abnormal
ventricularevascular interactions and an adverse LV
loading sequence,9e11 as will be discussed in detail in
Chapter 16.

Although forward and backward traveling waves are
often seen as having different determinants, they are in fact
highly interrelated. First, the amplitude of the reflected
wave is highly dependent on the amplitude of the forward
wave. In turn, wave reflections can re-reflect at the LV,
becoming rectified and thus contributing to the amplitude
of the forward wave.12 In the presence of very high PWV,
as occurs with advanced age and/or disease, multiple

reflections and re-reflections occur in a single cardiac cycle,
and forward and backward waves are highly dependent on
each other.

Some caveats to the simplified description above are
worth mentioning. First, although the reflected wave ap-
pears discrete and is often referred as a single wave, it is
important to keep in mind that the net reflected wave
measured in at the aortic root is the net sum of innumerable
tiny reflections. Accordingly, the reflected wave does not
arise from a single reflection site, and the concept of the
“effective” length of the arterial tree (i.e., distance to the
reflection site) is an unrealistic concept. As discussed in
detail in Chapter 11, given the highly distributed nature of
wave reflections, individual reflection sites have little
importance relative to the bulk of reflections originating
elsewhere (except for strong reflection sites in specific
conditions, such as aortic coarctation or complete distal
aortic occlusion). Finally, it is important to note that wave
reflections and arterial stiffness do not necessarily vary in
the same direction. In general, arterial stiffness modulates
the effects of wave reflections on the central pressure pro-
file by affecting the timing of their arrival to the proximal
aorta. However, wave reflections also vary independently

FIGURE 10.2 Consequences of increased aortic stiffness on the central pressure waveform. The left side represents what occurs with a highly
compliant aorta, as occurs in young healthy adults; the right side represents a very stiff aorta, as occurs in the elderly and/or in the presence of various
disease states. A stiff aorta is associated with a high-amplitude forward wave and a faster pulse wave velocity (PWV), determining a faster forward and
backward (reflected) wave speeds. This determines an earlier arrival of wave reflections to the aorta, with progressive loss of diastolic pressure
augmentation and increased late systolic augmentation. The figure illustrates two rather extreme situations, with most people falling “in between.”
Moreover, it should be emphasized that the apparent distance to reflection sites is highly variable between individuals and may become a dominant
determinant of the timing of wave reflections in populations that exhibit stiff aortas or in the setting of hypertension. The term “apparent” is used because
reflection sites can modify the morphology of reflected waves making it appear “shifted” in time (i.e., a shift to the right appears as if a reflection site is
further away from the heart, for any given PWV). BW, backward wave; FW, forward wave. Reproduced from Chirinos JA, Segers P, Hughes T, Townsend
R., Large-artery stiffness in health and disease: JACC state-of-the-art review. J Am Coll Cardiol. 2019; 74(9):1237e1263, with permission from Elsevier.
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of arterial stiffness due to modulation of muscular artery
stiffness and size,13 as well as microvascular tone.
Although the timing of wave reflections is correlated with
aortic PWV, there is also great variability in the distance to
reflection sites, such that this relationship is not perfect.
Moreover, the variability in the distance to reflection sites
can become the dominant determinant of the timing of
wave reflections within patient populations that in general
exhibit stiff aortas (such as older, diseased populations), in
the setting of hypertension or in the setting of specific
pharmacologic interventions that modulate muscular artery
properties.13

Effect of aortic stiffness on wave reflections in
first-order bifurcations

In young adults, aortic PWV is much lower than the PWV
of intermediate-sized muscular arteries. With aging, aortic
PWV increases and matches the PWV of these more distal
segments. This has led to the controversial proposition that
increased PWV with aging produces “impedance match-
ing” with the stiffer muscular arterial segments, reducing
wave reflections at first-order bifurcations (such as the
aortic-femoral or aortic-carotid interfaces).14 This principle
has been extended to propose protective reflections at first-
order branches of target organs such as the brain and the
kidney. Several aspects of this concept are inconsistent with
physiologic considerations. First, wave reflections at the
inlet of target organs amplify the PP, and thus increase it in
daughter branches to a much greater degree than they
prevent energy penetration. This is because PP amplifica-
tion into the branches is linearly related to the local
reflection coefficient, whereas prevention of energy pene-
tration is related to its square root; for example, a local
reflection coefficient at the aortic-carotid interface of 0.10
would prevent only 1% of energy penetration but would
increase carotid PP by 10%. Second, impedance matching
does not equal PWV matching between parent and daughter
vessels, but largely depends on vessel size (specifically, the
ratio of the area of the parent vessels to the sum of the areas
of the daughter vessels). This is due to the fact that char-
acteristic impedance of a vessel is much more dependent on
its caliber than on its stiffness. The geometry of vessels at
first-order bifurcations tends to be already optimized for
forward energy transmission,15 such that impedances are
relatively well-matched even before the aorta stiffens with
age. Third, due to this matched geometry, reflections at
single bifurcations are rather small relative to the composite
reflected wave arising from the sum of innumerable tiny
reflections elsewhere. For example, reflection coefficients
as small as 0e0.15 have been reported for the aorta-carotid
interface,14 which would prevent only up to w2.25% of
energy transmission into the carotid artery. This contrasts
with systemic reflection coefficients of w0.5 or higher,

which in sum return as much as w25% of the energy
contained in the pulse to the central aorta. Fourth, the bulk
of reflections originating outside the target organs (such as
the brain and kidney) and returning to the aorta, penetrate
these organs as forward waves. This may be particularly
important for reflected wave returning from the lower body
and traveling up the carotid arteries as forward waves into
the brain vasculature. Moreover, arteries upstream of the
carotid appear to be more effective at attenuating high-
frequency flow pulsations (such as those produced by the
initial cardiac contraction) than low-frequency oscillations
(contained in the reflected wave from the lower body),16

suggesting that the latter wave more effectively penetrates
the cerebral microvasculature. Therefore, a protective effect
of wave reflections at the inlet of target organs is not
substantiated from a theoretical standpoint, not clearly
demonstrated from a clinical standpoint, and its quantitative
importance remains to be determined by rigorous studies
that account for the complexity of whole-system hemody-
namics. Clearly, further work is required regarding this
important issue, which has implications for common dis-
ease states such as age-related dementias and chronic kid-
ney disease. The reader is also referred to discussions of
this topic with somewhat different points of view by
various experts in Chapters 11, 17, and 40.

Aortic stiffening and its role in target
organ damage

When aortic stiffness increases, the resulting increase in
arterial pressure and flow pulsatility can exert deleterious
effects in various systemic organs, particularly those that
exhibit richly perfused low-resistance vascular beds such as
the kidney, the placenta, and the brain (Fig. 10.3). Both
increased pulsatile pressure (barotrauma) and pulsatile flow
(with excessive shear forces from increased pulsatile flow
velocity) can result in microvascular damage in these or-
gans. Similarly, pancreatic islets are characterized by a low-
resistance, torrential flow, dense glomerular vascular
network. Through effects on pancreatic islets and the liver,
increased LAS may also contribute to metabolic dysfunc-
tion, and accumulating evidence links increased LAS to
incident new-onset diabetes. Although myocardial vessels
also exhibit low resistance, but are protected during systole
by the myocardial contraction, which extrinsically com-
presses intramyocardial blood vessels.

However, increased LAS does result in increased pul-
satile load to the left ventricle (which directly interacts with
the pulsatile load imposed by aorta and downstream wave
reflections) and a reduction in diastolic perfusion pressure.
It is useful to discuss the cardiac consequences of arterial
stiffening (derived from its effects on load and the diastolic
pressure decay) separately from consequences in peripheral
high-flow, low-resistance target organs. A list of potential
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consequences of arterial stiffening on various target organs
is shown in Fig. 10.4.

Arterial stiffness and the heart

The adverse consequences of aortic stiffening and abnormal
pulsatile hemodynamics on the heart are discussed in detail
in Chapters 13e18. Only a brief description will be
provided here. The aorta affects ventricularearterial in-
teractions via: (1) Its impact on the early systolic pressure
rise, which is a key determinant of peak myocardial wall
stress in early systole; (2) Its impact on the timing of arrival
of wave reflections to the LV, which increases late systolic
load, promoting LV remodeling, fibrosis, diastolic
dysfunction, and reduces coronary perfusion pressure in
diastole.9

During early ejection, the characteristic impedance of
the proximal aorta (Zc) governs the aortic and LV pressure
rise for any given blood flow from the LV into the aorta.
Peak myocardial wall stress occurs in early systole, when
systolic pressure coexists with quasi-diastolic LV geometry
(thinner wall and larger cavity), consistent with Laplace’s
law.17 Therefore, aortic Zc impacts peak myocardial wall
stress in early systole. Interestingly, although absolute
levels of wall stress in early systole are high, in the absence
of ischemia, the LV myocardium seems to adapt relatively
well to increased load during this early period of contrac-
tion.18 However, peak myocardial wall stress is a key
determinant of myocardial oxygen consumption,19

implying that a high aortic root characteristic impedance
increases myocardial oxygen demand.

As discussed above, another important consequence of
aortic stiffening is an increase in aortic PWV, which favors

an earlier arrival of reflected waves to the heart. Wave re-
flections arriving at the heart during mid-to-late systole
rather than diastole determine an increase in mid-to-late
systolic load on one hand, and a reduction in the area under
the pressure curve in diastole (i.e., coronary perfusion
pressure) on the other (Figs. 10.1 and 10.2).

As discussed in detail in Chapter 16, pulsatile afterload
during mid- and late-systole has adverse consequences on
LV remodeling and function.9,20,21 A prohypertrophic and
profibrotic effect of late systolic load has been demon-
strated in experimental studies in animal models,20 and is
also supported by human studies22e24 Similarly, experi-
mental animal data demonstrate that late systolic load has a
profound effect on LV relaxation and systolicediastolic
coupling,21 which is supported by human studies demon-
strating that late systolic load is independently associated
with diastolic dysfunction in clinical and community-based
cohorts25e27 and strongly predicts new-onset HF in the
general population.28,29 Late systolic load is also associated
with atrial dysfunction30 and independently predicts the
risk of atrial fibrillation.31 Interestingly, adverse conse-
quences of impaired pulsatile hemodynamics on the LV
seem to be more directly related to late systolic load and the
timing of wave reflections to the proximal aorta, rather than
to aortic stiffness per se. Hence, measures of LAS (such as
CF-PWV) predicted incident HF in some studies,6,32 but
not others,33 whereas measures of late systolic hypertension
seem to be more robustly associated with adverse left heart
quantitative phenotypes, incident HF, and incident atrial
fibrillation. It should be noted that the timing of wave
reflection is not only dependent on aortic PWV but also on
muscular artery function, which can impact the apparent
distance to reflection sites. In general, direct measurements

FIGURE 10.3 Arterial blood flow per unit of tissue mass in various organs. The kidney, placenta-fetal unit, heart, brain, pancreatic islets, liver, and
testicle are shown. Although liver blood flow is much higher than shown, most of it is from the portal vein (not accounted for in the graph, which
represents only arterial flow). For the pancreas, flow rates represent islet blood flow, rather than combined endocrine and exocrine pancreatic blood flow.
Modified from Chirinos JA, Segers P, Hughes T, Townsend R. Large-artery stiffness in health and disease: JACC state-of-the-art review. J Am Coll
Cardiol. 2019; 74(9):1237e1263, with permission from Elsevier.
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of LV pulsatile afterload and late systolic load (which can
be accomplished with analyses of time-resolved aortic
pressure and flow waveforms),9 rather than measurements
of LAS per se, appear to most informative for the assess-
ment of ventricular afterload, ventricularearterial in-
teractions, and for predicting incident HF and atrial
fibrillation. The assessment of ventricularearterial in-
teractions is discussed in detail in Chapters 15e17.

A premature arrival of wave reflections to the proximal
aorta also determines a loss of diastolic pressure augmen-
tation by wave reflections (Figs. 10.1 and 10.2). The
reduction in aortic compliance by aortic stiffness along with
premature wave reflections determines a steep diastolic
pressure decay, reducing coronary perfusion pressure.34

The increase in systolic load along with the reduction in
coronary perfusion pressure induced by aortic stiffening
and premature wave reflections adversely impact myocar-
dial supply/demand, which may partially exhaust the cor-
onary perfusion reserve at rest, particularly in women.35

This has implications exercise tolerance due to impaired
coronary perfusion even in the absence of epicardial cor-
onary stenoses, a topic that requires further research in
specific populations.

Arterial stiffness and the kidney

The relationship between the aorta and the kidney is bidi-
rectional. On one hand, aortic stiffness may promote pro-
gressive declines in kidney function due to glomerular
damage, whereas established kidney disease promotes
further aortic stiffening.

The kidney exhibits high-flow, low-resistance arterial
physiology, rendering glomerular capillaries susceptible to
trauma from pulsatile pressure and blood flow.36 Therefore,
aortic stiffness may contribute to the pathogenesis of
albuminuria and reduced glomerular filtration capacity over
time.

Patients with established chronic kidney disease (CKD)
(particularly diabetic CKD) exhibit increased CF-PWV,
which worsens as kidney function declines.37,38 Once
established, CKD enhances aortic stiffening due to several
mechanisms, including dysregulated bone and mineral
metabolism with vascular calcification,39e41 inflamma-
tion,42 neurohormonal dysregulation, (including increased
renin-angiotensin-aldosterone axis activation),43 and sym-
pathetic hyperactivity.44 LAS independently predicts
adverse cardiovascular outcomes in CKD patients,
including incident hospitalized HF,6 progression to end-stage

FIGURE 10.4 Potential consequences of large artery stiffness on target organs. LAS can impact the heart through effects on afterload (particularly,
modulation of the timing of wave reflections) and may damage low-resistance organs via excess arterial pulsatility. Importantly, not all these potential
consequences are similarly well-established. In general, there is a large body of evidence supporting deleterious effects on the kidney and heart, moderate
evidence for the brain and the placenta, and early/limited evidence for the pancreas, liver, and testicles (see text for details). ASH, Nonalcoholic stea-
tohepatitis.Modified from Chirinos JA, Segers P, Hughes T, Townsend R. Large-artery stiffness in health and disease: JACC state-of-the-art review. J Am
Coll Cardiol. 2019; 74(9):1237e1263, with permission from Elsevier.
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kidney disease, and all-cause death, independent of office
blood pressure.45 LAS is also predictive of all-cause death
among patients with end-stage kidney disease on hemodi-
alysis.46 The relationship between arterial stiffness, pulsa-
tile hemodynamics, and renal disease is discussed in detail
in Chapter 40.

Arterial stiffness and the brain

Given its high metabolic demand, the brain also exhibits
low-resistance, high-flow physiology,47 thus being sus-
ceptible to pulsatile microvascular trauma.3 Although on
average, the brain receives a lower blood flow per gram of
tissue compared to the kidney, activation of specific areas
of the brain are associated with sharp regional increases in
blood flow. Therefore, the fine regulation of regional arte-
riolar resistance is a key aspect of neurovascular function.

Maintaining consistent and well-regulated cerebral
perfusion is essential for proper cognitive and physical
function, and abnormalities in regional perfusion may be
key for the progression of cognitive impairment and de-
mentia. Microvascular dysfunction in the brain may lead to
impaired neurovascular coupling and regional hypo-
perfusion, particularly in the white matter, which receives
less perfusion than the gray matter. An increased LAS with
consequent increased pulsatility in the cerebral circulation
may promote brain microvascular remodeling, impaired
oxygen delivery, and impaired blood flow autoregulation (a
multifactorial process of the cerebral circulation which
regulates vascular resistance and perfusion through
myogenic, autonomic, and metabolic mechanisms).48 A
growing body of evidence links LAS with age-related
cognitive dysfunction and dementia,49e51 as well as im-
aging phenotypes of regional brain atrophy, cerebral small
vessel disease, including white matter hyperintensities,
lacunar infarcts, cerebral microbleeds, and enlarged peri-
vascular spaces.52,53 The relationship between LAS, pul-
satile arterial hemodynamics, and cognitive dysfunction
and dementia is discussed in detail in Chapter 41.

In addition, emerging data suggest that arterial stiffness
also increases the risk for subclinical brain infarction and
incident stroke.5 This may be due to common risk factors
between atherosclerosis and aortic stiffening and/or to an
increased risk of plaque rupture induced by excessive
pressure and flow pulsatility. For a detailed discussion
regarding the relationship between arterial stiffness and
atherosclerosis, the reader is referred to Chapter 38.

Arterial stiffness and the placental circulation

Given the fetal metabolic needs, the placenta also operates
at very high-flow/low vascular resistance, particularly as
pregnancy progresses toward late stages. LAS has been
implicated in placentofetal pathology, particularly

preeclampsia (a late pregnancy complication characterized
by hypertension and proteinuria) and intrauterine growth
restriction (a condition in which the fetus is smaller than
expected for gestational age) (Fig. 10.4).

Preeclampsia is associated with increased LAS.54 More
importantly, differences in LAS and pulsatile hemody-
namics appear to precede the development of late preg-
nancy complications. A high PP early in pregnancy is
predictive of subsequent preeclampsia, but not of uncom-
plicated gestational hypertension.55 A meta-analysis56

demonstrated that CF-PWV is increased in women who
subsequently develop preeclampsia or intrauterine growth
restriction. Whether LAS and/or adverse pulsatile hemo-
dynamics causally contribute to these pregnancy compli-
cations, whether LAS measurements have clinical value to
predict these complications to facilitate early interventions,
and whether pulsatile hemodynamics can be a target for
preventive therapeutic interventions in this setting remains
to be determines. Similarly, it is unknown whether women
who develop preeclampsia exhibit long-term alterations in
LAS and whether an increased LAS may lead to an
increased cardiovascular risk in this population. Chapter 42
discusses the role of arterial stiffness and pulsatile hemo-
dynamics in pregnancy-related complications.

Aortic stiffness, metabolic dysfunction, and
diabetes mellitus

It has long been known that diabetes mellitus (DM) and
obesity are important risk factors for accelerated large ar-
tery stiffening. However, recent data indicate that increased
LAS precedes the development of overt DM, suggesting a
bidirectional relationship.57e61

As discussed in detail in Chapter 30, there are several
potential mechanisms that could explain the relationship
between LAS and new-onset diabetes. LAS may contribute
to the pathogenesis of insulin resistance and DM through its
hemodynamic effects. The endocrine pancreas, which
comprises only w1%e2% of the pancreatic mass, receives
w10%e20% of its blood supply. Therefore, in contrast to
the exocrine pancreatic circulation, pancreatic islet blood
flow is among the highest in the body when normalized for
tissue mass (Fig. 10.3).7,62 Like in other high-flow, low-
resistance vascular beds, increased LAS has the potential
to impact microvascular health in pancreatic islets, leading
to dysfunctional or dysregulated endocrine function.
Pancreatic islets exhibit a dense glomerular capillary
network, which mediates chemical signaling between
various endocrine cell types. Vascular integrity may be
essential to maintain an order of sequential perfusion of b,
d, and a cells, which appears to allow for an adequate
inhibition of glucagon secretion by insulin.63 Moreover,
hyperglycemia and the associated beta cell activation result
in islet arteriolar dilation, capillary dilation, and increased
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islet capillary pressure, suggesting that local hemody-
namics participate in endocrine responses64 Therefore,
pancreatic islet microvascular dysfunction may contribute
to the pathogenesis of type 2 DM via impaired insulin
secretion and/or an imbalance between insulin/glucagon
secretion.

Additional mechanisms may mediate the relationship
between LAS and new-onset DM, as discussed in Chapter
30. These include elastin degradation in the aortic wall with
production of elastin-related peptides (which can block
insulin signaling), neurohormonal dysregulation (increased
sympathetic tone and renin-angiotensin-aldosterone system
activation), liver dysfunction, and skeletal muscle
dysfunction.

The liver receives w25% of the cardiac output and
exhibits a high-flow, low-resistance arterial circulation,
since the hepatic artery provides approximately one-third of
the liver blood flow.7 The hepatic arterial circulation
constantly regulates arterial flow to maintain total liver
blood flow constant, regardless of changes in portal vein
flow (hepatic arterial buffer response), which contributes to
metabolic homeostasis.65 Multiple studies have demon-
strated an association between nonalcoholic fatty liver
disease (NAFLD) and LAS.66 Furthermore, among patients
with NAFLD, LAS may be associated with liver fibrosis.67

Given the important intersection of hemodynamic arterial
function and metabolic function in the liver, it is possible
that LAS contributes to the progression of NAFLD and
hepatic insulin resistance, but further studies are required to
assess whether a causal relationship between LAS and liver
fibrosis exists. Finally, abnormal pulsatile hemodynamics
due to LAS may impair normal postprandial vasodilation of
skeletal muscle,68e70 further promoting insulin resis-
tance.71,72 In general, it remains to be seen whether LAS
causally contributes to pancreatic islet, skeletal muscle, or
liver microvascular dysfunction, a question that should be
pursued in future studies.

Once DM ensues, LAS may favor the development of
diabetic complications. Diabetic individuals exhibit much
higher CF-PWV than their nondiabetic counterparts,73 even
in the setting of established CKD37,38 or heart failure with
preserved ejection fraction.74 Among patients with existing
DM, increased LAS is associated with rapid progression of
microvascular complications including diabetic retinop-
athy, nephropathy, and neuropathy. Further research is
needed to clarify the mechanisms linking LAS and
accompanying pulsatile hemodynamic changes with DM.
Novel strategies that target arterial stiffness may help to
prevent and slow the progression of complications of DM.
The bidirectional relationship between LAS and DM ap-
pears to be highly clinically relevant, may offer novel
therapeutic avenues, and should be the focus of further
research.

Arterial stiffness and testicular dysfunction

Several considerations also suggest a bidirectional rela-
tionship between testicular function and LAS. Androgen
receptors can modulate vascular function and conversely,
LAS with excess pulsatility may impact testicular micro-
vascular function. Lower androgen levels are independently
associated with greater LAS in older men.75 The testicles
exhibit Doppler features of a low-resistance vascular bed,
suggesting that increased pulsatile energy in conduit ves-
sels may damage the testicular microcirculation. An intact
testicular microvascular network is required to maintain
oxygen delivery and uptake by testicular tissue.76

Abnormal vasoactive responses and structural degeneration
of the testicular microvasculature occurs with aging, which
is thought to play an active role in promoting aging of the
testis. In animal models, a reduced capacity to regulate
testicular blood flow is sufficient to impact testosterone
secretion, even in the presence of intact Leydig cell func-
tion.77 Although hemodynamic considerations and limited
observational data suggest that LAS may contribute to
microvascular damage in the testicles, further mechanistic
research is required in this area.

Mechanisms of arterial stiffening and
therapeutic approaches

The arterial wall has three main layers (intima, tunica me-
dia, and adventitia), which vary according to the artery type
(Basic concept Box 10.1; Fig. 10.5 and Table 10.2).

Various processes in the aortic wall layers can affect
LAS (Fig. 10.6). The medial layer is the main determinant of
LAS, via its various constituents: the extracellular matrix
proteins elastin and collagen, vascular smooth muscle cells
(VSMCs), cell-matrix connections, and matrix constituents
such as glycosaminoglycans interconnecting the extracel-
lular matrix. In large arteries, these elements are organized in
concentric elastin sheets, intertwined by smooth muscle cells
and matrix material, along with collagen fibers running both
in the axial and circumferential directions, providing me-
chanical strength to the artery. With progressive distance
from the heart, arteries evolve from elastic (rich in elastin) to
muscular (rich in VSMCs). The abdominal aorta, in partic-
ular, exhibits transitional ultrastructure, with a significant
amount of both elastic elements and VSMCs.

Multiple pathologic processes related to elastin frag-
mentation/degradation, collagen deposition, collagen and
elastin cross-linking by advanced glycation end-products,
VSMC stiffening, medial calcification, endothelial
dysfunction, and inflammation can impact LAS. These
processes are briefly summarized in Fig. 10.6 and
Table 10.2, but are discussed in great detail in subsequent
chapters of this textbook.
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BASIC CONCEPT BOX 10.1 Types of systemic arteries

Arteries are classified into three major types based on their size and morphology; these 3 types are: elastic arteries (conducting

arteries), muscular arteries (distributing arteries), and arterioles. Key structural characteristics and differences between these artery

types are shown in Table 10.1. Light micrographs of each type of artery are shown in Fig. 10.5.

TABLE 10.1 Main types of systemic arteries.

Artery Tunica intima Tunica media Tunica adventitia

Hemodynamic

role/effect

Elastic artery
(conduction;
e.g., aorta)

Endothelium with weibel-
palade bodies, basal
lamina, subendothelial
layer, incomplete internal
elastic lamina

40-70 fenestrated
elastic membranes,
smooth muscle cells
interspersed between
elastic membranes; thin
external elastic lamina;
vasa vasorum in outer
half

Thin layer of fibroelas-
tic connective tissue,
vasa vasorum,
lymphatic vessels,
never fibers

Conduit function and
compliance (major
source of compliance
in healthy adults)

Muscular ar-
tery (distrib-
uting;
e.g., femoral
artery)

Endothelium with weibel-
palade bodies, basal
lamina, subendothelial
layer, thick internal elastic
lamina

Up to 40 layers of
smooth muscle cells;
thick external elastic
lamina

Think layer of fibroelas-
tic connective tissue;
vasa vasorum not very
prominent; lymphatic
vessels, nerve fibers

Distributive conduit
function, some compli-
ance, modulation of
wave reflections

Arteriole Endothelium with weibel-
palade bodies, basal lam-
ina, subendothelial layer
not very prominent, some
elastic fibers instead of an
internal elastic lamina

One to three layers of
smooth muscle cells

Loose connective tis-
sue, nerve fibers

Provide resistance and
regulate blood flow
distribution through
modulation of local
tone

Modified from Gartner LP, Hiatt JL. Color Textbook of Histology. 3rd ed. Saunders Elsevier; 2007.

(A) (B) (C)

FIGURE 10.5 Light micrographs of an elastic artery (A), muscular artery (B), and arteriole (C). A, arteriole; FM, fenestrated membranes;
iEL, internal elastic lamina; N, nuclei of endothelial cells bulging into the arteriole lumen; RBC, red blood cell; TA, tunica adventitia; TI, tunica
intima; TM, tunica media; Ve, venule; xEL, external elastic lamina. The degree magnification is not uniform across the various micrographs and is
w4 times greater for panel C compared to panel A. Reproduced from Gartner LP, Hiatt JL. Color Textbook of Histology. 3rd ed. Saunders
Elsevier; 2007.
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The role of elastin and elastin-derived peptides is dis-
cussed in detail in Chapter 19. Chapter 20 deals with the
role of inflammation on arterial stiffening. Chapter 21
provides a detailed discussion of mechanisms of aortic wall
calcification. The role of vascular smooth muscle
dysfunction on arterial stiffening is discussed in Chapter
22, whereas chapter 23 deals with endothelial cell
dysfunction and senescence. Finally, Chapter 24 discussed
autonomic and neuroendocrine modulation of arterial
stiffness, and Chapter 25 deals with cellular aging.

Whereas the various processes leading or contributing
to aortic stiffening are discussed separately for didactic
purposes, it should be noted that these processes do not
occur in isolation, but rather interact to promote LAS. For
example, elastin fragmentation is often followed by
collagen accumulation, and the generation of elastin
degradation products (elastin-related peptides) may activate
signaling pathways that promote VSMC osteogenic
differentiation and vascular calcification.78 Similarly,
inflammatory pathways can lead to endothelial cell
dysfunction and activation, and to the release of bone
morphogenetic protein-2 by endothelial cells, which in turn

promotes VSMC osteogenic differentiation and vascular
calcification. Given the complex interrelationships in
various processes listed in Fig. 10.6 and Table 10.2, it is not
surprising that pleiotropic mediators, such as various
micro-RNAs79 and Klotho80 appear to exert a coordinated
regulation of various processes involved in LAS, providing
opportunities for therapeutic interventions.

Understanding mechanisms of arterial stiffening can
inform therapeutic approaches. Although a detailed
description of potential therapeutic approaches to LAS is
outside of the scope of this chapter, these will be discussed
in detail in subsequent chapters. Chapter 50 deals with
various pharmacologic approaches to reduce arterial
stiffness. Chapter 51 discusses the role of organic nitrates,
dietary (i.e., inorganic) nitrates and nitric oxide donor ther-
apy to modulate pulsatile arterial hemodynamics. Chapters
52 and 53 discuss the role of lifestyle factors interventions
(exercise training and weight loss, and salt restriction,
respectively) to reduce LAS. Finally, antihypertensive
medications that largely act through reductions in vascular
resistance or cardiac output do not necessarily change the
intrinsic material properties of the arterial wall, but may lead

In elastic arteries, the tunica intima is composed of endothelial cells supported by a narrow layer of underlying connective

tissue containing a few fibroblasts, smooth muscle cells, and collagen fibers. Thin laminae of elastic fibers, the internal elastic

laminae, are also present. Endothelial cells are oriented parallel to the longitudinal axis of the vessel and like those in other types

of arteries, exhibit Weibel-Palade bodies (small vesicles that contain von Willebrand factor and various other proteins involved in

hemostasis, inflammation, angiogenesis, and tissue repair). The tunica media of the elastic arteries consists of many fenestrated

lamellae of elastin, known as fenestrated membranes, alternating with circularly oriented layers of smooth muscle cells, which are

less abundant in elastic arteries than in muscular arteries. An external elastic lamina is also present in the tunica media. The tunica

adventitia of elastic arteries is relatively thin and is composed of loose fibroelastic connective tissue housing some fibroblasts.

Vasa vasorum also are abundant throughout the adventitia and extend to the tissues of the tunica media, where they supply the

connective tissue and smooth muscle cells. The aorta is the main source of compliance in the normal arterial tree.

Muscular arteries are characterized by a relatively thick tunica media composed mostly of smooth muscle cells arranged in 3

e40 layers (depending on the size of the artery). The tunica intima in the muscular arteries is thinner than that in the elastic

arteries. In contrast, the internal elastic lamina is more prominent than in elastic arteries and displays an undulating surface. Most

smooth muscle cells in the tunica media are oriented circularly, with few bundles arranged longitudinally close to the in the

tunica adventitia. Small muscular arteries have three or four layers of smooth muscle cells, whereas larger muscular arteries may

have as many as 40 layers of circularly arranged smooth muscle cells. Interspersed within the layers of smooth muscle cells are

elastic fibers, type III collagen fibers, and chondroitin sulfate. The tunica adventitia of muscular arteries consists of elastic and

collagen fibers, and proteoglycans, with vasa vasorum and unmyelinated nerve endings in its outer region. From a hemodynamic

standpoint, the tone of muscular arteries modulates arterial wave reflections.

Arterioles are arteries with a diameter <0.1 mm. The cross-sectional width of the wall of an arteriole is approximately equal to

the diameter of its lumen. The tunica media of arterioles consists of 1-3 layers of smooth muscle cells. Arterioles do not have an

external elastic lamina, whereas the tunica adventitia is scant and composed by fibroelastic connective tissue housing a few

fibroblasts. The terminal arterioles that supply blood to capillary beds are called metarterioles. The smooth muscle layer of meta-

arterioles is not continuous; rather, individual muscle cells are spaced apart, and each encircles the endothelium of a capillary

arising from the meta-arteriole, allowing them to act as a sphincter upon contraction, controlling blood flow into the capillary

bed.

It is important to note that changes in morphological characteristics as arteries transition from one type to another are gradual,

such that some vessels have characteristics of two categories (for example, the most distal part of the abdominal aorta has a

relatively high content of smooth muscle cells, whereas the carotid arteries exhibit mixed characteristics of muscular and elastic

arteries as they morph from proximal to distal segments).

164 Textbook of Arterial Stiffness and Pulsatile Hemodynamics in Health and Disease



TABLE 10.2 General mechanisms of large artery stiffening.

Mechanism General Description Key Molecular Mediators

Elastin fragmentation Elastin deposition in the arterial is limited to the fetal development
period and infancy and is subsequently turned off; therefore, in adult-
hood, elastin fiber damage is essentially irreparable. Progressive elastin
fragmentation/loss occurs due to: (a) Mechanical fatigue over the life-
time (cyclic stress); (b) elastase-mediated proteolysis.

l MMP-1, MMP-2, MMP-9, MMP-12, MMP-14, cathepsins,
neutrophil elastase, other elastases.

l Elastin glycation, carbamylation and peroxidation may increase its
mechanical fragility and/or susceptibility to proteolysis.

l Elastin degradation products (elastin-related peptides) may promote
arterial damage, calcification and systemic metabolic
dysregulation.

Collagen deposition Collagen deposits occur at the arterial wall (predominantly the media),
including sites of elastin breakdown

l VSMC angiotensin-II type 1 receptor activation
l VSMC mineralocorticoid receptor activation

AGE-mediated collagen and
elastin cross-linking

Glucose cross-links develop and AGEs form between proteins with a
long half-life (such as collagen). Cross-linked collagen is more resistant
to enzymatic proteolysis. Glycated elastin is more susceptible to degra-
dation. Hyperglycemia leads to AGE formation, whereas renal dysfunc-
tion leads to reduced AGE elimination

l Glucose, uremic toxins
l AGEs can activate the receptor of AGEs (RAGEs), inducing

inflammation, oxidative stress and calcification pathways (via
sodium phosphate co-transporter PiT-1 expression). The functional
significance of AGE-RAGE interactions in vivo is unclear.

VSMC stiffening/tone Alterations in the VSMC cytoskeleton and integrin interactions with the
extracellular matrix. Likely to be more important in distal aortic seg-
ments, which are richer in VSMCs.

l Increased a-smooth muscle actin and b1-integrin expression
l Increased adhesiveness to fibronectin (primate models)

Calcification Medial calcification is predominantly mediated by the osteochondro-
genic differentiation of VSMCs. This process is different from the
intimal calcification associated with atherosclerosis, which is predomi-
nantly mediated by chondrocyte-like cells of bone marrow origin.
Adventitial calcification may also occur, which involves myofibroblasts
and/or microvascular pericytes.

l Imbalance between calcification inhibitors (MGP, fetuin A,
pyrophosphate, osteopontin, osteoprotegerin, klotho) and activators
(FGF-23, inflammatory cytokines, vitamin D).

l BMP-2 signaling
l ALP activation (degrades pyrophosphate, a calcification inhibitor)
l Osteogenic transcription factors (Msx2-Wnt signaling)

Endothelial dysfunction Reduced NO production by the endothelium may play a role in regu-
lating VSMC stiffness/tone in distal aortic segments like the abdominal
aorta. Increased stiffness of the endothelial cell cytoskeleton that is in
close to the membrane (cortical cytoskeleton) may also play a role in
modulating stiffness

l Oxidative stress
l Nitric oxide deficiency
l proinflammatory pathways

Inflammation There are interconnections between inflammatory pathways and
various mechanisms of large artery stiffening (elastin degradation,
medial calcification, calcification, endothelial dysfunction)

l TNF-alpha (can activate calcification pathways via Msx2-Wnt
signaling and release of BMP-2 within endothelial microparticles)

l Various elastases are produced by inflammatory cells
l Inflammatory cascades lead to endothelial dysfunction

AGEs, advanced glycation end-products; ALP, alkaline phosphatase; BMP-2, Bone morphogenetic protein 2; FGF-23, fibroblast growth factor 23; MGP, matrix GIa protein; MMP, matrix metalloproteinase;
Msx2, Homeobox Protein Hox-8; NO, nitric oxide.; PiT-1, phosphate transporter 1; RAGEs, receptor of AGEs; VSMC, vascular smooth muscle cell; Wnt, willingness Int.
Reproduced from Chirinos JA, Segers P, Hughes T, Townsend R. Large-artery stiffness in health and disease: JACC state-of-the-art review. J Am Coll Cardiol, 2019;74(9):1237e1263, with permission from
Elsevier.
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to a reduction in operating stiffness, given the nonlinear
arterial compliance curve, as discussed is Chapter 1.

Conclusions

LAS has profound consequences for cardiovascular health
and is likely responsible for a large proportion of the global
chronic cardiovascular disease burden. This burden will
likely increase as the lifespan of the general population in-
creases, even in the absence of atherosclerotic cardiovascular
disease. Given the important consequences of aortic stiff-
ening and excess pulsatility on target organs, a better un-
derstanding of molecular mechanisms that contribute to LAS
should be aggressively pursued, in order to design effective
pharmacologic interventions. Mechanical approaches to
reduce pulsatility in the presence of irreversible aortic stiff-
ening should also be pursued. Aortic stiffening represents an
unmet, high-priority therapeutic target to ameliorate the
global burden of cardiovascular disease.
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Wave reflection in the arterial tree
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Introduction

The pulsatility of arterial blood pressure and flow is a
fundamental feature of the cardiovascular system. Although
clearly arising from the ventricle’s design as a pulsatile
pump, the evolution of pressure and flow over time (i.e.,
pulse waveform during systole and diastole) and space (i.e.,
from central to peripheral arteries) depends not only on the
properties of this pump, but also to a large extent on the
properties of the vascular network. Ever since Thomas
Young studied “the laws of the propagation of an impulse
through the fluid contained in an elastic tube” and
concluded that “application of this theory to the motion of
the blood in the arteries is very obvious,”1 it has been
recognized that the initial ventricular impulse produces a
wave that propagates at finite speed from proximal to distal
arteries. That this “forward-running” wave is not perfectly
absorbed by the arterial network, but undergoes some de-
gree of reflection, became the subject of many pioneering
studies in the 20th century that form the basis of work that
continues to this day.2e11 As with electromagnetic waves
or acoustic waves, wave reflection in arteries occurs when a
wave encounters an impedance mismatch, that is, a change
in the wave propagation properties of the medium.

Because the impedance of the arterial network as a
whole (input impedance) is greater than the local imped-
ance of the proximal aorta (characteristic impedance),
where the incident wave originates, reflected waves
returning to the heart tend to augment blood pressure.
Importantly, the time delay between incident and reflected
waves at a given location (e.g., the heart) is determined by
the distance to the reflection site(s) and the propagation
speed [“pulse wave velocity (PWV)”]. Pressure-increasing
reflected waves that return during diastole make an ad-
vantageous contribution to coronary perfusion pressure (as
discussed in detail in Chapter 18), whereas waves that re-
turn during systole present an additional afterload to the

ventricle, which reduces pump energy efficiency.12,13 A
transition from the former to the latter situation is thought
to occur with aging because the progressive loss of aortic
compliance leads to a two- to threefold increase in aortic
PWV,14,15 leading to characteristic changes in the shape of
pulse waveforms.16 As will be described throughout this
chapter, although various aspects of this “standard” view
have been debated over multiple decades, many of the
controversies relate to limitations in the way arterial wave
reflection has been modeled (i.e., conceived of) and
measured (i.e., quantified).

This chapter starts by introducing basic concepts around
the propagation and reflection of pressure and flow waves
in elastic tubes. After covering the fundamental (patho)
physiological sources of impedance mismatching, we crit-
ically review the various models that have been used to
“make sense” of wave reflection in the arterial system. We
then explore some key complexities of the real system (re-
reflections and the “horizon effect,” ventricular wave
reflection, and the interplay between wave dynamics and
windkessel function) that render many simplistic notions of
arterial wave reflection ineffective at best and misleading at
worst. With these principles in mind, we then introduce and
critically assess the methods that are commonly used to
quantify the magnitude and timing of reflected waves.

Pressure and flow in the absence of
wave reflection

To understand the impact of wave reflection, it is useful to
first consider what the relationship between blood pressure
and blood flow would be in a theoretically reflectionless
scenariodan infinitely long distensible vessel with uniform
mechanical properties. If a pulse of fluid is injected into the
vessel, a change in flow (DQf ) and pressure (DPf ) is
produced that travels as a wave in the forward direction
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(“f ” subscript). The mathematical description of wave
travel in a distensible vessel was originally formulated by
Euler in 1775, although published later.17 Von Kries
identified that DQf and DPf in an elastic tube are intrinsi-
cally linked via a simple equation, now known as the
“water hammer” equation18,19 (Fig. 11.1A):

DPf ¼ ZcDQf (11.1)

where Zc is called characteristic impedance, a term that is bor-
rowed from electrical transmission line theory,20 noting that
voltage and current are the electrical equivalents of pressure
and flow, respectively. Assuming no leakage of blood through
the vessel wall, characteristic impedance is determined by the
inertance of the fluid (L), compliance of the vessel (C), and
viscous resistance to flow (R) per unit length,21

ZcðuÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Rþ juL

juC

s
(11.2)

where j ¼ ffiffiffiffiffiffiffi�1
p

and u is the angular frequency of the
wave, with higher frequencies corresponding to faster
changes in pressure and flow. The parameters L, C, and
R can be related to measurable quantities as follows:

L ¼ r

A
(11.3)

C ¼ A

rc2
(11.4)

R ¼ 8ph
A2

(11.5)

where r is blood density, h is blood viscosity, A is lumen
cross-sectional area, and c is wave speed (which increases
with vessel stiffness, see Chapter 1). Importantly, resistance

is negligible in large vessels but becomes significant in
smaller vessels because it is inversely proportional to the
square of A, and hence the fourth power of radius (Eq.
11.5). By ignoring resistance in large vessels, Eq. (11.2) re-

duces to Zc ¼ ffiffiffiffiffiffiffiffiffi
L=C

p
, which is frequency-independent

and, via Eqs. (11.3) and (11.4), becomes:

Zc ¼ rc

A
(11.6)

This equation implies that a higher c (e.g., due to
increased vessel stiffness) will be associated with a higher
Zc, causing a larger pressure rise for a given flow (Eq.
11.1). Indeed, this principle is thought to be the major
factor underlying the hypertensive effect of aortic stiffening
with advancing age,22,23 although the approximately 100%
increase in Zc starting in middle age22,24 is tempered by an
increasing aortic area.25

To summarize the key points in this section, in the
absence of wave reflection (1) pressure and flow wave-
forms will have the same shape; (2) the ratio of pressure
and flow is called characteristic impedance (Zc); and (3) Zc
is essentially independent of wave frequency in large ves-
sels and depends on vessel size and stiffness (via A and c).

The basis of wave reflection:
impedance mismatching

Given the intrinsic link between pressure and flow in a
reflectionless tube, any differences in the shape of measured
pressure and flow waveforms must arise due to wave
reflection. Consider two connected vessels of finite length
with differing characteristic impedances (Z1 and Z2,
Fig. 11.1B); an “impedance mismatch” therefore exists at
the interface between them. If a pulse of fluid is injected

FIGURE 11.1 (A) In a uniform tube with infinite length, a forward-traveling pressure change (DPf ) is intrinsically linked to an accompanying forward-
traveling flow change (DQf ) via characteristic impedance (Zc). (B) At the interface between two vessels that have differing Zc, a site of impedance
mismatch exists. The incident forward wave produces pressure and flow changes in vessel 1 (DP1f and DQ1f ) and the transmitted wave produces
respective changes in vessel 2 (DP2f and DQ2f ). A reflected wave produced at the site of impedance mismatch produces further changes in pressure (DP1b)
and flow (DQ1b) in vessel 1.
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into the first vessel, a forward-traveling wave (“f ”
subscript) is produced that causes a change in pressure and
flow in vessel 1 (DP1f and DQ1f , respectively). A portion of
the wave energy is transmitted into vessel 2 (DP2f and
DQ2f , respectively), but a reflected wave is also produced
because of the impedance mismatch. This is akin to light or
sound waves being partially reflected when they travel from
one medium to another with different refractive indices or
densities. The reflected wave travels in the backward di-
rection (“b” subscript) and also produces a change in
pressure (DP1b) and flow (DQ1b) in vessel 1 (Fig. 11.1B).
Hence, the overall pressure change in vessel 1 is DP1fþ
DP1b and overall change in flow is DQ1f þ DQ1b

(Fig. 11.1). As discussed in Box 11.1, wave reflection must
arise at sites of impedance mismatch to ensure that the laws
of conservation of mass and (assuming no viscous dissi-
pation) conservation of energy are fulfilled. These require
that the changes in pressure and flow in both vessels be
equal, hence:

DP1f þDP1b ¼ DP2f (11.7)

DQ1f þDQ1b ¼ DQ2f (11.8)

Impact of wave reflection on arterial pressure
and flow

To understand how reflected waves affect pressure and
flow, a critical principle is that the water hammer equation
for backward-traveling waves includes a negative sign (in
contrast to Eq. (11.1) for forward-traveling waves):

DPb ¼ � ZcDQb (11.9)

Where both forward and backward waves are present at a
particular measurement site, the observed pressure (DP)
and flow (DQ) changes are equal to the sum of the respec-
tive forward and backward waves (DP ¼ DPf þ DPb and
DQ ¼ DQf þ DQb), if the generally small influence of
nonlinearities is neglected.26,27 These water hammer

equations (Eqs. 11.1 and 11.9) have two very important im-
plications for interpreting arterial hemodynamics. First, for-
ward waves cause pressure and flow to change in the same
direction (a pressure-increasing forward wave will accom-
pany a flow increase). However, backward waves cause
pressure and flow to change in opposite directions (a
pressure-increasing backward wave will accompany a
flow decrease). Consequently, it is backward waves that
cause measured pressure and flow waveforms in arteries
to differ (Fig. 11.2). With the exception of coronary ar-
teries, where some backward waves are actively generated
in the intramyocardial circulation,28,29 wave reflection is
therefore ultimately responsible for the well-known differ-
ences in the shape of arterial pressure and flow waveforms.
These differences are virtually abolished by reducing wave
reflection via infusion of vasodilators, whereas the differ-
ences are accentuated when wave reflection is increased
via the infusion of vasoconstrictors.9,30e33

Reflection and transmission coefficients

The degree to which a pressure wave is reflected at the
boundary between vessel 1 and vessel 2 in Fig. 11.1B can
be quantified as the ratio of the reflected pressure wave
(DP1b) to the incident pressure wave (DP1f ). This is called
the local reflection coefficient (GP) and can be expressed in
terms of the mismatch in characteristic impedance using
Eqs. (11.7)e(11.9):20,34

GP ¼ DP1b

DP1f
¼ Z2 � Z1

Z2 þ Z1
(11.10)

Similarly, the pressure transmission coefficient (TP) is
defined as

TP ¼ DP2f

DP1f
¼ 2Z2

Z2 þ Z1
(11.11)

By combining Eqs. (11.8) and (11.9), it can also be
shown that TP and GP are related via TP ¼ 1 þ GP. At
first this may seem counterintuitive because one might

BOX 11.1 Origin of wave reflection

Wave reflection must arise at sites of impedance mismatch to satisfy the fundamental laws of conservation of energy and mass. To

understand this requirement, imagine a theoretical scenario where wave reflection does not occur at the interface between vessel

1 and 2 (Fig. 11.1B). If this were so, the only pressure and flow changes would be DP1f and DQ1f in vessel 1 and DP2f and DQ2f in

vessel 2, respectively. Assuming no viscous dissipation, conservation of energy requires “continuity of pressure,” which means

that the total pressure change in both vessels must be the same (DP1f ¼ DP2f ). Rewriting both sides with the water hammer

equation (Eq. 11.1) would then imply that Z1DQ1f ¼ Z2DQ2f . If the two vessels had the same characteristic impedance (Z1 ¼
Z2), i.e., no impedance mismatch, then we see that DQ1f ¼ DQ2f , which satisfies conservation of mass. However, if there is an

impedance mismatch (Z1sZ2), then the water hammer equation requires that DQ1fsDQ2f , which would violate conservation of

mass. Therefore, where an impedance mismatch is present, the only way for mass and energy to be conserved, while upholding

the water hammer equation in both vessels, is for a reflected wave to arise in vessel 1; this leads to Eqs. (11.7) and (11.8).
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expect that a 40% reflection would be accompanied by 60%
transmission. However, this intuition only applies to
conserved quantities like flow and energy, whereas pressure
is not a conserved quantity. On the other hand, pressure is
essentially continuous at arterial junctions, which means
that pressure does not exhibit large changes over very short
distances; it can be shown that the relation TP ¼ 1þ GP is
required to ensure such continuity of pressure.34

Reflection and transmission coefficients for flow (GQ

and TQ) can also be defined and expressed in terms of GP

(Table 11.1). In addition, the coefficients of composite
measures that combine pressure and flow (hydraulic
power and wave intensity) can also be found by
combining the respective coefficients in the same manner
(Table 11.1).

To understand reflection and transmission coefficients,
it is instructive to highlight three limiting scenarios:

1. Well-matched junctions. When there is no impedance
mismatch (Z2 ¼ Z1), no reflected wave arises (GP ¼
0 and GQ ¼ 0) and a pressure/flow wave is transmitted
forward unaltered (TP ¼ 1 and TQ ¼ 1).

2. Closed-ended or “positive” reflection (i.e., GP > 0) oc-
curs when a wave encounters an impedance increase
(Z1 < Z2 in Fig. 11.3). If vessel 2 were progressively
occluded (area approaches zero, i.e., A2/0), Z2 would
progressively increase. As Z2/N (i.e., complete oc-
clusion), GP/1 and TP/2, which means that an inci-
dent pressure-increasing (“compression”) wave will be
reflected as a compression wave that further increases
pressure. On the other hand, GQ/� 1 and TQ/ 0,
which means that (as expected) transmission of flow ap-
proaches zero and therefore the reflected flow wave
must totally cancel out the incident flow wave (i.e.,
GQ ¼ �1Þ. One may therefore consider positive reflec-
tion as a conversion from kinetic energy (flow) to poten-
tial energy (pressure).

3. Open-end or “negative” reflection (i.e., GP < 0) occurs
when a wave encounters an impedance decrease
(Z1 > Z2 in Fig. 11.3). If vessel 2 were progressively
enlarged (A2/N), Z2/0, GP/� 1 and transmission
of pressure falls toward zero (TP/0). Hence, the re-
flected pressure wave entirely cancels the incident pres-
sure wave, so that pressure at the interface does not
change (just as flow does not change for a complete oc-
clusion). The concept of negative reflection may be un-
derstood when considering the analogy of a wave
propagating along a river (vessel 1) that meets the sea
(vessel 2). A wave that increases water level in the river
(analogous to an increase in pressure) cannot also raise
sea level because the sea is effectively an infinite reser-
voir compared with the river. Hence to ensure continu-
ity of pressure at the interface, the reflected pressure
wave must cancel the pressure effect of the incident
wave. Negative reflection therefore involves a conver-
sion from potential energy (pressure) to kinetic energy
(flow), since as Z2/0, we see that GQ/1 and
TQ/2; hence, the reflected wave augments flow in
the same direction as the incident wave.

Although we have considered a single reflection site
between two vessels, the same principles apply when
considering wave reflection that is distributed through an
arterial network. Positive reflection (GP > 0) is well-
recognized to occur in systemic arteries, causing systolic
pressure augmentation and a less dome-like, and more
triangular-shaped flow waveform observed with advancing
age. However, as discussed in a later section, negative wave
reflection (GP < 0), although less widely recognized, also
occurs throughout the arterial network, mainly in relation to
re-reflection of backward-running waves at arterial junc-
tions; however, negative reflection of forward traveling
waves does occur in specific pathologies, such as aortic
aneurysms.35,36

FIGURE 11.2 In the absence of wave reflection (left), flow and pressure waveforms have the same shape, scaled by the characteristic impedance
(1.67 mmHg min/L in this case). In the presence of wave reflection (right), the pressure waveform diverges from the flow waveform. The red shading
indicates the total pressure contributed by wave reflection above what would exist in the theoretical absence of wave reflection. Note: the diastolic pressure
in both cases is assumed to be zero for simplicity of representation.
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We now consider the specific features of the arterial
system that are thought to give rise to impedance mis-
matching and hence wave reflection, namely junctions,
tapering, resistance vessels, stenoses, aneurysms, and
stents.

Arterial junctions

Wave reflection at junctions can be analyzed by extending
Eq. (11.10) to include two daughter vessels. For simplicity,

we now write the equation in terms of characteristic
admittance, which is the inverse of characteristic imped-
ance (i.e., Y ¼ 1=Zc ¼ A=rc in large vessels).

GP ¼ Y1 � ðY2 þ Y3Þ
Y1 þ ðY2 þ Y3Þ (11.12)

where the subscripts 1, 2, and 3 refer to the parent and two
daughters, respectively. Additional daughter branches
could be included as additional terms in the brackets (Y4,
Y5, etc.), but we here only consider a bifurcation. As in

TABLE 11.1 Reflection and transmission coefficients.

Coefficient Expressions

Positive reflection

example

Negative reflection

example

Pressure
reflection

GP DP1b
DP1f

¼ Y1�ðY2þY3Þ
Y1þY2þY3

GP ¼ 0:2
DP1f ¼ 10
DP1b ¼ 2

GP ¼ e0:2
DP1f ¼ 10
DP1b ¼ �2

Pressure
transmission

TP
DP2f
DP1f

¼ DP3f
DP1f

¼ 2Y1

Y1þY2þY3
¼ 1 þ GP TP ¼ 1:2

DP2f ¼ DP3f ¼ 12
TP ¼ 0:8
DP2f ¼ DP3f ¼ 8

Flow reflection GQ
DQ1b

DQ1f
¼ Y2þY3�Y1

Y1þY2þY3
¼ �GP GQ ¼ �0:2

DQ1f ¼ 10
DQ1b ¼ �2

GQ ¼ 0:2
DQ1f ¼ 10
DQ1b ¼ 2

Flow transmission TQ TQ2 ¼ DQ2f

DQ1f
¼ 2Y2

Y1þY2þY3

TQ3 ¼ DQ3f

DQ1f
¼ 2Y3

Y1þY2þY3

TQ2 ¼ 0:72
DQ2f ¼ 7:2
TQ3 ¼ 0:08
DQ3f ¼ 0:8

TQ2 ¼ 0:8
DQ2f ¼ 8
TQ3 ¼ 0:4
DQ3f ¼ 4

Power reflection GP
DP1b

DP1f
¼ GPGQ GP ¼ �0:04

DP1f ¼ DP1fDQ1f ¼ 100
DP1b ¼ 4

GP ¼ �0:04
DP1f ¼ DP1fDQ1f ¼ 100
DP1b ¼ 4

Power
transmission

TP TP2 ¼ DP2f

DP1f
¼ TPTQ2

TP3 ¼ DP3f

DP1f
¼ TPTQ3

DP2f ¼ 86:4
DP3f ¼ 9:6

DP2f ¼ 64
DP3f ¼ 32

The positive reflection example involves a bifurcation with three branches having admittances Y1 ¼ 3, Y2 ¼ 1.8, and Y3 ¼ 0.2. The negative reflection
example involves a bifurcation with three branches having admittances Y1 ¼ 3, Y2 ¼ 3, and Y3 ¼ 1.5. Assumes an incident wave in vessel 1 with a nomi-
nal pressure effect DP1f ¼ 10 and nominal flow effect DQ1f ¼ 10 (units neglected).

FIGURE 11.3 Positive reflection occurs when an incident wave encounters an impedance increase (Z1 < Z2). The reflected wave changes pressure in the
same direction as the incident wave (filled arrows), but changes flow in the opposite direction as the incident wave (unfilled arrows). The reverse is true for
negative reflection.
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the previous section, the pressure transmission coefficient is
TP ¼ 1 þ GP, and the same pressure change is transmitted
into both daughter vessels, regardless of the degree of
asymmetry in daughter radii (assuming that pressure losses
that depend on branch angle are negligible).

Expressions for calculating reflection and transmission
coefficients for flow and hydraulic power (i.e., P ¼ PQ )
are provided in Table 11.1; this table includes worked ex-
amples of reflected and transmitted pressure, flow, and
power waves for the bifurcations shown in Fig. 11.4 (GP ¼
0:2 and �0.2 for the incident wave in vessel 1). It is
instructive to note that, unlike pressure, flow and power are
transmitted unequally between branches for an asymmetric
bifurcation, with less flow and power transmitted to higher
impedance/smaller branches (in vivo, this means, for
example, that less flow and power from the ascending aorta
are transmitted into the smaller supra-aortic branches vs.
the larger descending aorta). Interestingly, both examples in
Fig. 11.4 involve the same degree of power reflection
(DP1b) and total power transmission (DP2f þ DP3f ),
highlighting that any degree of wave reflection (whether
positive or negative) reduces power transmission,
compared with a well-matched junction.

Having covered the basic theory, we now consider how
much wave reflection generally occurs at arterial junctions.
Assuming symmetrical daughter vessels (A2 ¼ A3) and
that cf1

�
A4 (as per the Moens-Korteweg equation), it can

be shown that a bifurcation will be well-matched (GP ¼ 0)
when the daughter-to-parent ratio (a ¼ ðA2 þA3Þ=A1) is
approximately 1.15.19,37 For asymmetric bifurcations, the
optimal area ratio is slightly lower.19 Interestingly, exten-
sive measurements of area ratios of the arterial tree in
humans found that (with the notable exception of the aor-
toiliac bifurcation),38,39 in general a ¼ 1:14� 0:03, sug-
gesting that the arterial tree is indeed very well-matched,

facilitating the efficient transmission of forward waves from
the heart to organs and tissues, with minimal reflection.40

This principle has been a key design feature of computa-
tional models of arterial haemodynamics, where it has been
found that well-matched junctions are required to produce
realistic pressure/flow waveforms.41e43 Some earlier
studies suggested that bifurcations provided sites of wave
reflection.44 However, it was later found that wave re-
flections can be almost entirely abolished by vasodilators,
which directly increase the diameter of high resistance ar-
terioles but have little to no effect on branching patterns.30

Hence, although wave reflection can occur at junctions if
not well-matched, it is unlikely that this is the major source
of wave reflection in the healthy arterial system.

Tapering

Arterial tapering refers to the gradual decrease in area
(geometric tapering) or change in wall properties (elastic
tapering) along the length of the vessel. Both kinds of
tapering lead to a continuous change in Zc and conse-
quently, wave reflection also occurs in a continuous manner
along the entire length of the vessel instead of at a discrete
point.45 Interestingly, Segers et al. found that such contin-
uous reflections had similar effects on measured pressure
and flow signals as discrete reflections, thus making them
indiscernible with measurements at a single site.46 Arterial
tapering (which involves decreasing area and increasing
stiffness) has been hypothesized to play a role in pulse
amplification because the continuously increasing Zc pro-
duces reflected waves that increasingly add to the pressure
waveform as waves travel from the heart to the periphery,
as per the consequences of wave reflection on pressure
transmission discussed earlier in this chapter.47e49

Tapering may also attenuate the power transmission of

FIGURE 11.4 Bifurcations with a positive reflection coefficient (GP ¼ 0.2, left) and negative reflection coefficient (GP ¼ �0.2, right) for the incident
pressure wave (DPf ). Calculation of reflection and transmission coefficients for pressure, flow, and power, for the given nominal characteristic impedance
(Z) and characteristic admittance (Y ¼ 1/Z) values of vessels 1, 2, and 3, are provided in Table 11.1.
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reflected waves traveling back toward the heart, since such
waves see a continuous impedance decrease. The actual
contribution of tapering to arterial wave reflection is un-
certain, however, as tapering may be predominantly an
impedance-preserving feature due to the presence of side
branches.50

Resistance vessels

Viscous resistance is negligible in large arteries but be-
comes significant in smaller vessels such as arterioles. In
these smaller vessels, resistance makes an appreciable or
even dominant contribution to Zc (Eq. 11.2). This abrupt
increase in resistance occurs over a very short length.51

Several lines of evidence support the view that high resis-
tance arterioles serve as the major sites of wave reflec-
tion.52,53 First, as mentioned above, arterial bifurcations
tend to be well-matched and tapering of large conduit ar-
teries is likely impedance-preserving,50 both of which
appear to be good design features of the arterial network.
Second, vascular beds have been shown to have a relatively
high reflection coefficient, with a value of 0.8 estimated for
the canine femoral vascular bed30; there is also evidence of
a relatively large backward compression wave (BCW) in
the distal radial artery in humans.54 Third, vasodilation of
resistance vessels markedly reduces or even abolishes wave
reflection, whereas vasoconstriction increases wave
reflection.30,32,55e57

These observations notwithstanding, the role of pe-
ripheral resistance in generating wave reflection is still
debated, primarily because changes in wave reflection may
be induced without a parallel change in systemic vascular
resistance.58 For example, administration of inorganic ni-
trate results in a clear reduction in wave reflection, even
when peripheral resistance is unchanged.55 However,
Yaginuma et al.59 suggested that a similar phenomenon
observed in several studies after administration of glyceryl
trinitrate59,60 could be explained by negative reflection
arising at the interface between larger parent arteries and
the dilated muscular arteries, which would offset the un-
changed positive reflection occurring at the arteriolar level.

Stenosis

Stenosis is the focal narrowing of an artery, typically
caused by congenital defects or atherosclerosis. While the
severity of a stenosis nonlinearly determines its effective
resistance to flow,61 the associated local increase in
impedance also produces positive wave reflection.62,63 The
impedance mismatch occurring at a stenosis is influenced
by (1) the characteristic impedance of the parent vessel, (2)
the stenotic cross-sectional area, (3) the stiffness of the
stenosis vessel wall, and (4) the viscous resistance arising
from complex or turbulent flow downstream to the vena

contracta. Importantly, based on computational and in vitro
studies, Stergiopulos et al.64 concluded that the reflection
coefficient of a stenosis rises more steeply than its resis-
tance, suggesting that even hemodynamically insignificant
stenoses (i.e., those that cause a clinically insignificant in-
crease in resistance) may produce substantial wave
reflection.

Aneurysms

Aneurysm is the localized enlargement of an artery caused
by weakening of the arterial wall. In vitro and computa-
tional studies have demonstrated that negative reflection
occurs at fusiform aneurysms due to the local increase in
area and resultant decrease in characteristic impedance (Eq.
11.6).35,65 Negative reflection of the initial forward
compression wave (FCW) produces a backward decom-
pression wave (BDW) that has a pressure-decreasing and
flow-increasing effect. A small BDW was detected in one
patient in a pilot study before (and not after) repair of an
abdominal aortic aneurysm. All three patients studied
exhibited an increased (i.e., more positive) reflection co-
efficient after repair, suggesting that local negative reflec-
tion at the aneurysm may not always be detectable if it is
overwhelmed by positive reflection from other sites.35

Stents

Stents are mesh-like structures made of stainless steel that
eventually integrate with the vessel wall. Since the stent is
stiffer than the vessel wall, two sites of impedance
mismatch are created, one at the proximal end (impedance
increase) and one at the distal end (impedance decrease),
associated with positive and negative GP, respectively. For
a short stent, one might expect the reflected compression
and decompression waves arising from these two sites to be
almost in phase and thus cancel each other out. Indeed, a
theoretical analysis by Crespo et al.66 suggested that wave
reflection from a stent is directly proportional to its length
and inversely proportional to the wave speed of the parent
artery (assuming very high wave speed in the rigid stent
itself). A shorter stent may therefore cause less hemody-
namic perturbation and contribute to a lower risk of reste-
nosis.67 Although not confirmed in vivo, computational
studies by Papathanasiou et al.68 predicted that the structure
of a stent mesh affects wave reflection in a frequency-
dependent manner, and that placement of two stents may
lead to high levels of wave reflection.

Models of arterial wave reflection

When attempting to understand wave reflection in the
arterial system as a whole, conceptual models are un-
avoidable. Mathematical models provide the blessing of
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analytical precision and conceptual robustness, but also the
curse of assumptions. Since the concepts and indices used
to describe and quantify arterial wave reflection are based
on one or another model, awareness of model limitations is
crucial to avoid misinterpretation and thinking “inside the
box” (e.g., only conceiving of physiological processes in
terms of one specific limited model).

Broadly speaking, models of waves in arteries are
generally founded on three pillars. The first is the
NaviereStokes equations that express the basic laws of
fluid dynamics. Although these are derived from the un-
assailable laws of conservation of mass and momentum,
when addressing the phenomenon of waves, these equa-
tions are usually reduced to a one-dimensional (1D) form
with the aid of several simplifying assumptionsdfor
example, long cylindrical geometry.69,70 The second is a
constitutive relation that describes the distensibility of the
arterial wall (i.e., how transmural pressure relates to cross-
sectional area). Due to the complex composition and
mechanical properties of the arterial wall, all constitutive
relations are empirical and approximate. When neglecting
nonlinearities in the combined system of equations, the
telegraph (or transmission line) equations are obtained.
These form the basis for concepts such as characteristic
impedance and impedance mismatching.

In addition to these basic model constructs regarding
waves in elastic tubes, a third (and pivotal) aspect of wave
reflection models is how the systemic arterial network is
represented. Historically, a frequently pursued goal has
been to reduce the very complex wave reflection properties
of the arterial network to a model form that is as simple as
possible, in the hope that a model with few parameters may
provide both conceptual clarity and clinical utility. We here
briefly review the most prominent wave reflection models.

Single tube model

The simplest model of arterial wave reflection is a uniform
tube, with characteristic impedance Zc, terminated in a load
that creates a single reflection site (Fig. 11.5). According to
Campbell et al.,71 the origins of this model appear to extend
back to Otto Frank, who proposed that one “effective”
reflection site might be used to represent the lumped effect
of the many actual reflection sites distributed around the
body. An “effective length” (Leff ) refers to the distance
from a measurement site to the apparent “location” of this
reflection site, while “effective reflection time” (Teff ) refers
to the time taken for a wave to travel to this effective
reflection site and back. Although long-recognized to be a
simplification of reality, estimation of Teff and Leff has been
a frequent topic of investigation over the past 80
years.2,72e78

An overview of the various methods used to estimate
Teff is provided in a later section. Leff can then be calculated
as PWV/Teff , where PWV is pulse wave velocity. When
applying these methods, it is important to keep in mind that

all of them are (either explicitly or implicitly) based on the
single tube model. For example, pulse wave analysis and
wave separation analysis involve analysis of waveform
features and are not explicitly tied to a single tube model,
but when singular Leff or Teff are calculated, a single
effective reflection site is implied. Other techniques are
explicitly linked to a specific mathematical form of the
single tube model. The earliest of these involved a perfectly
elastic tube and purely resistive load,75 with Leff calculated
via the “quarter wavelength formula” (see Fig. 11.5).
However, this model exhibits unphysiological oscillations
in the impedance spectrum (see Box 11.2), and so subse-
quent investigators variably employed tubes with pulse
attenuation (i.e., viscous friction) and/or a complex load
(standard or modified 3-element windkessel).72e74 Leff was
estimated from the first local minimum in impedance
modulus or first zero crossing of the phase, or through
fitting a computational model to measured waveforms.

Importantly, given the same input data, different models
and techniques lead to different values of Leff , e.g., with
resistive loads producing larger values than complex
loads.72,73,79 Moreover, it has been shown that the “loca-
tion” of the effective reflection site (i.e., the end position of
the tube) depends on where measurements are taken.53,80,81

For example, when impedance is measured at the thoracic
aorta, an apparently discrete reflection site is found at the
aortic bifurcation, whereas when measured from the
abdominal aorta, the discrete reflection site appears more

FIGURE 11.5 Input impedance of the single tube model with
(A) resistive load, and (B) complex load (in this example, a modified
windkessel).
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BOX 11.2 Impedance analysis of the single tube and asymmetric T-tube models

The input impedance defines the relationship between pressure and flow (see also Chapters 1 and 3). The impedance spectrum at

the inlet of the single tube model depends on the assumptions adopted, primarily on: (1) whether the tube has uniform properties

along its length, or incorporates geometric and/or elastic tapering; (2) whether the model includes lossless wave propagation, or

attenuation due to viscoelasticity in the vessel wall and/or viscous friction of flowing blood, and; (3) whether the load is rep-

resented as a pure resistance, a three-element windkessel, or a modified windkessel.

Fig. 11.5A shows the input impedance of a lossless tube with a resistive load. The impedance spectrum exhibits minima and

maxima that are equally spaced at frequencies kfm, where fm is the frequency of the first minima and k ¼ 1,2,3.. The impedance

phase also crosses zero at these frequencies. The length of the tube determines fm via the quarter wavelength formula: fm ¼ c=

4Leff , where c is the phase velocity (frequency-dependent wave speed). By rearranging this formula, and approximating c via a

measured PWV, Leff can be estimated after obtaining fm from a measured input impedance spectrum.

This model has been criticized because the oscillations in measured impedance spectra are damped at higher frequencies. A

more realistic representation of impedance is obtained by including a complex load, such as the modified windkessel shown in

Fig. 11.5B (similar damping at high frequencies is obtained by including tapering or viscous attenuation in the tube, but these are

not considered further here). At low frequencies, the impedance of the load approaches peripheral resistance (Rp ), whereas at

high frequencies, impedance approaches characteristic impedance (Zc ). Unlike the resistive load, the wave reflection properties

of this load (which appear as oscillations in the input impedance) are frequency-dependent and are modulated by the load

compliance (C).85 In addition, fm no longer necessarily aligns with the frequency of the first zero crossing of phase (f1Þ,72 which

means that Leff is no longer uniquely defined (as it could be calculated via either fm or f1 using the quarter wavelength formula). To

avoid this issue, Leff is often equated with the length of a transmission line (i.e., single tube) that is obtained after a parameter

optimization process that fits computed to measured pressure waveforms for a given measured flow waveform.84,86 Note,

however, that the Leff value obtained is less than that obtained via fm and the quarter wavelength formula, because the complex

load introduces a frequency-dependent phase lag at the distal end; in other words, confusingly, the load itself has its own

“effective length” that is frequency-dependent.87 These issues have led some to conclude that attempting to define a singular

effective length for the arterial system is ultimately a futile exercise.87

The principles underlying calculation of two effective reflection sites from the asymmetric T-tube model are the same as those

for the single tube model, except that we now consider the combined effect of those two reflection sites (roughly corresponding to

upper and lower bodies), when viewed from the ascending aorta (Fig. 11.6). Thus, one can estimate the distance to the two

effective reflection sites via the quarter wavelength formula using the frequency of each impedance minimum and PWV at the root

of each branch.88 Since this approach implies resistive loads, an alternative is to fit a computational model (consisting of two

transmission lines terminated in complex loads) to measured pressure and flow data.89

FIGURE 11.6 (Left) Asymmetric T-tube model consisting of one short tube approximately representing arteries feeding the upper body, and one
long tube representing arteries feeding the lower body. (Right) Impedance patterns seen at the entrance of the short and long tubes combine to
produce two distinct impedance minima in the ascending aorta. (Note: illustration only).
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distally in the upper thigh, an effect that has been likened to
chasing the end of a rainbow.82 Thus, any statements about
the main reflection site occurring at a specific anatomical
location, such as the aortic bifurcation83 or renal ar-
teries,80,84 should be interpreted notionally.

Other limitations of the single tube model are widely
recognized. First, the large conduit arteries form a complex
branching network with varying diameters and mechanical
properties; therefore, the intrinsic premise that waves prop-
agate to and from a reflection site along a uniform tube is
fundamentally unrealistic. Second, wave reflection does not
occur at a single location, but many. Third, Leff is usually
calculated from a single PWV value; since PWV is not the
same in all vessels (tending to be higher in smaller vessels),
the length is generally underestimated compared with a
value that would be obtained if accounting for the true
propagation speed. Finally, a key prediction of the single
tube model is that the reflected wave will arrive earlier in
more distal locations; however, this is not found to be the
case in vivo, as will be discussed later in this chapter.

Asymmetric T-tube model

Seminal modeling work by Taylor90 showed that an arterial
network with an asymmetric branching pattern produces two
adjacent local minima in the impedance spectrum, implying
the presence of not one but two effective reflection sites.
Evidence of two effective reflection sites was reported from
data in the ascending aorta of dogs,11,91 humans,88 and other
species.53 An impedance minimum seen in the brachioce-
phalic trunk occurred at a higher frequency than that seen in
the descending thoracic aorta, implying shorter and longer
distances to effective reflection sites, respectively. These
impedance patterns appeared to combine from the viewpoint
of the ascending aorta, with two minima implying two
reflection sites. This led to the concept that the input
impedance seen at the ascending aorta resembles that ex-
pected from the asymmetric T-tube shown in Fig. 11.6.

An important concept related to the T-tube model is that
the input impedances of upper and lower bodies interact in
such a way that fluctuations in ascending aortic impedance
are lower than in any other artery. In other words, the
arterial tree is designed in such a way as to minimize the
return of reflected waves to the left ventricle, thus opti-
mizing afterload.82 This optimization appears to decrease
with aging, however, because aortic stiffening primarily
lowers arrival time of lower body reflections, causing a
rightward shift in the first impedance minimum and a
merging of the two reflection sites.24,82,92

Although potentially useful as a means of describing
system-level impedance patterns, it has long been recog-
nized that the asymmetric T-tube model represents a marked
oversimplification of the arterial system.11 It shares many of
the same limitations as the single tube model in that any
calculation of effective lengths should be treated notionally,
and not corresponding to some actual discrete reflection

site. The T-tube model better represents the input imped-
ance of the ascending aorta compared with the single tube
model,89,93 but this is not surprising given its greater
complexity. The better fit does not “validate” the model in
terms of its physical implications (i.e., the actual existence
of two reflecting sites), despite these making intuitive sense.
From a mathematical point of view, whether the parameters
in a T-tube model can be uniquely determined based on
input impedance has been questioned.74 Finally, Murgo
et al.83 argued that the T-tube model implies that one should
see two inflection points in the aortic pressure waveform,
whereas in most cases only one is visible; similarly, it may
be difficult to reliably identify distinct impedance minima
and maxima due to limitations in signal fidelity.

Tapered tube models

Whereas the models considered so far involve uniform
tubes, some have argued that wave reflection in the real
arterial system is affected by geometric and elastic taper,
and this property should be accounted for in model repre-
sentations. Einav et al.94 explored the impedance properties
of a transmission line composed of many small trans-
mission line segments, with characteristic impedance
increasing progressively with distance from the inlet. It was
shown that even with a well-matched (reflectionless) distal
load, the input impedance of the tapered tube exhibited
oscillations suggestive of wave reflection, and these oscil-
lations were damped at high frequencies as in the real
system. Fogliardi et al.95 showed that a single tube model
incorporating tapering provided a better fit to descending
aortic impedance than a uniform tube. However, the pa-
rameters providing the optimal fit overestimated proximal
characteristic impedance and did not predict other key
physical quantities; it was concluded that the introduction
of tapering did not show any identifiable benefits regarding
the physiological interpretation.95 An exponentially tapered
T-tube model was also explored,96 but heavily criticized.97

Branching network models

The single tube and T-tube models attempt to derive salient
information about the arterial network from measured
pressure and flow waveforms using the minimum possible
number of parameters, a process known as the “inverse
problem.” By contrast, branching network models address
the “forward problem,” where knowledge about the com-
plex structure and mechanical properties of the arterial
network is prescribed in a model and pressure and/or flow
waveforms are predicted via solution of reduced-order
forms of the NaviereStokes equations. This approach is
useful for exploring the dynamics of wave propagation and
reflection in models with realistic properties and can be
used as a platform for virtual experiments. We here briefly
review the commonly used types of branching network
models and some of the insights they have provided about
arterial wave reflection.
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Linear wave tracking was originally described by
Taylor90 using a frequency domain approach applied to a
randomly branching network, and by Remington and
O’Brien8 using a time domain approach applied to the dog
aorta and its main branches. As the name implies, any
nonlinearities in the system (such as the pressure-
dependence of wave speed) must be neglected to allow
individual waves to be treated independently of each other.
A single “parent” wave (defined as a single sine wave in the
frequency domain or a pressure-flow perturbation in the
time domain) is prescribed at the inlet of the model and all
reflected and transmitted “daughter” waves that are gener-
ated at sites of impedance mismatch in the system are
tracked. With a unit impulse function as the parent wave,
one can then build up an impulse response function.43,98

Fig. 11.7 provides examples of the impulse response for a
simple bifurcation model and a more complex branching
network; convolution of the impulse response with a real-
istic input wave can then be used to predict hemodynamic
waveforms.43

Using linear wave tracking, it has been shown that (1)
asymmetry of a fractal network and inclusion of pulse

attenuation leads to a more realistic input impedance (and
thus wave reflection properties) than a symmetric, lossless
fractal tree99,100; (2) very complex wave patterns arise in
the arterial network due to multiple re-reflections,43 as is
evident in Fig. 11.7; (3) wave reflection in the periphery
makes a greater contribution to aortic pressure than wave
reflection in the large conduit arteries98; and (4) wave
reflection in conduit arteries promotes transmission of pulse
pressure to the microvasculature, and therefore does not
protect it from excessive pulse pressure.34

With 1D models, the reduced-order equations governing
pressure and flow for compliant tubes are solved compu-
tationally. Individual segments are connected together to
form anatomically realistic networks, and boundary con-
ditions for the heart and microvascular beds are provided at
the proximal inlet and distal outlets. The first anatomical
model of the major systemic arteries, constructed physically
with analog electronics by Westerhof et al.,101 was a
particular type of 1D model known as a transmission line
model. These models involve certain linearizing assump-
tions: cyclical diameter changes are much smaller than the
diameter itself, and similarly, variations of wave speed with

FIGURE 11.7 (A) The linear wave-tracking process is illustrated in a simple bifurcation with a unit impulse sent forward from the inlet. The impulse is
transmitted, reflected, and re-reflected at the bifurcation and terminal vessels. This produces multiple waves that arrive at the monitoring point (green
circle) at different timesdmodulated by the length and wave speed of each vessel, and at different amplitudesdmodulated by the proximal and distal
reflection coefficients (G) at the inlet and outlet of each vessel. The pressure amplitude of individual waves is depicted by the impulse response, with
forward waves in blue and backward waves in red. The input forward wave has an amplitude of 1 (represented by an arrow) and arrives at the monitoring
site at 0.01 s. It is then reflected at the junction, producing wave “a,” having traversed vessel 1 in the forward then backward directions (hence the “wave
history” is 1-1). Wave “b” arises from reflection at the outlet of vessel 2, hence its wave history is 1-2-2-1. Wave “c” arises from reflection at the outlet of
vessel 3 (1-3-3-1). Wave “d” is from total re-reflection of “a” at the inlet (i.e., 1-1-1). The other waves arise from multiple re-reflections as follows: e, 1-2-
2-2-2-1; f, 1-3-3-2-2-1 (also 1-2-2-3-3-1); g, 1-2-2-1-1; h, 1-3-3-3-3-1; i, 1-3-3-1-1; j, 1-2-2-2-2-1-1; k, 1-3-3-2-2-1-1 (also 1-2-2-3-3-1-1); l, 1-3-3-3-3-1-
1. (B) Wave tracking in a relatively small branching network produces a multitude of reflected and re-reflected waves (in this case, forward/backward
waves are not differentiated with color).
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changes in blood pressure are negligible. The resulting
equations are mathematically equivalent to those that
govern electrical transmission lines. Four elements describe
a basic transmission line segment (per unit length): (1)
series inductance representing blood inertia (L), (2) series
resistor representing energy dissipation due to blood vis-
cosity (Rv), (3) parallel resistor representing leakage
through the vessel wall (Rl, often taken to be zero), and (4)
parallel capacitor representing local wall compliance (C).
Equations for calculating characteristic impedance and
reflection coefficients discussed elsewhere in this chapter
are based on this model.

Nonlinear 1D models provide the greatest level of re-
alism (for a reduced-order model) in terms of describing
arterial hemodynamics, as they account for the nonlinear
behavior of the arterial wall and many other physiological
phenomena that will not be reviewed here. These models
have undergone extensive refinement and validation over
the past 40 years and are now widely used as an in silico
research platform in the arterial hemodynamics
field.41,70,102e107 These models provide pressure and flow
waveforms, an input impedance spectrum, and wave pat-
terns that closely resemble those seen in vivo (Fig. 11.8).

Synthesis

Fig. 11.9 displays the tradeoffs that exist when modeling
arterial wave reflection in terms of accuracy (can the model
predict measured hemodynamics?), identifiability (is there a
unique set of optimal model parameters?), interpretability
(can we correlate model parameters with physical proper-
ties of the system?), and realism (does the model repre-
sentation and its interpretation correspond with reality?).
We suggest that any model may be useful for certain pur-
poses, but every model has limits in scope and utility.
Simple models, such as the single tube or asymmetric T-
tube (and windkessel models that do not account for
wave travel), are suited to estimating bulk or effective
properties of the arterial system (inverse problem), but
these lack realism and can therefore lead to false conclu-
sions if interpreted literally rather than notionally.58,108

With increasing model complexity, there is a steep incline
in the ability of even simple models to accurately predict
pressure-flow patterns at a specific arterial location, but this
is not matched by high levels of realism. Complex models,
such as anatomically realistic 1D models, are suited to
studying the mechanisms underlying arterial wave

FIGURE 11.8 Schematic of a nonlinear one-dimensional model of the systemic arteries and the predicted pressure (P) and flow (Q) waveforms, input
impedance (magnitude and phase), and forward (green) and backward (red) components of pressure (Pf and Pb, respectively) and wave power (dpf and
dpb, respectively) in the ascending aorta. Wave reflection produces a backward compression wave (BCW) seen with wave separation and wave power
analysis, and, in the input impedance, a departure from characteristic impedance (Zc, blue line) at nonzero frequencies. This model is an updated and
adapted version of that reported by Reference 41; segment numbers for cerebral arteries are not shown.
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dynamics (forward problem) and attain high levels of ac-
curacy, realism and interpretability. However, due to the
large number of parameters involved, identifying a unique
set of parameters describing an individual is extremely
challenging. Very simple models (for the inverse problem)
and very realistic models (for the forward problem) can be

readily interpreted; however, although adding a few addi-
tional parameters to a simple model improves accuracy, the
physiological meaning of those extra parameters (inter-
pretability) is often unclear. Our understanding of arterial
wave reflection is entrenched in model descriptions; these
models are most useful when their properties, strengths,
and limitations are kept clearly in sight.

Re-reflections and the horizon effect

It is often incorrectly assumed that the delay between
backward (reflected) and forward (incident) waves should
decrease with greater distance from the heart, which would
occur if the arterial system were a tube terminated with a
single reflection site. Fig. 11.10 shows two analogies of this
situation, an observer viewing a single object (panel A) or
light waves propagating unhindered to a single mirror and
back again (panel B). In these scenarios, the delay between
forward and backward waves will decrease as the observer
approaches the reflection site, as in Fig. 11.10C, which
shows forward and backward components of pressure from
a 1D model of a single uniform tube.

In reality, however, calculated Leff has been found to be
approximately constant relative to the measurement point,
when assessed at different points along the aorta.53,80,81

This may be explained on the basis of two key properties of
the arterial system. First, wave reflection is distributed
throughout the network; although some uncertainty exists

FIGURE 11.9 Relationship between the complexity of the models of
wave reflection and their accuracy, realism, interpretability, and identifi-
ability. Low complexity models, such as the single tube model, are typi-
cally used for the inverse problem (estimating system properties from
haemodynamics), but these have limited accuracy and realism. High
complexity models, such as one-dimensional network models, are used for
the forward problem (predicting haemodynamics from system properties)
but have poor identifiability.

FIGURE 11.10 Viewing the arterial network as uniform tube with a single major reflection site may be likened to (A) observing a single landmark
(green bar) from a distance, or (B) seeing one’s reflection in a single mirror. (C) The delay between forward and backward waves (here shown as blood
pressure components Pf and Pb) decreases progressively as the observer moves toward the reflection site (black boxes); however, this phenomenon is not
observed in vivo. Better analogies of arterial wave reflection involve (D) many reflections sites distributed through space and a “horizon” effect, or (E) a
series of “one-way” mirrors that efficiently transmit forward waves and produce only minor reflection (blue arrows), but that strongly reflect backward
waves (red arrows); (F) the delay between Pf and Pb onset is then relatively constant regardless of observer location because the reflected waves that are
seen mainly arise from the reflection sites nearest to the observer.
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as to the relative contribution of bifurcations, tapering, and
resistance vessels to reflection, all of these sources are
spatially distributed throughout the body. Second, the main
conduit arteries are well-matched in the forward direction,
but not the backward direction.109,110 For a symmetrical
bifurcation that has a reflection coefficient of 0 for forward
waves, backward waves in the daughter branches face a
reflection coefficient of �0.5 at the junction (Fig. 11.11A).
This can be shown by swapping Y2 or Y3 with Y1 in Eq.
(11.12), for waves in vessel 1 and 2, respectively. Given
fixed forward reflection coefficients, Fig. 11.11A plots the
backward reflection coefficients for different daughter-to-
parent diameter ratios. These coefficients approach �1 for
very small branches, which means that the backward wave
is totally re-reflected and has a minimal effect on pressure
in the parent branch.

Hardung10 first described the consequences of this
strong negative reflection in the backward direction as
follows (translated from German): “The side branch rep-
resents a kind of trap for the incoming wave, from which it
can only emerge very weakly.” For a network with mul-
tiple generations of branching, the situation is therefore
something like that depicted in Fig. 11.10E. Here junc-
tions are represented as one-way mirrors (mostly trans-
parent in the forward direction and mostly reflective in the
backward direction). Forward waves (blue arrows) are
efficiently transmitted, with only minor reflection at each
junction. By contrast, backward waves (red arrows)
returning from the peripheral reflection sites (last mirror)
are strongly reflected at each junction, such that very little
wave energy returns to the observer. The importance of
this phenomenon in the arterial system was evidenced by
the finding that distal aortic occlusion in dogs (which
introduced a large reflected wave at that site) had an
almost imperceptible effect on hemodynamics in the
ascending aorta (Westerhof et al.150; Van den Bos
et al.151).

The process of “wave-trapping” in a branching network
leads to the so-called wave horizon effect, in which the
return time of reflected waves is about the same regardless
of where measurements are performed.81 As depicted in
Fig. 11.11D, only waves reflected from relatively nearby
sites are observable, because waves originating more
distally are progressively attenuated by re-reflection at
junctions. Furthermore, the view seen by the observer is
similar regardless of the viewpoint. Fig. 11.11F shows re-
sults from a tapered tube simulation; because reflection
occurs at each point along the vessel, and backward waves
are partially trapped by negative re-reflection, the delay
between the onset of forward and backward pressure waves
is almost the same at different monitoring points.

An interesting avenue for future research may be to
investigate the circumstances under which wave-trapping is
reduced and transmission of backward waves increased, for
example, the effect of changes in aortic tapering or stiffness
with age. One example of a situation where reflected waves
from apparently diffuse/peripheral sites appear to be
strongly transmitted back to the ventricle is in the fetal
lamb, where a very large BCW is observed in the proximal
pulmonary arteries.111,112 The resulting abrupt flow
decrease during mid-systole is also seen in adult humans
with pulmonary arterial hypertension,113 where the re-
flected wave can also cause partial closure of the pulmo-
nary valve well before the onset of ventricular
relaxation.114,115 In these cases, strong reflection occurs
throughout the peripheral vascular bed, rather than in one
branch, so although the backward transmission of individ-
ual waves may be small, the combined effect of many
waves in concert appears to be large.

Ventricular wave re-reflection

The ventricle is often described as the active source of
forward waves and the vasculature as the passive locale of

FIGURE 11.11 (A) Reflection coefficient (G) for a forward-traveling wave (blue arrow) or backward traveling waves (red arrows) approaching a
symmetrical bifurcation, calculated from characteristic admittance (Y ¼ A=ðrcÞ, where A is area, c is wave speed, and blood density r ¼ 1 for
simplicity). The junction is well-matched in the forward direction (G0 ¼ 0), but there is strong negative reflection (G1 ¼ G2 ¼ �0.5) in the backward
direction. (B) Reflection coefficient in the backward direction in a daughter branch of a bifurcation for a range of daughter/parent diameter ratios, given
specified parent vessel reflection coefficients in the forward direction (G0 ¼ 0.2, 0, and �0.2). Circles indicate the case of a symmetric bifurcation.
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wave reflection. However, the ventricle is also a major
source of wave reflection. Consider what reflected waves
approaching the ventricle encounterda relatively stiff,
closed chamber during systole and a closed aortic valve
during diastole. The ventricle is therefore essentially a
“dead-end” from the perspective of backward-running
waves, with a reflection coefficient close to one.74 The
caveats to this are that (1) a small amount of wave energy is
likely transmitted into the coronary arteries and (2) the
ventricle constitutes a time-varying complex impedance, so
the ventricular reflection coefficient (Gv) will be lower for
high-frequency waves.74

There are several important implications of ventricular
wave reflection. First, the forward component of pressure
(Pf ) is formed by the combination of two quite separate
mechanisms, (1) active ventricular contraction (Pf ðactÞ) and
(2) re-reflection of backward waves that arise from vascular
wave reflection (Pf ðref Þ, Fig. 11.12). Second, the backward
wave (Pb) does not represent the total effect of vascular
wave reflection on pulse pressure; rather, its effect is better
represented by Pb þPf ðref Þ, which is equivalent to PeQ�
Zc (i.e., the difference between measured pulsatile pressure
and the product of flow and Zc). Third, the forward wave
should not be considered independent of the reflected wave,
nor equated with “ventricular function” per se (in contra-
distinction to vascular wave reflection), as elegantly
demonstrated by Phan et al.116 Findings that the forward
wave contributes to central pressure augmentation22,117 are
not inconsistent with the principle that this augmentation
ultimately arises from vascular wave reflection, and that

vascular wave reflection is responsible for differences in
arterial pressure and flow waveforms.

Wave reflection, windkessel function,
and diastolic pressure decay

The principle that wave reflection underlies all differences
in pressure and flow waveforms holds when considering
what is perhaps the most obvious difference: during dias-
tole, pressure decays in an approximately exponential
fashion while flow remains zero due to the closed aortic
valve. This phenomenon is usually interpreted as the
decline in pressure of the compliant arterial “chamber” that
is discharging its volume through a peripheral resistance.
This windkessel model assumes infinite wave speed, which
is problematic during systole when wave phenomena
dominate but is a reasonable assumption during diastole
when waves are highly dispersed (i.e., the wavelengths of
waves remaining in the system are long compared with the
physical length of the body, so pressure gradients within
the large arteries are small and the spatial dimension can be
ignored). While the windkessel and wave theories have
sometimes been considered “opposing” models, the wind-
kessel model can in fact be derived from (and can be seen
as a mathematical reduction of) the wave model.118 It is
therefore instructive to consider how diastolic hemody-
namics can be explained in terms of the more general wave
theory.

Early work in this area includes that of Singer,119 who
showed that “the major contribution of the reflected wave is

FIGURE 11.12 (A) The ventricle actively produces forward-running pressures waves (Pf ðactÞ), which are approximately equal to flow (Q) times
characteristic impedance (Zc). Backward-running waves are also re-reflected at the ventricle (Pf ðref Þ), contributing to the overall forward component of
pressure (Pf ), which undergoes reflection in the vasculature (Pb). (BeD) Pressure waveforms from simulations of a ventricle-tube-load model, as in panel
A, with different load impedances causing (B) high, (C) medium, and (D) low levels of vascular wave reflection, similar to that presented by Phan et al.116

The shaded green area represents Pf ðref Þ. For clarity, end-diastolic pressure is offset to zero for each waveform.
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the maintenance of the diastolic pressure” and Sipkema
et al.91 who noted that “the exponential decay is due to
diffuse reflection.” More recently, Mynard and Smolich118

showed that the diastolic pressure decay arises specifically
from repeated and diffuse reflection of the late-systolic
forward decompression wave (FDW). The FDW drives
the late-systolic flow deceleration and pressure fall pre-
ceding the dicrotic notch. While most discussion around
wave reflection revolves around reflection of the early
systolic FCW as a BCW, it stands to reason that the FDW is
also reflected in the vasculature. Positive reflection of the
FDW gives rise to a BDW that further reduces pressure
(Fig. 11.13). This wave is further re-reflected at the closed
aortic valve giving rise to another FDW, which undergoes
further reflection in the vasculature, and so on (Fig. 11.13).
Although a series of discrete FDWs and BDWs can
sometime be observed in vivo with wave intensity anal-
ysis,45,118 the diffuse nature of wave reflection generally
leads to low (albeit nonzero) wave intensity and a lack of
distinct wave peaks during this time.

Methods for assessing the magnitude
and timing of arterial wave reflection

This section describes the various methods that are avail-
able for quantifying the magnitude and timing of reflected
waves, both of which hold important clinical significance.
The focus here is on “global” reflection, that is, the com-
bined effect of all wave reflections throughout the arterial
network, in contrast to “local” reflection that relates to a
single site of impedance mismatch as discussed earlier in
this chapter (e.g., single bifurcation). A summary of these
techniques is provided in Tables 11.2 and 11.3.

Pulse wave analysis

Aortic pressure waveforms typically display an initial rise
that accompanies early systolic flow acceleration, followed
by a secondary pressure “augmentation,” as shown in
Fig. 11.14.83 Two fiduciary points used to separate these
two pressure rises are the “shoulder” point and the “in-
flection” point, detected via derivatives of the pressure
waveform (Fig. 11.14). Kelly et al.16 found that the
shoulder point generally coincided with the time of peak
flow, implying that the following augmented pressure,
which occurs when flow is decreasing, must be due to re-
flected waves. However, the inflection point is thought to
better correspond with the arrival time of reflected waves
and is now more widely used51; it should be noted that,
confusingly, some papers refer to the “inflection” point as
the “shoulder” point.

Augmentation pressure (AP) is defined as AP ¼
Ppk � Pi, where Ppk is peak systolic pressure and Pi is the
pressure at the inflection point.83 Augmentation index
(AIx) is then defined as:

AIx ¼ AP
PP

(11.13)

where PP is pulse pressure. AIx increases with age but
tends to plateau or even decrease after middle
age.16,77,120,121 Although caused by wave reflection, the
limitations of AIx as a measure of reflection magnitude
are widely recognized. Negative values of AIx occur in
young adults but these do not imply negative wave reflec-
tion. AIx is strongly influenced by factors that are not
related to reflection magnitude per se, such as heart
rate,122 ventricular function,123e125 and the arrival time
of reflected waves.126,127

Arrival time is calculated as the delay between the
onset of the initial pressure rise and the inflection point (Ti
in Fig. 11.14). Ti was proposed to be a surrogate marker of
arterial stiffness, under the principle that the reflected
wave will return earlier as PWV increases. A meta-
analysis by Baksi et al.120 showed that Ti decreased only
modestly with age and the inflection point always

FIGURE 11.13 The diastolic pressure decay arises from repeated re-
flections of the late-systolic forward decompression wave (FDW0). This
wave undergoes positive reflection in the vasculature, returning as a
backward decompression wave (BDW1), which is then totally re-reflected
at the closed aortic valve, producing an FDW1 of equal magnitude. This
forward wave is further reflected in the vasculature (BDW2) and re-
reflected at the valve (FDW2) and so on. Data taken from a one-
dimensional model of a single tube terminated with a single reflection
site (a three-element windkessel). With in vivo data, discrete decompres-
sion wave peaks (such as FDW1 and FDW2) are often not visible due to the
distributed/diffuse nature of wave reflection.
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occurred in the first two thirds of systole. It was suggested
that these data conflicted with the concept that reflected
waves arrive mainly during diastole in youth, and that a
progressive shift to earlier reflection time is a key factor
underlying isolated systolic hypertension.128 Moreover,
calculated effective reflection distance computed using Ti
(Leff ¼ PWV � Ti/2) increases with age, implying a
distal shift in reflection sites.77 However, it has been
shown that neither the shoulder nor inflection points align
with reflected wave arrival time determined by wave
separation analysis, and that Leff calculated with the latter
does not change with age.76,129 The use of Ti to estimate
Leff assumes that the arterial system behaves as a single
tube and that a single reflected site produces a reflected

wave that has the same morphology over the life course.
Simulation studies in a realistic network model showed
that Ti is relatively insensitive to arterial stiffness changes
and, conversely, is sensitive to proximal reflections pro-
duced by aortic tapering, suggesting that it may not pro-
vide a satisfactory representation of “global” reflection
time.126

In summary, despite the widespread use of AIx and Ti
to estimate the magnitude and timing of reflected waves,
these should be used with caution as their limitations are
well-recognized.76,125,129e131 Many of these limitations
have been revealed by comparison to wave separation
analysis, which is considered the “gold standard” for
assessing reflected waves.

TABLE 11.2 Summary of techniques for quantifying global wave reflection magnitude.

Method Definition Advantages Disadvantages

Augmentation index AIx ¼ AP/PP Requires a pressure waveform only Modulated by various factors other
than wave reflection (e.g., heart
rate, forward waves, reflection
arrival time)
Negative values do not indicate
negative reflection

Reflection magnitude
(time domain)

RM ¼ DPb=DPf Intuitive interpretation, scalar index
of global reflection

Requires pressure and flow/velocity
waveforms; re-reflection
contributes to DPf

Global reflection
coefficient

GP ðuÞ ¼ ZinðuÞ�Zc

ZinðuÞþZc

Comprehensive representation of
arterial reflection properties for all
wave frequencies

Complex quantity (not single num-
ber), frequency domain analysis
less intuitive than time domain
analysis

Terminal reflection
coefficient

G0 ¼ Rp�Zc

RpþZc

Quantifies contribution of
resistance vessels

Neglects pulsatile haemodynamics,
physical meaning of reflection at
zero frequency is unclear

Reflection coefficient
(real part of first
harmonic)

ReðG1Þ ¼
����Zinðu1Þ�Zc

Zinðu1ÞþZc

���� Scalar summary of reflection
coefficient for the largest harmonic

Neglects contribution of other
harmonics, requires frequency
domain analysis

Reflection coefficient
(real part of multiple
harmonics)

ReðGiÞ ¼
����ZinðuiÞ�Zc

ZinðuiÞþZc

����
where i ¼ 1,2,3 .

Provides information about
reflection for different frequencies

Provides multiple metrics of
reflection; interpretation is not
intuitive

Normalized reflection
coefficient Gnorm ¼ PN

i¼1

wiGi , where

wi ¼ Hi

� PN
j¼1

Hj

Scalar summary of global reflection
coefficient, accounts for all
(nonzero) harmonics

Complex calculation requiring
frequency domain analysis

Wave reflection index
(frequency domain)

WRI ¼ GP ðuÞmax � GP ðuÞmin

for harmonics >2 Hz
Scalar summary of global reflection Based on the single tube model,

conceptually difficult

Wave reflection index
(wave intensity)

WRIpeak ¼ BCWpeak/FCWpeak

WRIarea ¼ BCWarea/FCWarea

WRIcentroid ¼ BCWcentroid/
FCWcentroid

Intuitive time domain approach Emphasizes high-frequency
reflection. Prone to error due to
nonlinear amplification effects

AP, augmentation pressure; BCW, backward compression wave; FCW, forward compression wave; Hi , modulus of the ieth harmonic of the pressure
spectrum; PP, pulse pressure; Zin , input impedance; Zc , characteristic impedance; DPf , amplitude of forward component of pressure (“f ”); DPb backward
component of pressure (“b”); Gi , modulus of the ieth harmonic of the reflection coefficient spectrum; ui , angular frequency of the i-th harmonic.
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Wave separation

Considerable insights into the wave reflection properties of
the arterial tree can be gathered by “separating” the
measured pressure and flow waveforms into their forward
and backward components, noting that, as mentioned
earlier, the forward component also includes re-reflections
from the ventricle (Fig. 11.12). Both frequency-domain
and time-domain methods of wave separation have been
developed, with both giving comparable results.9,132e134

Wave separation requires pressure and flow waveforms at a
particular site, with forward (f ) and backward (b) compo-
nents obtained in the time-domain as:

Pf ¼ 1
2
ðP�Pud þ ZcQÞ (11.14)

Pb ¼ 1
2
ðP�Pud � ZcQÞ (11.15)

Qf ¼ 1
2
ðQþðP�PudÞ = ZcÞ (11.16)

Qb ¼ 1
2
ðQ�ðP�PudÞ = ZcÞ (11.17)

where Zc is characteristic impedance. Undisturbed pressure
(Pud) enables assessment of wave potential (absolute values
of Pf ; Pb, Qf ; and Qb),

118,135 but can be neglected if only
investigating pulsatile aspects of the waveforms (e.g., wave
reflection).

Reflection magnitude is calculated from the pressure or
flow components as:

RM ¼ DPb

DPf
¼ �DQb

DQf
(11.18)

where D here refers to the overall amplitude of the respec-
tive waveform (Fig. 11.15B). Advantages of this approach

TABLE 11.3 Summary of techniques for quantifying effective return time of reflected waves.

Method Definition Advantages Disadvantages

Pulse wave analysis

Time to shoulder point Ts (Fig. 11.14) Requires only a pressure
waveform

Represents time of peak ejection, not arrival
time of reflected waves

Time to inflection point Ti (Fig. 11.14) Requires only a pressure
waveform

Not always detectable, sensitive to noise
(depends on second derivative), does not
agree with wave separation

Wave separation

Foot-to-foot time Tr (Fig. 11.15B and C) Uses forward/backward
components of pressure

Foot time may not be clearly defined,
especially for backward wave

Zero-crossing method Tr (Fig. 11.15D) Uses forward/backward
components of pressure

Wave separation performed in frequency
domain

Frequency domain analysis

First minimum in
impedance modulus

Tm ¼ 1
2fm

(Fig. 11.5) e Based on uniform tube model with resistive
load. Complex analysis, not intuitive.

First zero crossing in
impedance phase

T1 ¼ 1
2fm

(Fig. 11.5) e Based on uniform tube model with resistive
load. Not intuitive. Does not align with Tm in
real system.

Model-based analysis

Fit waveforms to single
tube model

2L=PWV Simple representative
model

Value obtained depends on modeling
assumptions and boundary conditions

Wave intensity analysis

Foot-to-foot (FCW-BCW) Tfoot (Fig. 11.17) Intuitive time-domain
method

Foot of the BCW often not well-defined.

Peak-to-peak (FCW-BCW) Tpeak (Fig. 11.17) Intuitive time-domain
method

BCW may not have single well-defined peak.

Centroid-to-centroid
(FCW-BCW)

Tcentroid (Fig. 11.17) Accounts for the whole
morphology of each wave

WI emphasizes high-frequency reflection.

BCW, backward compression wave; FCW, forward compression wave; fm, frequency of the first minimum in the impedance modulus; f1, frequency of the
first zero-crossing of impedance phase; L, length of the single tube model; PWV, pulse wave velocity.
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(in contrast to AIx) are that (1) it can correctly attribute
pressure changes to backward and forward waves even if
they occur simultaneously, and (2) it can capture wave
reflection effects that span both systole and diastole.

Compared with RM, there is less consensus regarding
the best method for estimating reflection time using wave
separation. The most common method takes the differ-
ence between the onset (foot) of the backward and for-
ward pressure waveforms as reflection time (Tr). While
the foot can be found by visual inspection, Chiu et al.136

developed the “intersecting tangents” method, in which a
tangent is drawn at the point of maximum gradient on the
upstroke of the pressure waveform and a horizontal
tangent is drawn through the point of minimum pressure
at the foot; the point of intersection of the tangents is
taken as the foot (Fig. 11.15B). One variant of this
approach is to replace the horizontal line with a line of
best fit between the minimum and a few preceding points
(Fig. 11.15C).126,137 However, Segers et al.129 noted that
the “foot” is often not clearly defined by a single point,
especially for backward waveforms, and instead pro-
posed the zero-crossing method. Here, mean pressure is
subtracted from the pressure waveform before wave

separation (essentially, setting Pud ¼ meanðPÞ in Eq
11.14). This results in Pf and Pb waveforms that cross the
time axis; the difference between the first zero crossing
of these waveform is then taken as Tr (Fig. 11.15D).
Another study took the difference between the time of
peak backward and forward pressure138; however, this is
likely to be confounded by re-reflections from the
ventricle.

Frequency domain analysis

A number of frequency domain or impedance-based tech-
niques have been used to evaluate the magnitude and
timing of wave reflection. These provide insight into the
frequency-dependence of wave reflection, although they are
not commonly used in clinical studies as they can be
difficult to grasp for the nonmathematician. Frequency
domain analysis is covered in Chapter 3; in brief, pressure
and flow are expressed as a series of sinusoidal harmonics,
P(u) and Q(u) (where u ¼ 2pf and f is frequency) and can
be used to calculate an input impedance spectrum
ZinðuÞ ¼ PðuÞ=QðuÞ. The following indexes of reflection
have been proposed:

FIGURE 11.14 The shoulder point is identified by the second zero-crossing of the fourth derivative of the pressure waveform in the direction from above to
below zero. The inflection point is identified by the second peak of the second derivative of the pressure waveform. The shoulder point or the inflection point
can be used to estimate reflection time (Ts and Ti, respectively) by their time difference to beat onset time. DP is the pressure difference between the systolic
pressure and the inflection point. Dividing DP by the pulse pressure (PP) gives the augmentation index (AIx), an index of reflection magnitude.
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The reflection coefficient spectrum, or “global reflection
coefficient,”9 expresses Eq. (11.10) in the frequency
domain and considers the impedance mismatch between
characteristic impedance (Zc) at the measurement site and
the lumped frequency-dependent input impedance of the
downstream circulation (Zin).

GPðuÞ ¼ ZinðuÞ � Zc

ZinðuÞ þ Zc
(11.19)

When plotted versus frequency, the modulus of GPðuÞ
exhibits a peak at the fundamental frequency and falls at
higher frequencies (Fig. 11.16). At low frequencies, GPðuÞ
approaches the zero-order or “terminal reflection coeffi-
cient” (GT ), or the impedance mismatch between Zc and
peripheral resistance56; however, the physical meaning of
this coefficient is unclear since mean pressure and flow are
not considered waves that could be reflected. A more
common metric of reflection magnitude is G1, or reflection
coefficient for the fundamental frequency (i.e., heart rate),
noting that this harmonic holds the most pulsatile energy
(Fig. 11.16 inset).24,139 Although GPðuÞ is frequency-
dependent, and hence not a single number, Xiao et al.140

proposed a scalar (i.e., single number) normalized reflec-
tion coefficient (Gnorm) equal to the sum of GPðuÞ moduli
weighted to the normalized pressure moduli, which was
considered analogous to reflection magnitude obtained via
wave separation analysis.

Another approach for assessing wave reflection in the
frequency domain involves directly analyzing the imped-
ance spectrum. Noting that wave reflection causes oscilla-
tions in the impedance spectrum around Zc (Fig. 11.5), the
“wave reflection index (WRI)” is defined as the difference
between maxima and minima of impedance spectra in the
mid-to-high frequency range, which Nichols et al.141

defined as >2 Hz.
Frequency domain methods for assessing reflection time

(and hence, Leff ) are covered in Box 11.2 and summarized
in Table 11.3.

Wave intensity

Parker and Jones142 introduced wave intensity analysis
as an intuitive time-domain method of analyzing forward
and backward waves. While covered in more detail in

FIGURE 11.15 Using wave separation, a pressure waveform (A) can be separated into the forward and backward wave components (B). From this, the
reflection magnitude (RM) is calculated as the ratio of the backward pressure amplitude (DPb) to the forward pressure amplitude (DPf ). Reflection time
(Tr) is calculated as the time between the foot of the backward and forward pressure components, found using the intersection of a tangent line through the
pressure upstroke at the point of maximum gradient, and (B) a horizontal line from the minimum pressure, or (C) a line of best fit between minimum
pressure and a few preceding points. Tr can also be calculated by subtracting the mean pressure before wave separation and taking the time difference
between the first zero crossing of the backward and forward pressures (D).
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Chapter 3, briefly, time-corrected wave intensity (wi) is
defined as:

wi ¼ dP

dt

dU

dt
(11.20)

where dP=dt and dU=dt are the derivatives of pressure and
velocity. As for pressure and flow, wave intensity can be
separated into forward and backward components as
follows:

wif ¼ þ 1
4rc

�
dP

dt
þ rc

dU

dt

�2

wib ¼ � 1
4rc

�
dP

dt
� rc

dU

dt

�2
(11.21)

which has the convenient property that forward waves have
positive wi and backward waves have negative wi. Wave
power, proposed by Mynard and Smolich,143 uses flow in
place of velocity and has the benefit that it is conserved
at junctions, allowing the proportion of reflected and trans-
mitted wave power (in Watts) to be quantified. However,
when measured at a single site, the two techniques are
essentially equivalent. Fig. 11.17 shows a typical wave in-
tensity profile in the aorta and identifies four different types
of waves, a FCW reflected as a BCW and a FDWs reflected
as a BDW.

In studies of wave intensity, reflection magnitude is
estimated as the ratio of the BCW to FCW amplitude,
termed the WRI (Fig. 11.17). While peak intensity may
seem the logical choice for quantifying wave amplitude, in
some instances, the BCW is relatively diffuse and may not
contain a single distinct peak; moreover, although peak

intensity relates to the maximum rate of change of
pressure and velocity, it does not represent the overall
effect of the wave on these signals (which relates to the
height and width of the wave). WRI is therefore more often
calculated as the ratio of the area under the BCW and
FCW29,144 or, less commonly, as the ratio of their centroids
(Fig. 11.17).145

Mynard et al.146 showed that the dependence of wave
speed on pressure causes both the peak and area of the
FCW and BCW to amplify as these waves propagate. This
can cause errors in estimating reflection magnitude, even
leading to a WRI that exceeds the theoretical limit of
1.111,147 Importantly, Mynard et al.146 found that the
reflection magnitude obtained by wave separation of the
pressure waveform (Eq. 11.18) was not susceptible to this
issue and accurately quantified reflection.

It is also important to note that WRI is generally much
smaller than RM. This is partly because WRI is theoreti-
cally equivalent to the power reflection coefficient (GP in
Table 11.1), which is equal to the square of the pressure or
flow coefficients (GP and GQ).

146 In addition, the multi-
plication of pressure and velocity derivatives acts as a high
pass filter, suppressing low frequency reflection and
emphasizing high-frequency reflection. However, as dis-
cussed above, due to the relatively efficient transmission of
forward waves, and distributed nature of arterial wave
reflection, the high-frequency components of pressure and
flow are minimally reflected, while the majority of reflec-
tion occurs in the low frequency range. Indeed, the aortic
BCW is often observed to be very small,148,149 which can
lead to the false impression that very little wave reflection
occurs in the arterial system.

FIGURE 11.16 Frequency-dependent reflection coefficient modulus jGPðuÞj for Type A and Type C aortic waveforms taken from Murgo et al.83 (with
thanks to Prof. Patrick Segers). Open circles indicate reflection coefficient for the first 10 harmonics. The dashed lines indicate that reflection coefficient
approaches the “terminal reflection coefficient” (GT , i.e., the nominal mismatch between Zc and peripheral resistance) at very low frequencies. G1 refers to
reflection coefficient at the fundamental frequency (i.e., first harmonic), which contains the most pulsatile power (see inset) but is dependent on heart rate.
Less pulsatile power resides in high-frequency harmonics, which also undergo generally minor reflection.
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Alastruey et al.145 investigated several methods for
calculating reflection time using wave intensity, namely,
defining BCW and FCW time via the (1) peak, (2) foot, and
(3) centroid (Fig. 11.17). Using a single tube computational
model with a discrete reflection site, they found that the
foot method produced the closest estimate of theoretical
reflection time. However, the accuracy of these methods in
a more realistic network model was less clear owing to the
diffuse nature of reflections. Although not specifically
investigated, the aforementioned emphasis of high-
frequency reflection in wave intensity analysis may mean
that the timing of global wave reflection is not adequately
captured.

Summary

Wave reflection arises due to impedance mismatching in
the arterial network. Although the exact locations of
reflection are uncertain, the well-matched design of the
conduit arterial network appears to facilitate efficient
transmission of forward waves to vascular beds. How-
ever, wave reflection necessarily occurs because of the
high impedance of smaller vascular beds compared with

the low impedance of conduit arteries. Wave reflection
occurs at a myriad of spatially distributed sites, and
methods that quantify a reflection distance or reflected
wave arrival time relate to the lumped or “effective”
reflection properties of the network, which should be
applied and interpreted with extreme caution. Simplified
models of wave reflection capture these lumped proper-
ties but provide limited insight into the complex nature of
arterial wave dynamics. At arterial junctions, forward
waves undergo minimal reflection, whereas backward
waves undergo strong negative reflection, limiting the
transmission of reflected wave power to the heart. The
resulting horizon effect leads to an approximately con-
stant delay between forward and backward waves,
regardless of the measurement site. Backward-running
waves are also re-reflected by the ventricle during sys-
tole and closed aortic valve during diastole, with
the resulting forward-running waves contributing to the
forward component of pressure. Forward pressure is
therefore not generated solely by active ventricular
contraction, and the total impact of arterial wave reflec-
tion on blood pressure is greater than the commonly used
indices of reflection magnitude imply.

FIGURE 11.17 From the wave intensity profile, a wave reflection index can be obtained by taking the ratio of backward compression wave (BCW) to
forward compression wave (FCW) peak intensity (BCWpeak/FCWpeak), intensity at wave centroid (BCWcentroid/FCWcentroid), or area under the wave
(BCWarea/FCWarea). Reflection time can be obtained using the difference of the foot (Tfoot), peak (Tpeak), or centroid (Tcentroid) of the BCW and FCW. The
forward decompression wave (FDW) and backward decompression wave (BDW) are also shown, but generally not used to quantify reflection. Note the
different Y-scales for forward and backward wave intensity plots.
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Motivation

Large artery stiffening (LAS) and more generally arterial
stiffening are associated with aging and numerous age-
related pathologies including diabetes, atherosclerosis,
chronic kidney disease, hypertension, and cerebrovascular
disease. Vessel wall remodeling across pathologies in-
volves a concert of cellular and molecular mechanisms,
which have been comprehensively reviewed1e8 and are
further detailed in the accompanying book chapters.
Consideration of these mechanisms emphasizes that arterial
wall stiffening may have implications beyond just a
decrease in wall compliance related to changes in the local
extracellular matrix. The fact that microvascular dysfunc-
tion occurs in the same disease states and is caused by
similar, if not overlapping mechanisms, suggests there are
more direct linkages between LAS and microvascular
remodeling that may be important to consider in the pro-
gression of disease.9,10 Signals that may transmit pathology
between macro- and microvessels fall into two categories:
circulating factors and hemodynamics. Whether and to
what extent arterial stiffening and specifically LAS directly
influences downstream functional adaptations of micro-
vascular networks remains unclear because the presence and
effects of these signals at the microvascular level are largely
undetermined. However, a review of the literature reveals
putative mechanisms of communication between arteries and
the microcirculation that may contribute to both LAS
and downstream abnormalities in microvascular structure
and function, creating feedback loops that may further
exacerbate disease.

The objective of this chapter is to explore the links
between LAS and microvascular remodeling. The chapter

first offers a view of arterial wall stiffening from a micro-
vascular remodeling perspective, focused on overlapping
cell types. As microvascular remodeling encompasses the
growth of new capillaries, capillary acquisition of peri-
vascular wrapping cells, and patterning alterations, the
major roles of overlapping cell types involved in arterial
stiffening will then be described for the multiple sub-
processes that coordinate microvascular remodeling. Next,
known microvascular remodeling alterations associated
with hypertension and aging will be used to highlight how
gaps in our current understanding make links to the mac-
rocirculation less clear. The chapter will culminate with a
discussion of how circulating factors may be coupled with
hemodynamic changes in LAS. In light of our incomplete
understanding, the challenge of linking blood vessel
remodeling across the macro- and microvascular systems
serves to identify important knowledge gaps for future
research.

A microvascular remodeling view of
large arterial stiffening

LAS is related to aging, insulin resistance, preeclampsia,
cognitive impairment, myocardial dysfunction, kidney
disease, and stroke.1e6,11 From a remodeling perspec-
tive, the causes and consequences of LAS can be asso-
ciated with age or age-related changes in altered cell
behavior. Moreover, the same cellular players involved
in LAS and more generally arterial stiffening are impli-
cated at the microvascular level (Fig. 12.1). Dynamics
associated with the interplay between smooth muscle
cells (SMCs), pericytes, endothelial cells, fibroblasts,
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and macrophages are critical to microvascular function
and adaptation. Despite the prognostic importance of cell
responses in both large and small vessel remodeling,
little is known regarding how and why these mechanisms
are triggered to manifest integrated pathology in one
patient versus another. Patient-specific phenotypic sig-
natures undoubtedly depend on phenotypic variabilities
in the local microenvironment and motivate the need to
better understand cell dynamics from a systems level
view.

While common cellular and molecular alterations have
been identified across the macro- and microvessel levels,
there still remains a question about whether the common
signals represent mechanistic links. Are the effects also
common? Does LAS trigger microvascular dysfunction and
remodeling? Do imbalances generated by improper
microvascular function contribute to LAS? A difficulty in
answering these questions is that stiffening is associated
with disease states, and it is difficult to delineate cause and
effect relationships. Hence, microvascular remodeling

might be a cause of the disease state rather than a direct
consequence of increased arterial stiffness. What is
apparent is that the hallmark characteristics of LAS (elastin
breakdown and degeneration, increases in fibrinogen and
collagen content), tell just part of the story.11e13 Increases
in circulating factors like transforming growth factor beta
(TGF-b), tumor necrosis factor alpha (TNF-a), and
interleukin-6 (IL-6) highlight a proinflammatory shift,
which is also known to have direct effects on the
microvasculature.14e16 The milieu of circulating inflam-
matory factors can be attributed to endothelial cell
dysfunction characterized by oxidative stress, decreased
nitric oxide (NO) bioavailability, increased proin-
flammatory factors, and mitochondrial oxidative stress.1 In
larger vessels, inflammation is linked to elastin breakdown
and matrix remodeling which are key to wall stiffening.
The inflammatory environment can trigger vascular SMCs
to adopt a more synthetic phenotype, exhibit shape
changes, proliferate, migrate, and increase integrin
expression levels.12,13 Whether microvascular SMCs and

FIGURE 12.1 Basic structure of microvessels. All microvessels are lined with endothelial cells and are wrapped by perivascular cells, including smooth
muscle cells and pericytes. The spectrum of cell morphologies and phenotypes present along the different vessel types emphasizes the importance of
cellecell interaction and coordination for maintaining microvascular function. The overlap of these cell dynamics with those involved in large artery
stiffening (LAS) highlight the need to interrogate common mechanisms of dysfunction. Printed with permission from Anita Impagliazzo.
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pericytes experience phenotypic changes that are similar to
SMCs in larger arteries remains under-investigated; how-
ever, proinflammatory cytokines are known to invoke these
behaviors in the perivascular cells of the microcirculation in
diseases such as diabetes.17

A general thought is that increased pulse waves due to
LAS are transmitted to the level of the microcirculation,
especially in tissues with low-resistance vascular beds
such as the kidney, brain, and placenta.1,6 The increase in
elastic modulus of stiffened arteries results in increased
pulsatility, which can translate into increased pressure and
altered flow velocity profiles in the microcirculation.
These altered hemodynamics are often assumed to include
increased shear stress, a regulator of endothelial cell
function. However, as we consider later in this chapter, the
actual velocity profiles, and thus, shear stress levels, are
currently not known. Moreover, shear stress ranges
depend on the specific microvascular network patterning
and specific vessel geometries. Evidence suggesting that
microvascular network patterns are specific to the type of
tissue, and that blood flow regulation can be controlled at
the capillary level, complicate our intuition and motivate
the need for more careful thinking (and perhaps quanti-
tative modeling18) about how hemodynamics and circu-
lating factors are transmitted across the hierarchy of the
vasculature.19

Cell dynamics involved in
microvascular growth and remodeling

In order to appreciate the links between large vessel wall
remodeling and remodeling of the microcirculation, it is
helpful to identify common cell players. This section pro-
vides an overview of cell types involved in microvascular
growth and remodeling, which also play a role in LAS.
Thus, linking LAS with the microvasculature should
involve the recognition that remodeling at the microvas-
cular level is an amalgamation of subprocesses involving
the same cell types involved in arterial stiffening: endo-
thelial cells, pericytes, SMCs, and macrophages (Figs. 12.2
and 12.3).20e24 It should be noted for the sake of clarity
that the direct role of endothelial cells and pericytes in large
vessel wall remodeling can be debated depending on the
remodeling scenario. In particular, pericytes are included in
the list because they can phenotypically resemble dedif-
ferentiated SMCs or adventitial fibroblasts and both of
these cell populations can be associated with atheroscle-
rosis and aspects of large vessel wall remodeling.

Microvascular remodeling is traditionally characterized by
three subprocesses: vasculogenesis, angiogenesis, and arte-
riogenesis (Table 12.1). It has been suggested that vasculo-
genesis, or the formation of blood vessels from endothelial
progenitors, is driven by endothelial cell and pericyte

FIGURE 12.2 Microvascular network function and remodeling. Microvascular remodeling can be thought of as a continuum of subprocesses inter-
related across space and time. For example, angiogenesis involves the sprouting of new capillaries from existing ones and is achieved via the interactions
of endothelial cells, pericytes, and interstitial cell populations that secrete and respond to local growth factors. The differentiation of pericytes into smooth
muscle cells and associated vessel maturation is termed “arterialization,” which leads to functional vasoreactivity. Other cell dynamics related to these
microvascular processes include permeability and white blood cell trafficking, or recruitment. Printed with permission from Anita Impagliazzo.
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recruitment of precursor cells.25 Angiogenesis is defined as
the growth of new endothelial cell-lined vessels from existing
ones, and arteriogenesis refers to the process of enlarging
existing collateral arterioles to form functional arteries and
involves, in part, the recruitment of perivascular cells and their
subsequent differentiation into SMCs.20,24,26 These processes
cause the structural adaptations of microvascular networks
that are characterized by new vessels and altered network
patterning (Fig. 12.4), which can profoundly impact key
microvascular functions including, vascular permeability,
vasoreactivity, and leukocyte adhesion.

Endothelial cells

In addition to preventing thrombosis and being a physical
barrier between blood and tissue compartments, endothelial

cells have specific roles that aid in maintaining normal
vascular function. These additional roles include regu-
lating vascular tone for dilation and constriction, regu-
lating passage of all molecules and proteins across the
vascular wall, appropriately responding to shear stress,
being integral participants in inflammation, and lastly,
being one of the most critical cell types involved in
angiogenesis.27,28 Numerous biomarkers, including
vascular endothelial growth factor (VEGF), TGF-b, and
TNF-a, are involved in the regulation of endothelial cell
dynamics.29

Capillary sprouting seen during angiogenesis is char-
acterized by the proliferation and migration of endothelial
cells. Capillary sprouting begins with the degradation of the
basement membrane and weakening of nearby endothelial
cell adhesions.23 From this destabilized location in the

FIGURE 12.3 Cell types associated with the microvascular networks. (A) Endothelial cells: Platelet endothelial cell adhesion molecule-1 (PECAM)-
positive labeling (red) identifies endothelial cells along capillaries and a capillary sprout. Intraluminal labeling with a fixable dextran (green) identifies
vessels and the stalk of the capillary sprout, but does not label the extending tip cell (arrow). (B) Pericytes: Example of neuron-glial antigen 2epositive
pericytes (green, arrows) wrapping along PECAM-positive endothelial cells at the capillary level (red). (C) Smooth muscle cells: Smooth muscle a-actin
labeling (red) identifies tightly wrapped cells oriented circumferentially around an arteriole. (D) Lymphatic endothelial cells: LYVE1 labeling (red)
identifies lymphatics near PECAM-positive blood vessels (green). “BV” identifies blood vessels and “LV” identifies lymphatic vessels. Images were
obtained by immunolabelling adult rat mesenteric tissues.
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endothelial membrane, an endothelial tip cell equipped with
specialized filopodia can branch out into the extracellular
matrix (ECM), providing directional guidance for the
continued migration of the sprout.30 The tip cell, which
does not form a lumen or proliferate, is followed by another
specialized endothelial cell known as the stalk cell. The
stalk cell forms a lumen and proliferates behind the tip cell,
further elongating the sprout by pushing the sprout further
from its vessel of origin.31 Tip cells and stalk cells are not
only different in function but in phenotype as well. Stalk

cells possess high levels of Notch signaling while tip cells
have low Notch activity but high platelet-derived growth
factor-b (PDGF-b), vascular endothelial growth factor
receptor-2, delta-like ligand 4, and unc-5 homolog b
expression.32e34 As the sprout extends, further ECM is
degraded and pericytes are recruited to the sprout extension
to provide support and stabilization.35 These elongated
vascular sprouts eventually anastomose with neighboring
mature vessels or other capillary sprout extensions origi-
nating from neighboring vessels.

TABLE 12.1 Traditional microvascular remodeling processes.

Angiogenesis Vasculogenesis Arteriogenesis

Definition Angiogenesis is defined as the
growth of new blood vessels from
existing vessels.

Vasculogenesis is defined as the
formation of new vessels from
progenitor cells.

Arteriogenesis involves the
remodeling of preexisting vessels
and can be classified into two
categories: (1) enlargement of
collateral arterioles and (2) capillary
acquisition of smooth muscle cell
coverage (i.e., arterialization).

Key cell types Endothelial cells, pericytes, and
macrophages

Endothelial progenitor cells Endothelial cells, pericytes, smooth
muscle cells, and macrophages

Key
characteristics

Angiogenesis is characterized by
endothelial cell or capillary
sprouting.

Vasculogenesis is most commonly
associated with development.
Vasculogenesis in the adult is less
common and potentially involves
the integration of vascular progeni-
tor cells into new vessels remodeled
by angiogenesis or arteriogenesis.

Collateral vessel enlargement
triggered by increased flow and
involves wall remodeling.
Arterialization involves with pericyte
recruitment is interrelated with
angiogenesis.

The full understanding of how new vessels form in the adult remains incomplete. For example, intussusception and vascular island incorporation represent
nontraditional processes (either understudied or underappreciated) that can contribute to microvascular growth. For descriptions of the information in this
Basic Science Box, see References. 23,24.

FIGURE 12.4 Comparison of an unstimulated and stimulated angiogenic microvascular network from adult rat mesenteric tissue. Immunolabeling
against Platelet endothelial cell adhesion molecule-1 (PECAM) identifies endothelial cells throughout the hierarchy of microvascular networks. (A)
Unstimulated adult rat mesenteric microvascular network. (B) Angiogenic networks are characterized by increased vessel density (*) and increased
capillary sprouting (arrows) off existing venules and capillaries. “A” identifies arterioles. “V” identifies venules. “c” identifies capillaries.
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Recent evidence implicates cellular energetics in new
blood vessel formation independent of angiogenic
signaling.36 Specifically, endothelial cell glycolysis has
been shown to drive vessels sprouting in multiple vascular
beds except brain, as endothelial cells are considered to be
glycolysis addicted even though they are exposed to the
highest oxygen levels in the blood.37e39

Factors such as alterations in wall shear stress levels can
have a significant impact on various endothelial dynamics.
Shear stress has been shown to regulate microvascular
permeability, growth factor secretion, growth factor re-
ceptor expression, and endothelial dynamics during capil-
lary sprouting.40e42 Increases in vascular wall shear stress
can also affect the function and phenotype of perivascular
cells, which in turn can affect how they interact with and
are recruited to vessels. The study of these dynamics at the
microvascular level can provide a new way to investigate
relevant pathologies and discover new connections be-
tween cellular behaviors and the dynamics of larger
vessels.

In order to link endothelial cell function at the micro-
vascular level to LAS, consider the microenvironment of a
single endothelial cell. As endothelial cells line the inner
interface of blood vessels, they are involved in several key
cellular and physiological functions including vessel
permeability, cell trafficking, and hemostasis. This is the
case regardless of the vessel level. Along arterioles at the
entrance of the microcirculation, endothelial cells play a
role in regulating blood flow through controlling vessel
diameter. Then in capillaries and postcapillary venules,
endothelial function is more associated with basal perme-
ability, which can be generally characterized as continuous
flux of plasma components from the blood into the inter-
stitial space. Permeability can become elevated when ago-
nists such as VEGF, bradykinin, histamine, or serotonin
activate their respective membrane receptors on endothelial
cells. Elevated permeability is common in inflamed tissues,
and is also frequently accompanied by increased leukocyte
rolling, adhesion, and diapedesis into surrounding tissues
which further amplifies inflammatory signals. For example,
TNF-a can contribute to elevated microvascular perme-
ability indirectly by activating neutrophil recruitment into
local tissues.43,44 Activated neutrophils cause conforma-
tional changes in endothelial cells that allow increased
paracellular diffusion of fluid and solutes.45,46 Elevated
permeability, combined with other inflammatory signals
from neutrophils, alters the local tissue environment by
increasing diffusion distance for oxygen to reach local
parenchymal cells, thus impairing normal tissue homeo-
stasis.47 In turn, resident cells adapt to the new tissue
environment to limit tissue and organ dysfunction. In many
cases, the resulting changes include signals that promote
angiogenesis, tissue remodeling, and fibrosis. The accu-
mulation of these types of adaptive events reflects the aging

process of tissues and organs, and parallels the slow,
creeping development of increased arterial stiffness with
age.

Pericytes

Another very important type of supporting cell involved in
angiogenesis is the pericyte.20,21 These perivascular cells
wrap around and have direct cell-to-cell contact with
endothelial cells comprising capillaries and express
markers including PDGFR-b, smooth muscle a-actin
(SMA), desmin, and neuron-glial antigen 2.20,21 Pericytes
in the microcirculation have been shown to have the
following roles: control of capillary diameter via direct
contact and paracrine signaling, stabilization and matura-
tion of microvasculature, control of vessel permeability,
and promotion of endothelial cell survival and
proliferation.31,48e52

During angiogenesis, pericytes are recruited to blood
vessels in response to PDGF-b, where they aid in stabi-
lizing endothelial cell proliferation and migration.31 After
pericytes have been recruited and there is direct contact
with endothelial cells, the assembly of the basement
membrane matrix begins with the deposition of laminin,
fibronectin, and collagen IV as the sprout elongates.53 The
basement membrane is assembled and maintained by both
endothelial cells and pericytes. Importantly, pericytes can
promote or inhibit angiogenesis by manipulating the local
growth factor environment. For example, pericytes secrete
VEGF to signal endothelial cell sprouting or activate
angiopoietin 1 (Ang1)/Tie2 signaling to stabilize endothe-
lial cells, respectively.53

Dynamics implicated in arterial stiffening include SMC
differentiation and matrix deposition. Intriguingly, the
altered smooth muscle behavior resembles in many ways
pericyte recruitment, pericyte differentiation from fibro-
blasts or SMCs, and a similar local matrix deposition. For
example, consider fibrosis and hyperplasia of the intima
and media. Fibrosis and hyperplasia involves SMC to
myofibroblast transitions and overlaps the process related to
fibroblast and vascular pericyte interactions associated with
fibrosis in the lung during chronic kidney disease. Thus, the
interconnected nature of different vascular systems and the
importance of both macro- and microvessel remodeling
emphasizes a value in attempting to understand cell
mechanisms on different levels.

Smooth muscle cells

SMCs also make up a key component of blood vasculature
in both large and small vessels. SMCs regulate several key
processes including vasoconstriction, vasodilation, and
maintenance of vessel structure and function.13 SMCs are
commonly identified based on SMA expression, though
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other markers such as smooth muscle-myosin heavy chain
are also expressed and are indicative of a more contractile
phenotype.54

While pericytes are involved in stabilizing the new
sprout, SMC destabilization is critical along pre- and
postcapillary vessels to allow for endothelial sprouting.
Destabilization of the adhesions with endothelial cells is
triggered by vasodilation, which results in an increase in
local vascular permeability.55 Hence, alterations in vaso-
reactivity and endothelial cell barrier function will influ-
ence new vessel growth. Like pericytes, SMCs are
regulated by Tie2 signaling, which upon stimulation with
the inhibitor Angiopoietin 2, induces SMCs to detach from
vessels prior to angiogenesis.29

Common characteristics of LAS are decreased NO
bioavailability and endothelial oxidative stress,1 both of
which are interrelated and influence SMC behavior at the
microvascular level. For example, reduced NO bioavailability
is the hallmark of cardiovascular disease. Increased oxidative
stress from excessive production of reactive oxygen species
(ROS) results in the degradation of NO to form peroxynitrite.
This oxidative-nitrative stress is the major instigator of
vascular remodeling in pathological states.56e59 Recent evi-
dence also implicates altered cellular energetics in vascular
smooth muscle remodeling and microvascular dysfunc-
tion.60,61 For example, glycolytic enzyme activity in SMCs
has been shown to promote vascular remodeling in pulmo-
nary hypertension.60 Furthermore, mitochondria-mediated
mechanisms have also been implicated in the macro- and
microvascular dysfunction that accompanies aging,61

ischemic heart disease,56 and diabetes.62e64

Macrophages

Often occurring in conjunction with inflammation, angio-
genesis is a common response to injury, which is why
macrophages are a key cell of interest in understanding
microvascular remodeling. Macrophages affect their sur-
roundings by secreting growth factors, chemokines, and
modulatory enzymes as well as by undergoing phagocy-
tosis to remove apoptotic cells. They can also be affected
by their local microenvironment, raising the question of
how they impact microvascular remodeling processes.22

Macrophages can be divided into at least two distinct
subpopulations based on the mechanisms underpinning
their activation. M1 macrophages, or classically activated
macrophages, are stimulated by interferon gamma, TNF-a,
and lipopolysaccharide, while alternatively activated (M2)
macrophages are stimulated by interleukin-4 and interleukin-
10.22 M1 macrophages are known to secrete cytotoxic and
proinflammatory agents, while M2 macrophages more
commonly secrete growth promoting factors and anti-
inflammatory signals that stimulate angiogenesis.65e67

Though the specific roles of the macrophage subtypes are

still unclear, it has been suggested because of the differences
in the agents they secrete that M1 macrophages may help
stimulate capillary sprouting while M2 macrophages, along
with pericytes, may play a role in stabilization of new
vessels.22,68

In addition to regulating angiogenesis via paracrine
mechanisms, macrophages have also been suggested to
directly interact with the other key cell types involved in
the pruning of vascular networks.22 Like pericytes, mac-
rophages can form bridges between neighboring capillary
sprouts, thus enhancing anastomoses.17,22 Macrophages
interact with SMCs by mediating arteriogenesis through
enlargement of collateral arteries.68 It has also been sug-
gested that macrophages can transdifferentiate into endo-
thelial cells, pericytes, and SMCs, enabling them to
participate directly as building blocks in microvessel
networks.22

Given that circulating monocytes can give rise to
macrophages, the suggested roles of macrophages in
microvascular remodeling also highlight the importance of
leukocyte trafficking, including leukocyte adhesion. The
adhesion cascade first occurs in three key steps: rolling,
activation, and arrest.69 After the leukocyte is tethered to
the endothelium, rolling is controlled by transiently binding
to selectins, such as E-selectin and P-selectin. Rolling
eventually transitions to the slow rolling phase until the
leukocyte arrests through increased b1- and b2-integrin
binding. This transition from rolling to arrest is known as
activation and is mediated by chemokines including che-
mokine ligand 5 (CCL5), c-x-c motif chemokine 4
(CXCL4), and CXCL5. The leukocyte then undergoes
adhesion strengthening, spreading, and begins crawling on
the blood vessel wall to macrophage antigen-1- and inter-
cellular adhesion molecule-1erich emigration sites. Finally,
during paracellular and transcellular transmigration, the
leukocyte will penetrate the endothelial cell barrier and begin
migrating through the basement membrane. Leukocyte
transmigration is regulated by expression of various junc-
tional molecules, including platelet endothelial cell adhesion
molecule-1, endothelial cell-selective adhesion molecule,
junctional adhesion molecule, and CD99, all of which can
also affect vascular permeability through numerous molec-
ular interactions. Thus, as we have described before, each
dynamic cellular process influences another cell type or
cellular process. So, when considering the impacts of
transmitted signals from the macro- to microcirculation
levels, it is critical to identify how each of the subprocesses
is influenced by disease and ask whether the responses may
be integrated.

Lymphatic endothelial cells

While not often a primary focus of study in the field of
microvascular remodeling, lymphatic endothelial cells also
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participate in structural remodeling of lymphatic microvessels
in response to many of the chemical and mechanical stimuli
mentioned above. Lymphatic microvascular networks consist
of lymphatic capillaries, which are also termed initial
lymphatic vessels. Initial lymphatic vessels are lined with
endothelial cells, void of wrapping SMCs or pericytes, are
spatially coordinated with blood microvascular networks, and
can even form junctional connections with these net-
works.70,71 Importantly, along with the blood microvessels,
lymphatic microvessels are responsible for maintaining tissue
homeostasis. Lymphangiogenesis, or the growth of new
lymphatic endothelial segments that participate in lymphatic
fluid uptake, is linked to inflammatory states which could
also persist in settings of LAS. Thus, lymphatic endothelial
cells could be affected by the same disease processes that
cause LAS. Furthermore, alterations in lymphatic micro-
vascular structure and function as a direct result of LAS
should not be ruled out, although little is known about this
intersection. We do know that lymphangiogenic and
angiogenic signaling often overlap with one another, and
that the presence of lymphatic vessels influences blood
vessel growth, and vice versa.72 Recently, lymphangio-
genesis has been implicated as a characteristic of hyper-
tension and age-related renal injury.73,74 Given the
interrelationships between lymphatic endothelial cells,
blood endothelial cells, and macrophages, they represent an
under-investigated aspect of the microcirculation that war-
rants future investigation in the context of overlapping cell
dynamics with those involved in larger vessel stiffening.
For example, one particular phenomenon that involves
arterial endothelial cells, macrophages, and lymphatic
vessels is the formation of atherosclerotic plaques. It has
been long known that lymphatic vessels play a key role in
reverse cholesterol transport.71 The loss of lymphatic
clearance capacity impairs local tissue homeostasis and
results in the buildup of cholesterol, which is usually taken
up by macrophages. This leads to the formation of
atherosclerotic plaques in the arterial walls.75 This pathol-
ogy remains an ongoing clinical problem, and how other
risk factors, such as hypertension or inflammatory states
associated with chronic diseases impact the coordination of
microvascular delivery and lymphatic clearance to maintain
optimal homeostasis in the arterial wall remains an area that
requires more thorough investigation.

Consideration of microvascular
patterning alterations associated with
hypertension and aging

The integration of cell dynamics involved in microvascular
remodeling subprocesses leads to network level patterning
changes that then influence network resistance and local
hemodynamics. As pulsatility and altered hemodynamics are

potentially transmitted from arteries to the microcirculation,
consideration of the patterns in age-related pathologies is
warranted.1,6 This section will provide an overview of
microvascular pattern alterations associated with hypertension
and aging (two key conditions associated with macrovessel
wall remodeling).

Structural rarefaction, defined as the anatomical loss of
microvessels, is commonly associated with hypertension
and other age-related diseases and is attributed to impaired
angiogenesis.76 Based on the logic that fewer parallel
vessels result in increased microvascular resistance, struc-
tural rarefaction has also been linked to increased systemic
resistance, which increases mean arterial pressure for any
given cardiac output.77 In some cases, microvessel rare-
faction has been reported to precede increases in systemic
blood pressure, further implicating its role as a causal
contributor to hypertension.78,79 Concurrent with rarefac-
tion, microvascular networks in hypertension are charac-
terized by increased oxidative stress, elevated circulating
leukocytes, and endothelial cell apoptosis.80 The connec-
tions between rarefaction and hemodynamics raise ques-
tions about relationships between altered pressures and
pulsatile blood flow velocity due to LAS. The answers, of
course, are unknown and not straightforward because any
assumptive links are based on knowledge gaps. Recent
evidence suggests that microvessel rarefaction, at least in
hypertension, is more complex than vessel loss. Micro-
vascular networks in spontaneously hypertensive rats
display patterning alterations highlighted by increased
arterial/venous anastomoses that serve to normalize resis-
tance.81 In addition, while increased microvascular tone has
been reported in hypertensive networks,82e84 the diameters
of individual vessels might not necessarily be decreased.85

Indeed, vasoconstriction is not present along all arterioles.
Even the concept of impaired angiogenesis is challenged by
evidence that hypertensive networks can undergo normal
levels of angiogenesis.86 Hence, emerging evidence chal-
lenges the paradigms that have shaped our understanding.
Relating these newer findings to traditional paradigms has
caused a reconsideration of how the microcirculation is
altered during hypertension and an evolving understanding
about how this impacts hemodynamics.

Aging is also associated with microvascular dysfunction
characterized by impaired vasoreactivity, increased oxida-
tive stress, and reduced blood flow.76 Aging is character-
ized by impaired angiogenesis, vessel loss attributed to
decreases in growth factor levels (i.e., PDGF and VEGF),
decreases in NO bioavailability, increases in mitochondrial
stress.76 Further influenced by alterations in other pro- and
antiangiogenic factors, the aged environment is generally
thought to invoke microvascular rarefaction. Still, rarefac-
tion might be tissue-specific, and the hemodynamic impli-
cations of microvessel rarefaction remain under
investigation.87,88 For example, as in the case of
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hypertension, the evidence for decreased angiogenesis or
rarefaction can be assumed to associated with increases in
microvascular network resistance. Interestingly, an increase
in resistance would increase the pressure drop across a
network, raising questions about how this might influence
vessel specific stress levels and local velocity profiles.
Moreover, work by Sweat et al. suggests (at least in mes-
entery networks) that aging alone does not increase
microvessel resistance.87

The need for further characterization of tissue-specific
microvascular alterations in hypertension and aging is
also highlighted at the cellular level. As indicated in a
previous section, vascular pericytes play a critical role in
regulating microvascular remodeling. However, there is a
lack of information about how pericytes adapt during aging
and in response to hypertension.77 For aging, pericyte
presence, structure, and function remains under investiga-
tion. While studies support a loss of pericyte coverage in
the aged brain and kidney,89,90 other evidence suggests that
in specific tissues aging results in an increase in pericyte
number and that aged pericytes can display increased
expression of SMA.91,92 These findings are supported by
RNA sequencing data indicating increased PDGF-b re-
ceptor expression despite decreased PDGF growth factor
levels.87 In the setting of hypertension, even less is known
about whether pericyte phenotype and function is altered.
For example, the number of SMA-positive pericytes was
reported to be increased in brain tissue harvested from SHR
versus in normotensive control WKY strain rats.93 On the
other hand, in the hypertensive retina, pericyte numbers
have been reported to be decreased relative to normotensive
controls.94 Considering the impact of perivascular cell
presence, structure, and phenotype on vessel function, such
cellular adaptations during aging, hypertension, or other
pathologies ultimately modulate local and systemic hemo-
dynamics. Thus, linking any changes in hemodynamics at
the macrocirculation level down to the microcirculation
necessitates identification of microvascular network pat-
terns and altered cellular dynamics along specific vessel
types within a network.

Circulating factors and hemodynamics
as putative links between arterial
stiffness and the microcirculation

Thinking about links between macro- and microvessels
parallels the identification of links between different organs
during disease states. Consider the links between cardiac
dysfunction and chronic kidney disease.11 Is one related to
the other? Are there mechanistic links? The superficial
answers are yes, but there is probably more than one single
contributor. Just as numerous circulating factors and he-
modynamic parameters may link two organ systems

together in health and disease, they may also link structure
and function across the macro- and microcirculations and
coordinate adaptations in both systems in response to
pathology.

Indeed, serum levels of inflammatory biomarkers, such
as TGF-b, high-sensitivity C-reactive protein, TNF-a, and
IL-6 are associated with LAS across numerous pathological
environments.1,16,95 Each chemical cue can influence
microvascular function. For example, increased levels of
TNF-a can interfere with endothelial nitric oxide synthase,
leading to a decrease in NO, which could prevent angio-
genesis. Some inflammatory mediators that are present in
hypertension,96 such as thrombospondin-1 (which is
released by endothelial cells exposed to elevated shear
stress levels) are antiangiogenic97 and could provide a
direct mechanism by which hemodynamic changes in
large vessels impact structural adaptations in
microvessels. Other factors, such as angiopoietin 2, have
been identified as causal regulators of both hypertension
and stiffness.14,15 Angiopoietin 2 in the context of
stiffening can have upstream effects on monocyte
chemoattractant protein-1, matrix metalloproteinases
(MMPs), nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-kB), ROS, and NO. Angiopoietin
2einduced hypertension is also characterized by a loss of
microvessels, or rarefaction, which has been linked to
increased MMP levels. It is important to point out that
MMP inhibition is generally associated with increased
matrix deposition in large vessels, whereas MMP increases
are present in the microcirculation. Furthermore, broad
spectrum MMP inhibition with doxycycline is sufficient to
normalize blood pressure and reverse microvascular rare-
faction and growth factor receptor cleavage in spontane-
ously hypertensive rats.98,99 The effects of doxycycline on
large vessel remodeling remain unclear, yet the role of
MMPs in the microcirculation during stiffening emphasizes
the importance of evaluating potentially differential effects
of these circulating factors and drugs used to impact MMP
levels in both large and small vessels. It is not as simple as
recognizing that the circulating cues can moderate cell
macro- and microvascular cell dynamics. Elucidation of
common mechanisms requires comprehensive comparison
of local effects.

Consistent with the theme of this chapter, the question
remains whether these biochemical links are secondary to
vessel wall stiffening, implicating hemodynamic changes
as the more critical link between large vessels and the
microcirculation. A more direct link is the increased pul-
satility attributed to changes in artery wall elasticity.100e106

Undoubtedly, altered flow profiles at the microcirculation
level can influence red blood cell passage, local hematocrit,
local effects on viscosity, endothelial cell function, and
leukocyte adhesion.23,40 However, more preeminent ques-
tions should focus on the actual altered flow profile within a
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microvascular network due to upstream arterial stiffening
and whether local mechanotransduction mechanisms are
altered. Cell mechanotransduction sensing elements include
cellecell junctional proteins, integrins, the cytoskeleton,
growth factor receptors, and even ion channels. Thus, any
changes to these sensing elements along the microvascular
endothelium could influence shear responses.

Increased pulsatile shear stress is thought to be crucial
in high flow/low-resistance tissues like the brain and kid-
ney.1,6,100 These tissues are susceptible to pulsatility and
altered hemodynamics because of the lack of upstream
vasoconstrictor vessels. However, the actual microvascular
flow profiles in these tissues remain to be determined,
making it difficult to appreciate the transmitted effects,
especially given emerging evidence for a role of vascular
pericytes in regulating capillary diameters.20,21,107e109

Microvascular network flow regulation is more complex
than arteriole vasoregulation and can involve diameter
control at lower caliber vessel levels and network repat-
terning. With that being said, increased pulsatility and shear
stress are definitive regulators of endothelial cell behavior.

Wall shear stress is due to viscous forces associated
with fluid flow and is dependent on velocity gradient, vis-
cosity, and vessel geometry. Endothelial cells along a
microvascular network experience levels of shear stress of
w5e150 dyne/cm2, with capillaries experiencing closer to
the 10 dyne/cm2 level.40 But, as noted above, the actual
shear stresses experienced by angiogenic vessels are not
clear.110 Even more so, the thresholds for influencing cell
behavior remains unclear. Work by Song et al. suggested
that shear stresses below 3 dyne/cm2 inhibited endothelial
sprouting.111 In contrast, work by Galie and colleagues also
using a microfluidic based assay suggested that stresses
above 10 dyne/cm2 increase sprouting.112

Interestingly, most of the initial evidence implicating
shear stress as a regulator of angiogenesis is based on
in vitro experiments.40,113,114 The in vivo link is supported
by evidence of increases in the number of capillaries after
treatments that result in increased perfusion. For example,
seminal work treated animals with prazosin and then
quantified vessel numbers in the skeletal muscles.41,115

Complicating the interpretation of the results, prazosin
increased vessel diameter therefore causing more than just
an increase in shear stress.

In addition to shear stress, wall shear stress gradients
can also play a role in angiogenesis by influencing endo-
thelial proliferation, cell matrix adhesion, migration, and
soluble factor production.116e118 Consideration of the ef-
fect of flow pulsatility on local shear stress values and stress
gradients further complicates our understanding. With
shear stress being dependent on the velocity derivatives, a
time-dependent velocity gradient suggests a changing or
pulsatile shear stress profile few studies address. The
knowledge gap related to increased pulsatility and micro-
vascular remodeling is probably best highlighted by a lack

of literature search results. Searching for “pulsatile shear
stress microcirculation”, “pulsatile shear stress capillary”,
and “pulsatile shear stress angiogenesis” resulted in 30, 36,
and 10 papers, respectively (search done in January 2021).
In one example, pulsatile shear stress was shown to induce
a significance increase in PECAM-1 phosphorylation,
ICAM-1 expression, and NF-kB activation.119 These re-
sults are consistent with evidence that increased pulsatility
and potential higher shear stress can cause decreased
microvascular diameters and can reduce permeability via
increases in tight junction protein expression. On the other
hand, pulsatile shear stress has been suggested to promote
NO production, increase NO bioavailability, and even
endothelial cell proliferation.120e123 Finally, in another
report, high shear stresses (40 dyne/cm2) and pulsatility
decreased junctional morphologies.121

Reflection on what is known regarding shear stress and
the microcirculation exposes an important knowledge
gapdlocal shear stresses along specific vessel types in a
microvascular network, especially due to altered flow
conditions that might be attributed to upstream macrovessel
remodeling, are unknown. The lack of measurements of
shear stress values in vivo has resulted in the mechanistic
role of shear stress in angiogenesis remaining ambiguous.

Conclusions and future opportunities

LAS is a hallmark of aging and numerous disease states.
While it is obvious that the macro- and microcirculations
are coupled both mechanically and biochemically, how the
presence of disease impacts the content and transmission of
information flowing between these two vascular environ-
ments is not well understood. Given the similarities in cell
types, cellular dynamics, ECM remodeling, and the role of
hemodynamic forces across the entire circulatory tree, it
stands to reason that pathological stiffening of large vessels
could adversely impact the structure and function of
downstream microvessels and, conversely, that alterations
in the structure and function of the microcirculation could
contribute to stiffening of large vessels. In addition, over-
arching cellular and molecular mechanisms could simulta-
neously affect macrovascular and microvascular function.
Hence, studying the cross-talk between large and small
vessels in diseases characterized by pathological wall
stiffening will undoubtedly yield a more comprehensive
understanding and suggest novel therapeutic targets. Ad-
vances in noninvasive in vivo measurement techniques will
provide more comprehensive, accurate, and dynamic as-
sessments of large and small vessel hemodynamics and
biomarkers.124,125 In addition, applications of computa-
tional modeling and analysis can provide a more robust
platform for systematically integrating, interpreting, and
therapeutically manipulating cause and effect relationships
that span spatial and temporal scales.18,126e128 Measurement
and modeling of LAS and microvascular adaptations
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simultaneously (within the same experimental systems and to
the extent that is possible clinically) will also likely reveal new
mechanisms of chemomechanical cross-talk and their local
and systemic contributions to disease. Finally, numerous re-
ports have established the role of biological sex and sex
hormones in the vascular function in health and disease states.
Sex differences impact all cell types associated with the
vascular wall at both the macro- and microvasculature
levels,129e131 further highlighting how cellular dynamics
associated with stiffening and microvascular remodeling
might be heterogeneous across groups or individuals. Looking
forward, our lack of understanding represents an opportunity
for comprehensively linking how cellular dynamics can in-
fluence transmitted links throughout the vasculature.
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The heart is an amazing organ. The heart and cardiovas-
cular system have evolved to overcome the limitations of
diffusion ensuring adequate supply of nutrients and oxygen
to tissues while providing a route for homeostatic
communication between major organ systems. From onto-
genesis and embryogenesis, the heart’s structure has pro-
gressively evolved to fully match the organism’s functional
needs as a highly resilient and enduring pump system that
not only ensures its self-supply but also extensive
communication with all bodily systems through the
vasculature. Self-supply through the coronary circulation is
closely matched to requirements through local metabolic
regulation. In homeothermic air-breathing animals, the
cardiovascular system has evolved to a system in series
circulation, with the heart fully divided into left and right
sides, for systemic and pulmonary pumping, respectively.
The highly compliant and vast low-pressure pulmonary
circulation interacts with the lungs for achieving full
oxygenation and continuous renewal of oxygen carrying
capacity. Cardiac output is the main driver of renal filtration
and urine output, while renal feedback guarantees effective
circulating volume through regulation of sodium balance.
The heart provides steady perfusion to all systems, in
particular the gastrointestinal tract from which it retrieves
nutrients, the musculoskeletal and nervous systems to
which it provides oxygen and nutrients and from which it
effectively clears catabolites, and the kidneys which are
perfused in order to promote glomerular filtration. As an
efficient system that overcomes the limitations of diffusion,
the cardiovascular system not only carries oxygen, nutri-
ents, and catabolites but also brings all organs and tissues
into close proximity as carrier of endocrine mediators and
intercellular signaling molecules such as cytokines, growth
factors, and adipokines. Unsurprisingly, the heart itself is

quite active as an endocrine organ, and its function and
structure are extensively influenced by endocrine mecha-
nisms.1 The heart integrates neural input through vagal and
sympathetic fibers. Finally, the cardiovascular system pro-
vides an entry port and means of spread to the hemato-
poietic system.

The heart is an adaptive pump

The heart as a pump adapts and remodels to meet body
demands throughout lifetime but eventually fails with aging
and lifelong insults. All these mechanisms are finely tuned
and enable extraordinary adaptions throughout lifetime.
The fetal-to-neonatal transition courses with fast structural,
metabolic, and functional changes that suddenly enable
adaption to an active respiratory system while pregnancy
and long-term adaptions to exercise training also involve
slower but substantial structural and functional remodeling.
Acute adaptions to various forms of stress are also
outstanding and further highlight the role of regulatory
mechanisms, such as neurohumoral adaptations.

Despite their remarkable durability, the cardiac pump
and the cardiovascular system eventually wear out with
aging. Atherosclerosis, loss of elastic content, altered and
increasing fibrosis, decreased metabolic flexibility and
impaired organelle, cell and tissue repair, and turnover
mechanisms ultimately have a toll on the ability to cope
with demands. Decreased cardiovascular reserve is one of
the major components of human senescence. In today’s
developed world societies, improved healthcare has sus-
tainedly increased longevity while work and social habits
dictated sedentary lifestyles and unhealthy diets. Predict-
ably, the population ages and the prevalence of obesity,
systemic arterial hypertension, and diabetes mellitus are
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higher. These and other comorbidities drive adverse car-
diovascular remodeling, further impairing cardiovascular
reserve in a growing number of individuals. Heart failure
with preserved ejection fraction (HFpEF) is an example of
impaired cardiovascular reserve, combined with alterations
of renal, muscular, and pulmonary function (among various
other abnormalities).2 In the aging population, the health
toll of HFpEF now outweighs that of classical heart failure
with reduced ejection fraction (HFrEF). Improved health
care and prompt interventions for ischemic heart disease
substantially reduced the number of patients that
overcome extensive myocyte loss due to ischemic insults
with left ventricular (LV) dilation and decreased ejection
fraction.

Cardiac structure is tightly coupled to
function

The heart is composed of intertwined sheaths of myocardial
tissue interspersed with coronary vessels. Myocardial tissue
is mainly composed of striated muscle cast into a thin mold
of connective support tissue. Unlike skeletal myocytes,
cardiomyocytes act like a functional syncytium both in
electrical and mechanical terms; cardiomyocytes show
complex branching patterns and (mainly) top-to-top me-
chanical and electrical connections between themselves
through specialized cell membrane domains, the interca-
lated disks, where gap junctions concentrate. Highly orga-
nized high-order macromolecular structures arranged in
tandem, with top-to-top connections at Z-lines, the sarco-
meres, confer the typical striated appearance to car-
diomyocytes on histological examination. Sarcomere
length under physiological conditions ranges from 1.6 to
2.2 mm. Sarcomeres are composed by partly overlapping
thin and thick filaments essentially formed by actin and
myosin proteins, respectively, combined with other struc-
tural and regulator proteins. One of these proteins, titin,
stands out because of its giant size and filamentous struc-
ture that bridges the span of half a sarcomere, connecting
thick filaments to Z-lines. It constitutes an essential struc-
tural scaffold that stabilizes actin-myosin interaction as well
as a key regulator of myocardial passive properties, namely
compliance.3

Action potentials and contraction arise at an intrinsic
pace, which is modulated by the autonomic nervous system
and neuroendocrine influences but is fully independent
from central somatic neural input. A small subset of car-
diomyocytes, the conduction system, specializes to evoke
and convey action potentials eliciting synchronized patterns
of myocardial contraction that maximize cardiac chamber
pump performance.

Moreover, a specialized connective tissue structure, the
fibrous skeleton, completely separates thin-walled highly
compliant chambers, the left and right atria (that receive
venous return from the pulmonary and systemic circulations,

respectively), from thicker-walled LV and right ventricular
(RV) chambers (that do most of the pumping into the sys-
temic and pulmonary arteries). Atrial and ventricular
contraction are coordinated so that ventricular contraction
only starts upon maximal filling following atrial ejection.
Indeed, atria contract upon spreading of action potentials
generated at the sinus node, the natural highest-frequency
pacemaker in cardiac conduction tissue, but transmission
to the ventricles is delayed at the unique gateway connecting
atria and ventricles through the fibrous skeleton, the atrio-
ventricular node. The spread of the action potential within
ventricles is governed by fast-conducting Purkinje cells ar-
ranged in thick bundles that ramify throughout the endo-
cardial surface. The fast and sequential pattern of activation
ensures maximal performance by first activating the inter-
ventricular septum and subendocardial papillary muscles
(the myocardial extensions that connect through chordae
tendineae to the atrioventricular valves), and only then
producing synchronous torsional free-wall contraction of
both ventricles from the apex toward the base. This provides
a stable support axis and prevents valve prolapse.

The RV is thinner and more compliant than the LV, and
is well adapted to accommodate fluctuations in venous re-
turn and to pump blood into a low resistance and likewise
highly compliant pulmonary circulation. RV geometry
clearly distinguishes a saccular body reservoir and an out-
flowtract infundibulum. The saccular body contracts first
through a bellows-like movement that brings the free-wall
close to the interventricular septum ejecting through the
outflow tract infundibulum, which contracts in a peristaltic-
like movement.4 Quite distinctly, the LV’s shape is close to
elliptical and its wall is thicker, holding an extra layer of
obliquely oriented myocardial fibers. LV contraction pro-
ceeds from apex to base, toward the aortic valve, and is
aided by a twisting movement that further helps to reduce
circumference and longitudinal axis against the high-
resistance systemic circulation. Upon ventricular contrac-
tion, thin semilunar aortic and pulmonary valves prevent
reflow from the arteries back to the heart.

The cardiac cycle

In this chapter, we provide a general review of the cardiac
cycle and mechanisms of myocardial contraction and
relaxation. Chapter 14 deals with these processes, more
specifically as they relate to systolic-diastolic coupling.

The cardiac cycle (Fig. 13.1) is the sequence of events
in each heartbeat.5 The normal cardiac cycle relies on
repeated and sequential twitch activations of cardiac
chambers’ muscle cells and competent cardiac valves for
directing flow and for separating low from high pressures.
The LV swiftly alternates organ perfusion at high pressures
with filling from pulmonary vessels at low pressures. When
the sinus node fires, a wave of depolarization is spread
through the atria, which is captured on the

212 Textbook of Arterial Stiffness and Pulsatile Hemodynamics in Health and Disease



electrocardiogram as the P wave; this depolarization leads
to atrial contraction, extra flow to and filling of the ven-
tricles through the atrioventricular valves (identified as an
A, or atrial, wave on transmitral or transtricuspid Doppler
flow), leading to maximum end-diastolic ventricular vol-
ume. The fourth heart sound S4 (not shown) is due to
deceleration of blood flow after atrial contraction.6 Con-
duction is delayed at the atrioventricular node, for allowing
ventricular contraction to be delayed till completion of
priming by atrial contraction.

Systole follows atrial contraction. Depolarization
quickly spreads through the specialized conduction system
to both ventricles in a typical pattern that yields the QRS
wave complex in the electrocardiogram and elicits ventric-
ular contraction; atrioventricular valve closure prevents
reflow to the atria and ventricular pressure briskly rises
(electromechanical coupling). This pressure rise marks the
beginning of mechanical systole and a distinctive sound
related to atrioventricular valve closure can be heard on
cardiac auscultation as the first heart sound (S1). The up-
stroke in ventricular pressure initially proceeds without
ejection. As soon as ventricular pressure exceeds arterial
pressure, fast ejection into the aortic root is initiated. Ejec-
tion work and arterial flow carry on while active cross-
bridges keep cycling and even beyond the start of active
relaxation and crossbridge inactivation. The transition from
muscular contraction to relaxation occurs early during the
ejection phase (see later).7 At mid-ejection, the pressure
gradient reverses, aortic pressure exceeds LV pressure, but
flow into the aortic root still continues. This continuing flow
results from inertia or kinetic energy imparted to blood flow
by ventricular contraction, and is known as the momentum
of blood flow.8 During systole, ventricular volumes
decrease from maximal end-diastolic to minimum end-
systolic volume. The volume ejected during each systole,
which is stroke volume, is transferred to the arterial side of
the circulation. While part of it flows to tissues, another part
is accommodated by the elastic components of big arteries
with pressure build-up and storage of volume. Flow velocity
however decreases during the late and slow ejection phase.
The build-up in arterial pressure that now surpasses
decaying ventricular pressure soon offsets the kinetic energy
(inertia) of ejection and eventually leads to semilunar valve
closure to prevent reflow to the ventricles. This marks end-
systole and the transition to clinical diastole, which is
signaled by a distinctive second heart sound on cardiac
auscultation (S2). While the heart sounds S1 and S2 are
commonly believed to be caused by closing of valves, most
investigators now agree that cardiac sounds result from vi-
brations of cardiac structures produced by acceleration or
deceleration of blood flow.6,9

FIGURE 13.1 The cardiac cycle according to Wiggers. Synchronous
electrical, hemodynamic, and auscultatory features of a cardiac cycle
illustrated for the left ventricle (LV). Timings of valve opening and closure
are represented by: (1) mitral valve closure, (2) aortic valve opening, (3)
aortic valve closure, and (4) mitral valve opening. Signals are color coded.
Main features of each signal are represented: the dicrotic notch in aortic
pressure tracing, the a (atrial contraction), c (ventricular contraction), and v
(venous filling) waves in the left atrial (LA) pressure tracing, the peak rates
of LV pressure rise (dP/dtmax) and fall (dP/dtmin), the E (early) and A
(atrial) waves in transmitral flow, the P, QRS and T waves of the elec-
trocardiogram and the first and second heart sounds. Transaortic and
transmitral Doppler flow signals are aligned and merged. The dashed re-
gion of LV pressure fall between (3) and (4) is used to derive the time
constant of LV relaxation, s.
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Then comes diastole. Upon semilunar valve closure,
which is characterized by a dicrotic notch on arterial pulse,
flow to peripheral circulation continues, being driven by
inertia of blood flow combined with elastic recoil of big
arteries. Pressure and flow decay to diastolic blood pressure
levels, until next atrial contraction and ventricular ejection.
Diastole proceeds in the ventricles and active relaxation
mechanisms steeply decrease pressure during isovolumic
relaxation. Nevertheless, ventricular filling only starts when
atrial pressure overcomes ventricular pressure thereby
opening the atrioventricular valves. Active relaxation forces
fuel a strong atrioventricular pressure gradient that pro-
motes a rapid-ventricular filling phase (sometimes termed
suction) which can be tracked by a distinctive dominant E
(early) wave in transmitral Doppler flow measurements and
is responsible for most of ventricular filling.10 Initial rapid
filling is driven by a pressure gradient from atrium to
ventricle. Thereafter, fast filling keeps occurring despite a
slight reversed gradient and is driven by inertia.11 This is
quite similar to what happens during ejection. The third
heart sound S3 (not shown) is caused by deceleration of
blood flow at the end of rapid filling.6 This is usually fol-
lowed by a period of pressure equalization between atria

and ventricle and a slow filling phase of passive filling
(diastasis), until a new atrial contraction originates from
pacemaker activity. These events take place in right and LV
chambers but not entirely synchronously. Since the sinus
node is in the right atrium, right atrial systole slightly
precedes left atrial systole. In contrast, there is a minor
delay in RV contraction compared with LV contraction. As
afterload is much lower in the pulmonary circulation, the
onset of relaxation occurs earlier in the RV.

Electromechanical coupling

Within the cardiomyocyte, action potentials propagate
through sarcolemmal invaginations, the T (transverse) tu-
bules. L(long-lasting) calcium channels in the T-tubules
mediate a brisk minor calcium inflow. In close vicinity
with the T-tubules, type II ryanodine receptors calcium
channels in terminations from the sarcoendoplasmic retic-
ulum, the terminal cisternae, release large sarcoendoplas-
mic reticulum calcium stores open upon sensing calcium
inflow (calcium-induced). This calcium transient activates
the myofilaments, eliciting force development and cell-
shortening (electromechanical transduction).12 Fig. 13.2

FIGURE 13.2 Subcellular mechanisms underlying myocardial electromechanical coupling and contraction. A graphical presentation of the time
sequence of cardiomyocyte action potential, calcium transient and twitch is depicted in panel (A) Events 1e4 correspond to: (1) initial depolarization, (2)
calcium-induced calcium release (CICR), (3) calcium reuptake, and (4) crossbridge cycles. The close interrelationship between cytosolic calcium levels
and force of contraction is highlighted in panel (B) An illustration of molecular players in relation to ultrastructure and to events 1e4 from panel A is
given in panel C, for further details refer to text. LTCC, L(long-lasting)-type calcium channels; NCX, sodium-calcium exchanger; RyR; ryanodine re-
ceptors; SERCA, sarcoendoplasmic reticulum calcium ATPase; TnC, troponin (C)
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summarizes the mechanisms of electromechanical coupling
and contraction as well as the underlying structural orga-
nization of cardiomyocytes.

Mechanisms of myocardial contraction

Reversible multilinking between actin and myosin is the
molecular mechanism underlying contraction during cal-
cium transients. At low cytosolic calcium concentrations,
the tropomyosin-troponin complex binds to actin through
troponin-I, preventing interaction with myosin whereas at
high concentrations, calcium reversibly binds troponin-C
inducing conformational changes that expose actin to
myosin and enable activation of crossbridges. Active
bridges constantly cycle from attached to detached state due
to myosin’s ATPase activity. Energy consumption is partly
converted into conformational changes that promote
myofilament sliding and sarcomere shortening.

Under experimental conditions, cardiac muscle may be
completely unstretched (slack length). Upon activation,
when cardiac muscle is experimentally activated and
unloaded, the myocardium achieves maximum shortening
velocities. In vivo, however, cardiac chambers hold volume
and thus cardiac muscle is stretched to some degree; this is
usually called preload, the load that precedes contraction.
Moreover, during contraction load is never null and

myofilament sliding is counteracted by load imposed on
crossbridges and muscle force develops; this is called
afterload, the load the muscle must bear after contraction
starts. Indeed, if the muscle is not allowed to shorten at all
(which occurs if for example, papillary muscles, muscle
strips, or single myocytes are pinned in an experimental
ex vivo setup), crossbridge cycling becomes futile and all
the energy is wasted into force development; this is called
an isometric contraction. Isotonic contractions are those in
which shortening occurs against a constant load. The
concept is illustrated in Fig. 13.3.

The major determinant of force development and
myocardial shortening is the number of actively cycling
crossbridges which in turn is dependent on the magnitude
of the calcium transient, myofilament sensitivity to calcium,
myosin’s ATPase rate, and sarcomere length. The latter
dictates both the extent of actin and myosin interaction and
three-dimensional lattice spacing between them.13

Mechanisms of myocardial relaxation
and ventricular filling

While calcium release is triggered by the action potential,
repolarization by itself cannot restore cytosolic calcium
levels to the relaxed state. The key determinant of
calcium transient decay is sarcoendoplasmic reticulum

FIGURE 13.3 Isotonic and isometric contractions illustrated in the papillary muscle experimental setup. A papillary muscle quickly excised from
a euthanized small laboratory animal can sustain mechanical activity ex vivo if it is provided an oxygenated nourishing superfusion solution with constant
temperature and pH as well as electrical stimulation (usually set to a desired frequency). Upon fixation to connecting pins (in the picture by suture wires),
its length (preload) can be adjusted. In each contraction, the transducers record both shortening (upward shift on the length tracing) and force development.
If the setup is programmed with free pins, contraction approximates pure isotonic (no afterload) whereas with fixed pins contraction is purely isometric
(maximum afterload, no shortening).

Ventricular and myocardial function Chapter | 13 215



calcium ATPase which actively restores sarcoendoplasmic
reticulum stores while resetting cytosolic calcium levels.14

Calcium transient decay promotes crossbridge inactivation
and myocardial relaxation. Of note, this starts well before
the termination of ejection and semilunar valve closure that
denote transition from clinical systole to diastole. There-
fore, paradoxically, relaxation is an active process that
already begins during early ejection well before end-sys-
tole. The mechanisms of relaxation, filling, and LV
compliance are depicted in Fig. 13.4.

Although the main driver of calcium transient decay is
the sarcoendoplasmic reticulum calcium ATPase, we must
acknowledge that its activity is highly regulated by phos-
pholamban along with many intracellular-signaling path-
ways. Likewise, other transporters such as the cell
membrane sodium-calcium and sodium hydrogen ex-
changers, cell energy and acid-base status, molecular and
mechanical determinants of crossbridge detachment, titin

and mechanical restoring forces after contraction all dictate
the speed and extent of relaxation. Ventricular filling is not
simply governed by relaxation; active relaxation prepares
cardiac chambers to accommodate incoming blood flow,
but the extent of inflow itself is dictated by the completion
of myocardial relaxation, the time available for diastolic
filling and chamber compliance. Chamber compliance is
dependent on geometry and material properties (myocardial
compliance). Myocardial compliance in turn is a function
of the properties of extracellular matrix and of car-
diomyocytes themselves, with titin assuming a predominant
role. Additionally, external mechanical determinants such
as intrathoracic pressure, pericardial restraint, and ventric-
ular interdependence also determine filling in vivo. Indeed,
ventricles demonstrate a high degree of interdependence
because of their shared interventricular septum and the
restraining influence of the surrounding pericardium, whose
volume remains fairly constant throughout the cardiac

FIGURE 13.4 Mechanisms underlying diastole. The left hand illustration highlights extrinsic determinants of left ventricular (LV) diastole:
(i) afterload and wave reflection that influence relaxation, (ii) the right ventricle (RV), pericardium and intrathoracic pressure that exert their influence
mostly in late diastole (iii) venous return from the pulmonary circulation that acts as driving pressure for filling, (iv) the left atrium (LA) whose function as
a reservoir and conduit but also as a pump late in diastole plays a crucial part in diastole as well, and, finally, (v) it is the varying pressure gradient (DP)
throughout diastole and the area for transmitral flow (TMF) that dictates filling. The hemodynamic aspects of diastole are summarized in the central panel
as an excerpt of Fig. 13.1. Key events are numbered: 1 is the beginning of myofilament inactivation after calcium reuptake and marks the start of
physiological diastole, although no filling as yet occurred, 2 is aortic valve closure and signals the start of clinical diastole (according to heart sounds), 3
indicates mitral valve opening and actual start of LV filling, as can be tracked by TMF velocity tracings, 4 denotes the start of atrial contraction (“atrial
kick”), a final contribution to LV filling, and, finally, 5 stands for end-diastole, when all forces must balance to settle LV compliance. It is between 2 and 3,
during isovolumic relaxation that pressure decay without concomitant changes in volume is modeled by fitting to derive an index of myocardial relaxation,
time constant s. In this central panel, it becomes clear how tachycardia can shorten diastole with a detrimental impact on LV filling. Lastly, the major
determinants intrinsic to the myocardium are underscored in the right panel. Briefly, while calcium reuptake by sarcoendoplasmic reticulum calcium
ATPase (SERCA), myofilament inactivation, and restoring forces play a key role in relaxation and early filling, titin and collagen are the fundamental
determinants of end-diastolic LV compliance. Within the physiological working range titin from cardiomyocytes plays the principal role whereas collagen
may determine a steep rise in filling pressures in sudden overfilling. The incremental role of titin and collagen in determination of LV compliance and their
interplay is graphically summarized in the lower right panel. Both changes in titin and collagen have been implicated in increased LV stiffness in HFpEF.

216 Textbook of Arterial Stiffness and Pulsatile Hemodynamics in Health and Disease



cycle. Interdependence occurs in parallel because the
interventricular septum shifts toward the other cavity when
pressure or volume builds-up during either systole or
diastole. Interdependence also occurs in series because each
ventricle’s input is the other ventricle’s output.

Cardiac metabolism

Cardiomyocytes sustain cyclic contraction throughout the
lifespan without fatigue because their physiology is strictly
adapted to aerobic metabolism favoring fatty-acids as stable
energy substrates. Increased tissue demands raise cardiac
power yield which raises energy expenditure but also en-
hances cardiac output and coronary flow. Coronary flow is
further raised due to coronary arterial vasodilation mediated
by catabolite build-up and endothelial mechanisms.

Cardiac performance is governed by
heart rate and loading conditions

Independently from neurohumoral influences, increased
heart rate enhances systolic performance, which is partly
ascribed to incomplete calcium reuptake, expansion of
calcium stores, and enhanced calcium transients. This is
known as the Bowditch effect or force-frequency relation-
ship.15 A positive force-frequency relationship is typical of
healthy myocardium and will hold for high stimulation
rates ex vivo as long as metabolic needs are assured and
experimental conditions sustain optimal calcium handling.
In vivo, however, while at moderate heart rates increases,
this enhances active relaxation and restoring forces
enabling optimal filling, at heart rates higher than
150e160/min, this adaptation is offset by decrease in time
available to relax and fill. When the sinus node fires
rapidly, as an adaption to increased demands, cycle time
decreases, but as calcium transient and contraction show
only minor changes with heart rate, it is diastole that
shortens. Slow filling may be substantially curtailed and
atrial contraction, which normally makes a minor contri-
bution to ventricular filling, then becomes more important
because the time available for ventricular filling is limited.
At rapid heart rates, atrial contraction is even superposed on
rapid LV filling. This is a powerful coordination for
maximizing filling during exercise. When heart rate further
increases, cardiac performance gets impaired with lower
output and with congestion.

Increased ventricular filling volume or preload enhances
systolic performance through the FrankeStarling mecha-
nism, which is partly explained by extra crossbridge
recruitment due to increased calcium sensitivity and higher
thin and thick filament overlap. Likewise, increased after-
load, or resistance to ejection due to arterial impedance and
vascular resistance also raises crossbridge activity and

cardiac performance, which is known as the Anrep effect or
cooperative activity. Accordingly, lower afterload and
decreased resistance to ejection will lead to shortening
inactivation and enhanced myocardial relaxation. Myocar-
dial stretch, however, also elicits a lagging slower secondary
response, the slow force response, that is mediated by
autocrine/paracrine mechanisms and leads to amplification
of calcium transients.16,17 Within moderate physiological
ranges, increased preload or afterload also enhance relaxa-
tion and possibly compliance in the healthy myocardium.17

All the aforementioned feedback responses, which help
increase cardiac output to meet demands, are modulated by
many signaling pathways. While heart rate, preload, and
afterload do have an impact on cardiac performance,
myocardial functional and energetical status also determine
the overall response to sudden hemodynamic stress.18

Indeed, the failing myocardium may decrease contractile
performance at higher load or higher stimulation frequency.
Impaired FrankeStarling and negative force-frequency re-
lationships are hallmarks of myocardial failure. Accord-
ingly, relaxation may become impaired and end-diastolic
pressures may rise under even moderate loading conditions
in the failing heart.

Functional assessment of the
cardiovascular system

Most experimental observations underlying our knowledge
on fundamental principles of cardiac function regulation
derive from experimental setups with ex vivo assessment of
single fibers, muscle strips, and papillary muscles (such as
the one illustrated in Fig. 13.3), which were translated to
in vivo animal cardiovascular function studies. While ex-
periments enable straightforward assessments of myocar-
dial contractility (for instance, by assessing isometric force
at constant heart rate with varying preload, or conversely
assessing response to stepwise increases in heart rate at
constant preload), achieving the same goal in vivo remains
challenging. In clinical practice and clinical research,
monitoring the electrical activity of the heart and measuring
blood pressure is relatively straightforward. A surface
electrocardiogram and noninvasive intermittent blood
pressure readings with oscillometry are widely available at
every clinical scenario. When it comes to assessing cardiac
volumes, blood flow, cardiac output, and continuous
intracavitary or intravascular pressure, however, the inva-
siveness of procedures, technical expertise, and specialized
equipment required constrain the application to specific
settings such as cardiology, intensive care medicine, or
anesthesiology practice.

Most of the mechanical processes inherent to cardiac
physiology can be understood by measuring chamber vol-
umes and geometry, blood pressure and flow.
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Echocardiography is the most straightforward approach to
estimate cardiac volumes, but ventriculography or
advanced imaging methods, such as cardiac magnetic
resonance, can also be employed. Likewise, ultrasound
Doppler can assess flow velocity and upon determination of
cross-sectional area flow can be computed from echocar-
diography. This enables determination of cardiac output at
various anatomic locations, e.g., the LV or RV outflow
tracts. While the variability in estimation of cross-sectional
area and to a minor extent the angle of alignment with
Doppler flow raises some concern which led many to
consider the direct Fick method or thermodilution as the
gold standard, echocardiography is a reasonable means to
estimate cardiac output for most purposes. Fick’s method is
a simple consequence of the law of preservation of mass.
Cardiac output to the organism is derived by matching
tissue oxygen extraction as assessed by differential oxygen
content between arterial and venous blood with oxygen

uptake by the respiratory system. If oxygen consumption
cannot be measured directly, estimation by nomograms
(indirect Fick method) leads to substantial error, unfortu-
nately this is the current clinical standard in most hemo-
dynamic laboratories. Thermodilution relies on pulmonary
artery catheter (Swan-Ganz) and analysis of temperature
recordings obtained when a cold marker solution is injected
(intermittent readings) or the catheter warms blood in pul-
ses (continuous recording). Finally, intravascular pressure
monitoring requires placement of a catheter and intracar-
diac pressure readings require guidance of the catheter to
the specific location, be it by echocardiography or fluo-
roscopy. In clinical practice, intracardiac and intravascular
pressures are usually recorded with fluid-filled catheters
coupled to rigid tubing and an external transducer in which
a membrane is deflected by pressure oscillations varying
one of the resistances in a Wheatstone bridge circuit
(Fig. 13.5).

FIGURE 13.5 Continuous pressure recording with fluid-filled catheter. The diagram depicts standard preparation for invasive arterial pressure
monitoring in the clinical setting. A radial artery is catheterized in the diagram, but other sites of arterial or venous cannulation follow the same scheme. A
pressurized saline solution that fills a rigid tubing system of standard dimensions transmits pressure fluctuations to a transducer which consists of a sensing
membrane (usually silicone based) and an electric circuit which is usually a Wheatstone bridge (or any modification of it). Briefly, the branching circuit
consists of 4 resistances (R), one of which varies according to the pressure sensed at the membrane (Rx). Current flows either through Rx and R1 or R0 and
R2. These two arms are interconnected by a galvanometer (G). Current measured by G correlates with fluid pressure. The circuit must be zeroed by
opening the system to atmosphere pressure at the level of the heart, at which point R0 is set equal to Rx which means no current flows through G
(0 mmHg). Pressure in the tubing system keeps a very low flow-rate that prevents the system from clotting.
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Upon zeroing, pressures are calibrated and displayed in
a monitor. Usually, the temporal resolution of clinical re-
cordings goes up to 250 Hz and these are prone to damping,
artifacts, and external wave reflection from tubing. In
research settings, micromanometer tip catheters can provide
high-fidelity recordings with high-temporal resolution,
without damping and other artifacts. Please refer to Chapter
2 for a more extensive discussion of methods to assess
intra-arterial pressure.

Assessing intrinsic cardiac performance:
contractility, relaxation, and
compliance

None of the abovementioned methods can accurately cap-
ture cardiac performance in terms of contraction, relaxation,
and compliance, as these are intrinsic myocardial properties
that can only be gauged acceptably if we minimize con-
founding by external determinants such as heart rate and
loading conditions. To illustrate this concept, we resource
to ejection fraction, the most commonly (mis)used
contractility estimator in clinical practice. Ejection fraction
is appraised by imaging methods, usually the echocardio-
gram, as stroke volume/end-diastolic volume. By simple
inspection of the mathematical formula, it becomes clear
that we statically estimate the amount of shortening (stroke
volume) at a given preload (end-diastolic volume).
Furthermore, we know that during ejection, the cardiac
pump performs work not only in the form of shortening but
also as force. In point of fact, force development (pressure
throughout systole, or afterload) and shortening (stroke
volume) are inversely related. Ejection fraction is therefore
both preload and afterload dependent and cannot reliably be
used to gauge contractility. When we consider diseased
hearts, stroke volume remains well preserved until
advanced stages of the disease. In these circumstances, EF
predominantly reflects enlargement of the LV (low EF,
HFrEF) or LV volume reduction (high EF, HFpEF), rather
than contractility.19

Myocardial contractility (inotropy) relates to the ability
of the myocardium to perform mechanical work (i.e., to
generate force and shorten), independently of changes in
preload, afterload or heart rate. Likewise, myocardial
relaxation (lusitropy) relates to the ability to lengthen and
relief force development; finally, ventricular compliance
relates to the ability to accommodate blood at low pressures
despite these same determinants and other external me-
chanical influences. LV relaxation and compliance are also
usually estimated by echocardiography in clinical practice.
Various measurements and indices obtained from trans-
mitral flow Doppler and tissue Doppler recordings at the
myocardium adjoining the mitral ring. It is good practice to
take blood pressure and heart rate into account for inter-
preting data. A more extensive discussion of the

relationship between diastolic function and mitral inflow
characteristics is presented in Chapter 14.

From catheter-derived pressure recordings, contractility
can be estimated by measuring peak rate of pressure rise,
the maximum of pressure derivative, dP/dtmax, which oc-
curs during isovolumic contraction and is dependent on
preload. An LV pressure derivative and corresponding dP/
dtmax is illustrated in Fig. 13.4. Pressure decay is usually
less steep and better modeled in research settings by
nonlinear fitting methods applied to high-fidelity pressure
recordings. Relaxation can be assessed from pressure fall
by monoexponential decay, exponential decay to pressure
asymptote, or logistic fittings. These methods optimize
fitting of pressure decay during isovolumic relaxation as a
function of time from aortic valve closure onwards, or from
peak pressure fall (dP/dtmin) as a surrogate to aortic valve
closure. A time constant, s, is derived such that lower
values translate to steeper pressure fall and faster relaxation
while higher values mean slower relaxation. This is illus-
trated as the dashed region in LV pressure decline in
Fig. 13.4. The simple monoexponential method first pro-
posed by Weiss assumes pressure fall to zero pressure,
whereas the later extension by Glantz introduces a more
physiological pressure fall to a positive pressure asymptote.
Further refinement by Matsubara provides more robust fits
in the extremes of cardiac performance where a clear de-
viation from exponential decay is observed.20 Of note, the
time resolution of fluid-filled catheters is usually not
enough for accurate s estimation, which warrants solid-state
catheters (see below).

As for compliance, even static end-diastolic pressure
acquisitions coupled with end-diastolic volume determina-
tion can only provide a rough estimate of compliance
because the end-diastolic pressure-volume relationship is
nonlinear. Titin’s elastic behavior within the physiological
range and connective tissue at higher sarcomere lengths
dictate a steeper rise of pressure at higher volumes.

The pressure-volume loop

Suga and Sagawa developed in ex vivo isolated heart
preparations the construct of pressure-volume loops, which
conceives the heart as a constantly moving spring with
time-varying elastance (pressure/volume) that alternates
between high-elastance and low-elastance states during
systole and diastole, respectively21 (Fig. 13.6).

Combined with the development of technology for
continuous real-time monitoring of ventricular volume, the
pressure-volume construct allowed in vivo assessment of
intrinsic myocardial performance, but mostly restricted to
animal research due to the invasive nature of the methods.
Pressure-volume loops inform us on pressures, volumes,
chamber elastance, and stroke work. The same approach
can also be applied to regional function by constructing
“pressure (or wall stress)dsegment length” loops.22
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Admittedly, this approach looks at the heart or the segment
as a pump and excludes by its design the analysis of time-
varying phenomena. As a consequence, it is not suited for
evaluating time-varying myocardial contractility and lusi-
tropy. In the research setting, solid-state transducers bring
the membrane from the Wheatstone bridge circuit inside the
patient, at the tip of the catheter, enabling high-fidelity and
high-temporal resolution recordings with minimal artifacts.
These measurements, however, still are subject to zero-line
shifting. Volume recordings are achieved by applying
alternate low voltage currents to cardiac chambers and
recording conductance or impedance readings that, upon
suitable calibration, estimate cavity volumes continuously
in real-time and with high-temporal resolution. The
pressure-volume plane has also been used to assess
ventricular-arterial coupling, although this approach has
significant limitations for this purpose, as discussed in
detail in Chapter 15.

Deriving performance indexes from
acute load manipulation

High-fidelity pressure recordings with solid-state micro-
manometers coupled to synchronous real-time recordings
of chamber volume enable gauging intrinsic myocardial
performance by indices derived from multiple heartbeats at
constant heart rates and varying preload and afterload. This
is usually achieved with short transient inferior vena cava
occlusions either with a snare or an intravascular balloon
occluder, or, alternatively, by imposing transient afterload
increases with aortic clamping. Intrinsic performance can
only be appraised if these load interventions are very
transient, optimally spanning one or just a few more beats,
to avoid influences from neural and endocrine responses.23

The experimental setup along with an inferior vena cava

occlusion recording and representative tracings of HFpEF
and HFrEF are illustrated in Fig. 13.7.

Still, we must underscore that external forces such as
ventricular interdependence, intrathoracic pressure, and
pericardial restraint can only be minimized in open-chest
and wide-pericardiotomy experimental preparations which
clearly deviates from physiology. Indeed, with intact peri-
cardium, sudden preload reductions will show a biphasic
course. First a decrease of RV volume and pressure, dis-
torting LV end-diastolic pressure-volume relationship, will
show an initial decrease in LV pressure without LV volume
reduction (due to reduced pressure transmission across the
interventricular septum) and only later, at lower pressures,
will conform to the usual exponential fit. Fitting end-
systolic pressure-volume relationships or stroke-work
end-diastolic volume relationships at varying preloads
provides indices of overall myocardial contractile perfor-
mance whereas end-diastolic pressure-volume relationships
provide indices of myocardial compliance. Some of these
indices may be refined by normalization to ventricular mass
or cardiomyocyte cross-sectional area. These have been
considered for decades to be the gold standards for in vivo
evaluation of cardiac function. Nevertheless, from the
previous discussion, it becomes obvious that a clear-cut
distinction between the effects of any physiological
response, pharmacological or mechanical intervention on
heart rate, preload, afterload, and intrinsic myocardial
performance is not possible because these are all highly
interdependent. Moreover, responses may vary with time
from intervention. Additionally, complexity increases when
we consider that pump performance is also governed by
perfusion and that regions within the myocardium may
behave quite distinctly (nonuniformity). Actually, overall
performance is merely the sum of contributions from each
myocardial region and ultimately each cardiomyocyte.

FIGURE 13.6 The pressure-volume loop according to Suga and Sagawa. The ventricles are viewed as elastic springs that alternate between low and
high-elastance states while performing pump work. Elastance varies with time (Et) as a function of pressure (Pt) and volume (Vt) as depicted in the left
panel according to the equation Et ¼ Pt/(Vt-V0) where V0 is the volume at zero pressure, which can be either extrapolated or determined ex vivo in the
unloaded chamber. An alternative view is the pressure-volume loop plotted on the right panel, where the alternance between high and low-elastance states
is highlighted as well as the stages of the cardiac cycle and timings of valve opening and closure (see Fig. 13.2). The pressure-volume loop is a highly
informative visual representation of the cardiac cycle. Indeed, stroke work (the area within the loop), stroke volume (volume range), end-diastolic volume
and ejection fraction (stroke volume/end-diastolic volume) can easily be appraised. Maximal elastance (Emax) is a load-independent index of pump
function, rather than contractility.

220 Textbook of Arterial Stiffness and Pulsatile Hemodynamics in Health and Disease



As mentioned, transient afterload elevations by beat-to-
beat or single-beat aortic occlusions have been employed to
assess both systolic and diastolic performance as an alter-
native to sudden preload reduction.24 They enable assessing
relaxation (by pressure decay) at varying load conditions as
well as the impact of afterload on end-diastolic pressure.
These interventions provide insight on intrinsic myocardial

properties. A healthy heart swiftly develops an elevated and
early peak wall stress25 and will have an elevated first-
phase ejection fraction.26 As a consequence of rapid early
ejection and according to Laplace’s law, systolic fiber stress
quickly drops early in systole. This leads to shortening
deactivation and fast relaxation. The young and healthy
heart has an extraordinary reserve capacity for matching

FIGURE 13.7 Pressure-volume loop acquisition of an inferior vena cava occlusion recording. The complex invasive set-up is depicted in the upper
panel, namely a pulmonary artery (Swan-Ganz) catheter for continuous cardiac output monitoring through a thermistor (yellow), a pressure-volume
catheter with solid-state high-fidelity pressure sensor and multiple electrodes for conductance recording (blue), a balloon occluder catheter placed in
the inferior vena cava to enable sudden preload decreases and a snare in the ascending aorta for sudden or beat-to-beat afterload elevations. An inferior
vena cava occlusion recording in a healthy heart is shown in the lower left panel. Cardiac performance indexes can be derived from the end-systolic and
end-diastolic pressure-volume relationships. Contractility is appraised by the slope of the end-systolic relationship, end-systolic elastance (Ees), while
compliance is quantified by the chamber stiffness constant (b) derived from fitting the end-diastolic relationship. In the lower right panel, pressure-volume
loops and end-systolic and end-diastolic relationships are depicted in the healthy heart, HFpEF and HFrEF). HFpEF is characterized by diastolic stiffness
(upward shift in end-diastolic pressure-volume relationship) with preserved Ees and ejection fraction whereas HFrEF shows decreased Ees and ejection
fraction, higher compliance but steep elevations of end-diastolic pressure for further end-diastolic volume elevation. AV, aortic valve; IVC, inferior vena
cava; LV, left ventricle; MV, mitral valve; PA, pulmonary artery; PV, pulmonary valve; RA, right atrium; RV, right ventricle; SVC, superior vena cava; TV,
tricuspid valve.
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challenges such as stress and exercise. Even independently
from increased heart rate, increased venous return and
filling volume (preload), increased contractility
and neurohumoral adjustments, the heart has an intrinsic
and readily available capacity for facing increased after-
load. At rest, the young and healthy works up to 30% of its
peak isovolumetric afterload. This heart can develop beat-
to-beat pressures up to 300 mm Hg and more, without
delaying relaxation and without increasing filling pres-
sures.24 This is the afterload reserve of the healthy heart.

In aged or diseased hearts, afterload reserve will
decrease, closely reflecting impaired contractility.27 When
cardiac function deteriorates and/or when filling pressures
are higher, load dependence of diastolic function increases,
leading to more congestion.7 Hypertensive patients with
diastolic dysfunction exhibit reduced first-phase ejection
fraction (i.e., ejection fraction during the initial 1/3 of
systole), which may impair shortening deactivation and
sustain myocardial contraction, preserving systolic ejection
fraction at the expense of impaired diastolic function.26 In
an experimental model of HFpEF with combined obesity
and hypertension, dependence of diastolic function on
afterload similarly is enhanced.28 A heart with diastolic
function impairment will show slower relaxation and end-
diastolic pressure elevation, or afterload-induced diastolic
dysfunction, even following mild increases in afterload. In
HFrEF, even a slight increase in systolic blood pressure
will delay relaxation and increase filling pressures,7 while a
decrease in blood pressure will accelerate relaxation and
improve congestion.29 The behavior of the healthy and
failing heart are depicted in Fig. 13.8.

Time-varying afterload, wave reflection,
and their toll in the heart

Preload in vivo easily equates with concepts from experi-
mental settings. Preload is the volume in the chamber

(length of a muscle segment, fiber, sarcomere) immediately
before contraction starts. Afterload, however, assumes
further complexity in vivo. While ex vivo it is the constant
load the myocardium must bear during shortening, in vivo,
because of changing geometry, arterial properties and
resulting pressures, afterload continuously varies
throughout systole. Thus, afterload is a time-varying
function, which cannot be reduced to a single number.
Cardiovascular filling, contractile properties of the LV,
geometry of the outflow, aortic and arterial elasticity,
vasomotor tone, peripheral vascular resistance, forward and
backward traveling pressure waves all contribute to time-
varying afterload. The effects of afterload on myocardial
function are therefore also time-dependent.

A clamp-increase in systolic pressure, applied early,
accelerates relaxation. A similar intervention timed later
during ejection (and occurring after the transition from
contraction to relaxation) delays relaxation.30,31 The later in
time a given load challenge is applied to the heart, the more
it delays myocardial relaxation. This behavior is based on
the molecular interaction between actin, myosin, troponin,
and titin. In the healthy heart, the calcium transient, acti-
vating crossbridge formation and cycling, is over soon after
aortic valve opening. This corresponds to the transition
from muscular contraction to relaxation. Before the tran-
sition, calcium availability is adequate to permit recruit-
ment of additional crossbridge formation so that the
resultant stress on individual crossbridges remains physio-
logical. After the transition, the availability of calcium is
reduced, limiting the formation of additional crossbridges
so that the stress on individual crossbridges increases,
causing back-rotation of the myosin head27,32 and
delayed crossbridge inactivation. The effects of early and
late systolic load on diastolic function are depicted in
Fig. 13.9.

When afterload delays relaxation in the diseased heart,
this points toward elevated load beyond the transition to

FIGURE 13.8 Afterload-induced diastolic dysfunction. When the aortic snare in the upper panel of Fig. 13.3 is occluded for a single beat, an iso-
volumetric beat is achieved. Acquisitions can be depicted either as pressure-volume loop, left panel, or simply as a pressure tracing, right panel. While the
healthy heart can develop high isometric pressures with enhanced relaxation and no elevation in end-diastolic pressures, the failing heart will show delayed
relaxation and an upward shift in end-diastolic pressure (marked by an arrow) both with HFpEF and HFrEF. Distinctively, in HFrEF maximum developed
isometric pressure is decreased denoting markedly impaired contractility.
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muscular relaxation. In HFrEF, this transition may even
occur before aortic valve opening. As a consequence, in
severe HFrEF, afterload inevitably contributes to load-
dependent diastolic dysfunction29 The time-dependent
response of relaxation to load is a marker of diastolic
dysfunction and of long-term effects of load on the
myocardium. Timing of load modulates the hypertrophic
response of the myocardium. While early systolic load
(contraction load) triggers physiological hypertrophy, late
systolic load (relaxation-load) is more likely to induce
maladaptive hypertrophy.25,33

Throughout the ejection, the LV interacts with the
vascular tree. The time-varying mechanical load (wall
stress) on the myocardium is determined by complex in-
teractions between myocardial contractile elements,
instantaneous LV geometry, and the time-varying hydraulic
load imposed by the arterial tree.34 Early versus late sys-
tolic myocardial wall stress demonstrates finite relation-
ships with specific arterial properties.35 Systemic vascular
resistance is a strong determinant of both early and late wall
stress, aortic characteristic impedance determines ejection
phase systolic wall stress, whereas wall stress at the end of
systolic is also related to reflection magnitude. Reflected
waves in patients with a stiff vascular tree may contribute to
impaired LV relaxation and worsening diastolic dysfunc-
tion, which is illustrated in Fig. 13.10.

This underlies the relationship between wave reflections
and late-ejection wall stress with systolic and diastolic
dysfunction,25 with left atrial function, maladaptive

FIGURE 13.9 Differential effects of early and late afterload on diastole. The image displays a control beat and subsequent test beats where the same
afterload magnitude was imposed either during early and late left ventricular pressure development (before and after maximum crossbridge recruitment,
respectively, as signaled by the dashed vertical line). An early pressure clamp increases the number of interacting crossbridge, by cooperative activity,
thereby matching systolic load, lengthening active pressure development and delaying left ventricular pressure fall (marked with a circle) while accel-
erating relaxation whereas a late pressure clamp induces a mismatch between load and available crossbridges with additional stress imposed on cross-
bridge, anticipation of left ventricular pressure fall (marked with a circle) and delayed relaxation due to slower crossbridge inactivation.

FIGURE 13.10 Incremental impact of hypertension and wave
reflection on diastolic function. The image displays superimposed aortic
pressure (dashed) and left ventricular pressures (solid) from a healthy
patient (black) and a hypertensive patient (red) with increased late systolic
pressure (marked by arrow). This late systolic increase in pressure is
attributable to stronger and earlier wave reflections. Note the delayed onset
and slower rate of relaxation, the increased filling pressures and the big
atrial contraction wave. Increased afterload delays the onset of relaxation.
We may assume that decreased first 1/3 EF contributes as well to delayed
relaxation and increased sensitivity to wave reflections (Gu). Late systolic
afterload due to faster and enhanced wave reflections from a stiff vascular
system further delays relaxation, as appraised by the less steep drop in left
ventricular pressure during isovolumic relaxation. In HFpEF, this may
jeopardize early filling thereby raising the importance of atrial contraction.
During effort, when both left ventricular loading and heart rate increase
congestive symptoms and fatigue arise.
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hypertrophy, and outcomes. The impact of early and late
systolic load on the myocardium is discussed in more detail
in Chapter 16.

Conclusions

The heart is a biological pump with complex active ejection
and filling. These functions are achieved with phased activa-
tion of atria and ventricles, contraction and relaxation of
myocardial cells. The tight balance between intracellular
molecularmechanisms,metabolism, and bodily needs implies
close functional coupling between the heart and the arteries.
This cardiovascular system interacts with renal, pulmonary,
hematopoietic, and endocrine systems for achieving extraor-
dinary adaptions throughout lifetime and to performant re-
sponses to various forms of stress. Aging and lifelong insults
form systemic arterial hypertension, atherosclerosis, coronary
artery disease, diabetes mellitus, and many other risk factors
and pathologies will nevertheless threaten this highly resilient
pump of the young healthy human. Unsurprisingly cardio-
vascular health and research remain among the major front
battles in medicine and healthcare.
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Chapter 14

Systolicediastolic coupling
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Historical background

In this chapter, we will delve into the previously introduced
features of ventricular and myocardial physiology to cover
the functional interplay between the ventricles and their
immediate surroundings, including the entire content of the
pericardial sac. We will review cardiac embryology and
examine a set of functional propositions relating the
macroscopic structure of the heart to its purpose in
the circulatory system, evaluate these propositions using
the best available data, and finally incorporate the systolic
and diastolic properties of the heart including systolice
diastolic coupling, into a model capable of explaining
commonly observed cardiac phenomena.

The understanding of the cardiovascular system as a
closed-loop system is fundamental, and was first proposed
by William Harvey in his 1628 landmark book De Motu
Cordis. Before Harvey, many anatomists and physicians
had unsuccessfully attempted to uncover the role of the
heart in maintaining a proper balance of spirits (pneumata)
in the body, typically reasoning within a fundamentally
Platonic framework. Harvey was able to break through such
barriers by incorporating a translational approach to car-
diovascular research; he successfully combined hypotheses,
experiments, observations, interspecies comparisons, and
interpretations to produce a rudimentary closed-loop model
of the circulatory system. Following on these observations,
Richard Lower in 1669 excised strips of cardiac muscle
from animals and demonstrated that the contractile feature
of cardiac tissue remained for a while even in the absence
of blood. Lower also described that the muscular cells of
the heart had a weave, and were arranged in a spiral-like
pattern whose direction varied with its location within the
ventricular wall. He suggested that this arrangement was
responsible for the observed “wringing” contractile pattern
of the open chest, beating heart.

Building on this finding, James Bell Pettigrew studied
the structural arrangement of the heart in fish, birds,

mammals (including baleen whale, armadillo, and giraffe),
and humans. Through a series of meticulous dissections
carried out around 1858, he described a gradual change of
directional alignment of muscle fibers in the ventricular
myocardium, from the endocardium to the epicardium. An
example of his findings is shown in Fig. 14.1. The helical
and progressive arrangement of cardiomyocytes would later
turn out to be crucial both for generation of the blood
pressure (pressure pumping) needed in the systemic circu-
lation,1 and for efficient emptying and filling of the ven-
tricles (volume pumping) despite limited shortening of the
individual myocytes.2 Indeed, the combination of longitu-
dinally and circumferentially aligned myocytes in the hu-
man heart enables it to pressure- and volume-pump blood
with remarkable efficiency, and elegantly solves what are
potentially the two most difficult conceptual physiologic
problems in cardiac pumping: (1) how does the
chamber achieve an left ventricular (LV) ejection fraction
of 60%e70% while individual myocytes shorten by only
10%e15% and (2) how does the chamber achieve adequate
(optimal, low pressure) filling over the physiologic range of
heart rates and loads that defines diastolic function. To
understand how this is achieved, we must examine the
anatomy of the heart from a functional and kinematic
perspective.

Gross cardiac anatomy, ventricular
myocyte orientation, and mechanism of
contraction

Anatomy of the heart

Embryologically, the heart evolves from the heart tube that
requires looping and development of septa and valves that
ultimately establish a four-chamber configuration
(Fig. 14.2). The human heart begins to beat at about
22e23 days, with blood flow commencing in the fourth
week. By the end of the ninth week, the fetal heart has
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developed septa, valves, and has four chambers. Typical
heart rates at this stage of development are 155e195 bpm.
Suitable preprogrammed developmental features assure
initial establishment of the fetal circulation that obtains
nutrition and oxygen through the placenta, while elimi-
nating metabolic waste and CO2. The fetal circulation
diminishes within a few days after delivery, resulting in the
complete separation of venous and arterial circulations.
Accordingly, circulation proceeds in series, involving the
left heart, the periphery, venous return, right heart pumping
to the lungs, and arrival of oxygenated blood in the left
atrium for systemic perfusion. Therefore, the heart is one of
the earliest organs to differentiate and function.

The human heart with pericardium removed, shown in
Fig. 14.3, is located in the mediastinum within the thoracic
cavity, above the diaphragm and enclosed in the pericardial
sac. The pericardium is a soft but essentially nondistensible
serous membrane that contains a small amount of pericar-
dial fluid, which acts as a lubricant and permits the surface
of the beating heart (visceral pericardium) to contract freely
and slide essentially without resistance relative to anatom-
ically fixed pericardial sac (parietal pericardium). The
visceral side of the pericardium adheres to the left ventricle,
left atrium, right ventricle, and right atrium, as well as the
aortic root. The sum of these parts (the contents of the
pericardial sac) constitutes the total heart volume.

The left ventricle supplies the systemic circulation with
oxygenated and pressurized blood, and the right ventricle
feeds oxygen-depleted venous blood through the pulmo-
nary circulation to enable gas exchange with the sur-
rounding air. Flow is generated when the systolic pressure
of the contracting right ventricle overcomes the pulmonary
vascular impedance (such of resistive and pulsatile load).
For detailed descriptions of the steady and pulsatile com-
ponents of arterial load, the reader is referred to (Chapters
1, 3, 17). For a specific detailed discussion of the pulmo-
nary arterial load, the reader is referred to Chapter 57. Here,
we will provide a simplified discussion related to vascular
resistance only (steady components of load), which can be
expressed by the analog of Ohm’s Law,

Q ¼ DP

R
; (14.1)

where Q is the flow [ml/sec], DP is the pressure difference
(mmHg) between the inflow and outflow locations of the
resistive circuit, and R is the resistance [mmHg/(mL/
sec)]. Under normal conditions, the resistance in the pulmo-
nary circulation is approximately one-fifth of that in the
systemic circulation. For the two ventricles to pump
the same volume of blooddin a time-averaged sensedthe
left ventricle therefore has to apply a driving force (systolic
pressure) that is about five times greater than the driving

FIGURE 14.1 Posterior view of sheep heart dissected by James Bell Pettigrew. Note the transition in the alignment of cardiac muscle fibers from the
left-handed epicardial layer (top left), via the circumferential middle layer, to the right-handed endocardial layer (bottom right). Image courtesy of The
Royal Society.
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force generated by the right ventricle. This difference in LV
versus right ventricular (RV) workload and wall tension
requirement is reflected anatomically in that the left
ventricle has a significantly thicker (about 1e1.5 cm)
myocardium than the right ventricle (0.3e0.8 cm). Cardiac
pumping is an energy-demanding process, and oxygenated
blood is supplied to both ventricles and atria via the coro-
nary arteries, which originate in the left and right aortic
cusps in the aortic root.

Forward flow is ensured by the valve apparatus, i.e., the
aortic and pulmonary valves (also called semilunar valves),
and the mitral and tricuspid valves (atrioventricular valves)
that separate the ventricles from the atria.

The atria receive blood from the pulmonary and caval
veins, which also serve as anchor points for the posterior
(basal) aspect of the heart. The left and right sides of the
heart are separated by the interventricular septum and the

atrial septum (see Figs. 14.2 and 14.3). The ventricles are
separated from the atria by a fibrous structure known as the
atrioventricular plane (AV plane). This effectively means
that the atria and ventricles are functionally interconnected:
whenever the ventricles contract, this will affect the atria
and vice versa. As we shall see, this is of great importance
for cardiac pumping.

The AV plane serves as the anchoring point for the AV
valves as well as the aortic root and aortic valve. The AV
valves are also connected to the ventricular myocardium via
the chordae tendineae, which together with the papillary
muscles prevent the valve leaflets from prolapsing into the
atria during ventricular contraction. The atrioventricular
valves must resist the systolic blood pressure without allowing
any backward, regurgitant flow, and they must be compliant
enough to permit fast and unobstructed inflow during cardiac
filling, which normally occurs at low blood pressure.

FIGURE 14.2 Development of the human, four-chambered heart is essentially complete by the eighth week, when the embryo is about 10e12 mm in
size.
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When functioning properly, cardiac valves can be thought of as physiological rectifiers or diodes. It is important to understand that

all cardiac valve leaflets are entirely passive structures, and their motion is dictated by the motion of the surrounding blood. While

intraventricular, ventriculoaortic, and atrioventricular pressure gradients accelerate the blood, this acceleration force is always

opposed by the inertia of the blood. Recall that flow occurs only when resistance is overcome by a force, i.e., a pressure gradient,

which develops gradually (over tens of msecs). Valve states (open/closed) therefore always lag behind pressure changes and are

ultimately effected by actual blood and tissue motion.4 It also follows that all valves have some degree of insufficiency (leakiness),

as they only begin to closedi.e., coaptation of leaflets to form a leakproof sealdwhen subjected to retrograde flow, and the

closing is gradual (msecs) as opposed to instantaneous. Whether a valve is considered leaky (regurgitant) or not depends on the

severity of the insufficiency (quantified as the regurgitation fraction, 0%e100% of forward flow, the latter figure being incom-

patible with life) and on the clinical consequences (atrial distension, pulmonary edema, and exercise intolerance, to name a few).

FIGURE 14.3 Anatomy of the heart, anterior view, drawn from an anatomical model. The pericardium and anterior parts of the ventricles have been
removed.
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Contractile function of myocytes

Let us now briefly turn to the basic function of the myocyte,
described in greater detail in the preceding chapter. The
contractile function of each individual cell arises from the
interaction of two sets of intracellular filaments, composed
of thin filaments (composed of actin, tropomyosin, and
troponin) and thick filaments (myosin), respectively. These
filaments are arranged in an interlocking pattern within

each sarcomere along the long axis of each myocyte.
Myocyte shortening occurs because within each sarcomere
myosin “walks” along the actin filaments, pulling the ends
of the myocyte toward its center (Fig. 14.4).

Whenever a cardiomyocyte is depolarized, i.e., its
membrane potential is lost, it will respond by increasing its
permeability for Ca2þ, leading to influx of such ions.
Through the ryanodine receptor system, this triggers addi-
tional rapid calcium-dependent release of stored

FIGURE 14.4 Structural layout of an individual cardiomyocyte and its contractile subunit, the sarcomereda molecular motor. Cardiomyocytes are
dominated by the contractile elements which are arranged in myofibrils. Myofibrils are surrounded by mitochondria and the sarcoplasmatic reticulum,
which is coupled to the exterior of the cell through the T-tubules. Bottom: the sarcomere is understood as a system of sliding filaments, which alternate
between relaxed (crossbridges are essentially uncoupled) and contracting (crossbridges are mostly coupled) states depending on the Ca2þ

concentrationdwhich varies by about a factor of 1000 during each cardiac cycle. Titin is anchored to the Z disk and M line and is a bidirectional spring; it
is compresseddand stores elastic energydbecause of contraction; it then provides a restoring (recoil) force upon cessation of contraction (crossbridge
uncoupling) and onset of relaxation.
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intracellular Ca2þ from the sarcoplasmic reticulumda
storage compartment for Ca2þ ions. Part of this Ca2þ binds
to troponin, a protein coupled to the actin filaments, causing
it to undergo conformational changes which unmask
myosin binding sites in the actin filaments. The subsequent
attachment of myosin to actin is called crossbridge for-
mation. In the presence of adenosine triphosphate (ATP),
myosin then undergoes additional conformational changes
causing it to exert a “pull” on actin. This leads to shortening
of the sarcomere. During systole, sarcomeres shorten by
about 15% from 2.1 to 1.7 microns. ATP is also required to
break the actin-myosin crossbridge and restore myosin to
its relaxed state, preparing it for repeated crossbridge
cycling. Cycles continue for as long as the intracellular
space is flooded with Ca2þ and while ATP remains avail-
able. During a single systolic contraction, an individual
sarcomere attaches, shortens, and detaches multiple times
(crossbridge cycling). Sliding filament dynamics should be
viewed as the result of an astronomical number of cross-
bridges cycling, governed by a probability distribution
modulated by Ca2þ concentration.

As the sarcomeres shorten, the cell also thickens, since
the intact cellular membrane implies volume conservation
at the individual cell level. Total shortening is dependent on
the contractile (inotropic) state but is usually in the 15% to
20% range; thickening is markedly less, since the myocyte
is longer (z100 microns) than it is thick (10e25 microns
in diameter).

Importantly, a third filament-like protein is also present
within the sarcomere: the giant protein titin connects the M
line with the Z disk, providing structural continuity along
the entire sarcomere. Apart from acting as a scaffold for the

contractile elements, titin also contains several spring-like
domains which modulate the physical tensile properties of
the sarcomere. During systolic contraction, the spring is
gradually compressed, storing elastic energy. Once relax-
ation commences, the titin springs release their stored strain
energy and restore the myocyte to its slack length.5 In other
words, during diastole myocytes can actually push!
Conversely, titin also resists stretching of the sarcomere
during diastole, and is the major intracellular contributor to
myocardial passive tension at physiological sarcomere
lengths.6 Taken together, this means titin acts as a bidi-
rectional spring. In simple physical terms, titin has an
equilibrium length say Lo, (likely during diastasis); if
compressed below Lo (LV at end-systolic volume), it stores
elastic strain energy, and when crossbridges detach, it
lengthens the sarcomere toward Lo. If it is stretched beyond
Lo (likely, in normal sinus rhythm, at end diastole after the
atrial kick), titin is stretched beyond Lo, and if no systolic
contraction ensues, it shortens toward Lo. Recall that ten-
sion is defined as the amount of force resisting length
changes of the relaxed myocyte. In the experimental
setting, this can be measured by attaching a relaxed and
isolated myocyte to a force measurement device and
gradually extending it from its slack length (equilibrium).
This produces a highly nonlinear force-length curve
(Fig. 14.5), representing the cell-specific stiffness which
can be understood as the sum of forces acting to restore the
cell to its slack length.

The concept of passive tension can be translated to the
three-dimensional organ level, where the sarcomere length
is replaced with ventricular volume, and force is replaced
with pressure. The sarcomere length is thus equivalent to

FIGURE 14.5 Passive and active tension properties of myocardium. Myocytes resist length changes due to their elastic properties. When stretched from
slack length, the amount of restoring force is initially small. At the organ level, this facilitates filling of the ventricle. As the cell becomes more stretched,
the restoring force becomes more pronounced, which prevents overstretching of the ventricle. Note that in the 1.8 to 2.1 micron (physiological) range, the
curvilinear relationship is essentially linear, justifying the approximation that the system behaves kinematically as a linear, bidirectional spring. During
systole, sarcomeres shorten by about 15% from 2.1 to 1.7 microns. Conversely, shortening below slack length results in a restoring force acting to lengthen
the cell.
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cardiac preload; slack length is equivalent to the equilib-
rium volume (Veq), which is attained during diastasis when
the myocardium is fully relaxed, and wall motion ceases.
Total stress on the ventricular wall is minimized, but not
completely eliminated, at Veq.

7 It therefore follows that the
passive tension curve describes the tendency of the
ventricle to resist volume change away from Veq

(Fig. 14.5). Whenever ventricular volume is below Veq, the
restoring forces contribute to filling of the ventricle by
facilitating ventricular expansion toward its resting (dia-
static) volume. On the organ level, titin-mediated passive
tension is further compounded by intermediate filaments,
extracellular collagen, and external mechanical factors
which will be discussed later.

Active tension describes the capacity of the myocyte to
generate force by contraction. Cardiomyocytes will
generate different amounts of contractile force depending
on the initial conditions of the sliding filaments. If cells are
stretched, the contractile elements become more sensitive to
Ca2þ. The mechanisms are unclear, but the result (within
limits) is a stronger contractile force for initiation of
shortening when starting from increased sarcomere lengths.
On the organ level, this has the effect of providing an
instantaneous compensatory mechanism for handling
different ventricular filling volumes (preload). Increased
inflow to the heart is responded to by a stronger contrac-
tion, i.e., the heart pumps what it receives. This is called the
FrankeStarling law of the heart. The potential to generate
force is maximized at sarcomere lengths around 2.2 mm. At
even higher lengths, the filaments start to slide apart, and
fewer active sites are available for crossbridge formation,
leading to decreased active tension.

The active tension curve describes the maximum
attainable force for a certain level of sarcomere stretch or
ventricular filling. This explains why atrial fibrillation leads
to decreased ejection fraction. Under normal conditions,
atrial contraction (Doppler A-wave of transmitral flow)
leads to additional filling of the ventricle, i.e., presystolic
stretching of myocytes. The most important contribution,
however, is the added stretching of the myocardium
because the atria pull the AV plane up toward the base,
thereby increasing the subsequent force of ventricular
contraction. When atrial contraction is lost, as in atrial
fibrillation, the ventricle does not fill beyond Veq, and
ventricular contraction occurs at a lower level of precon-
tractile stretch. As a result, ventricular ejection fraction is
diminished. Since ventricular contraction pulls at the AV
plane and is opposed by it structurally, it also follows that
increased stiffness of elastic structures being tugged atd
predominantly the atria and great vesselsdwill likely affect
both the end-systolic position and the diastolic return to
Veq. Increased stiffness may result from fibrosis, calcifica-
tion, and other disease processes.

The shape of the active tension curve can also be
altered, by adjusting the level of sympathetic tone from the
autonomic nervous system and the presence of cathechol-
amines (primarily adrenaline). The capacity to regulate the
contractile force for a given preload is called inotropy.
Importantly, this differs from the FrankeStarling mecha-
nism by altering the slope of the active tension curve
instead of responding to variations in preload.

For a fixed afterload (vascular resistance), increasing the
force of contraction (positive inotropy) will lead to more
complete emptying of the ventricle. The end-systolic vol-
ume will therefore be further below the Veq, resulting in a
stronger restoring force of recoil (titin) during early dias-
tole. This is one of the key physical mechanisms of
systolicediastolic coupling, by which systolic function
directly influences diastolic performance. Indeed, it is
impossible to optimize diastolic function in the presence of
systolic dysfunction.

Physiologically, the FrankeStarling mechanism and
inotropic regulation address fundamentally different chal-
lenges. The FrankeStarling mechanism ensures a steady
output of blood flow (volume pumping) under varying
preload levels, while inotropy is adjusted to ensure a suf-
ficient ejection force to overcome the peripheral resistance
(pressure pumping), equal to different afterloads.
Increasing inotropy at rest therefore only lowers the end-
systolic volume and increases the ejection fraction but
does not increase cardiac output. In contrast, during
vigorous exercise, the increase in heart rate and cardiac
output is greater than the decrease in peripheral resistance
resulting from compensatory vasodilation in working
skeletal muscle; as a result, blood pressure (afterload)
typically increases by at least 50%. The ability to increase
the contractile force is crucial to overcome this increased
afterload, which is continuously generated by the working
heart. Inotropy is therefore not a mechanism by which
cardiac output is increased, but rather maintained at varying
afterloads. The utility of the association between increased
contractile force and augmented diastolic function will
become apparent in the following section.

Ventricular myocyte orientation and function

When examining myocardial tissue, the myocytes exhibit
an obvious weave, a directionality. The commonly used
term “fiber direction” is somewhat misleading because
there are no continuous fibers of myocytes in the myocar-
dium, unlike in skeletal muscle; cardiomyocytes instead
branch and interconnect continuously, creating a syncytium
(a functional unit of cells). Furthermore, the myocytes are
embedded in a three-dimensional extracellular matrix
composed primarily of collagen and elastin. Despite this,
we can appreciate directional patterns which are visible to

Systolicediastolic coupling Chapter | 14 233



the naked eye, as evidenced by the aforementioned exper-
iments by Lower and Pettigrew.

The overall arrangement of cardiomyocytes is
commonly described as helical, albeit with a gradual and
smooth change in alignment as a function of their position
between the epicardial and endocardial aspects of the
myocardial wall. The angle between the myocyte long-axis
direction and the LV equatorial (short-axis) plane consti-
tutes the primary pattern of organization in the myocar-
dium, and is referred to as the helix angle (HA, Fig. 14.6).
Multiple modalities have been used to demonstrate that the
endocardial myocytes follow a left-handed helix, while
midmural cells are circumferentially aligned, and epicardial
cells are arranged in a right-handed helix; the difference in
HA between the extremes is around 120 degrees.9,10 Taken
together, the shortening of individual myocytes will
therefore cause ventricular long-axis shortening (due to the
epicardial and endocardial cells), narrowing (due to the
midmural cells), and twisting (torsion) of the ventricle (due
to the differences in HA between as one traverses the wall,
from endocardium to epicardium).11

Cardiomyocytes are secondarily organized in micro-
structures termed sheetlets. A sheetlet is a laminar group of
parallel myocytes, 5e10 cells in thickness. While the HA
describes the relationship between the individual cellular
shortening direction and the ventricle, the sheetlet angle
refers to the cross-sectional alignment of sheetlets in rela-
tion to the local epicardial aspect of the ventricle (SA,
Fig. 14.6). The sheetlet angle drastically increases during
systolic contraction, implying that the myocardium un-
dergoes a significant shear deformation. Indeed, this

constitutes the predominant mechanism causing systolic
LV wall thickening12 in contrast with the HA, which
changes very little over the cardiac cycle.

The cardiac cycle

Having established the principal modes of action of the
myocardium, let us now consider the filling and emptying
dynamics of the heart. The cardiac cycle can be visualized
using a Wiggers diagram (Fig. 14.7), named after its in-
ventor, Carl J Wiggers. For simplicity, we will only
consider the left side (LA and LV) of the heart; the prin-
ciples discussed below apply to the right heart (RA and
RV) as well, with variations mainly in pressure levels.

The cardiac cycle begins with the spontaneous depo-
larization of the sinus node (P-wave in the ECG). This
causes the atrium to contract and pull the mitral annulus
upward, lengthening the chamber and ejecting atrial blood.
The atrium has five orifices, four inlets (pulmonary veins,
about 1 cm2 cross-sectional area for each of the veins) and
one outflow orifice (mitral valve having a cross-sectional
area of 5e6 cm2). Atrial contraction inscribes the Doppler
echocardiographic A-wave of transmitral flow, and pushes
blood into all five orifices! Blood flows into the relaxed LV
via the large open mitral valve and simultaneously, a small
amount of blood is pushed back into each of the pulmonary
veins. It is self-evident that the duration of antegrade (into
the LV) versus retrograde (back into the PVs) flow and the
antegrade versus retrograde volumes are determined by
the relative compliance of the LV chamber relative to the
compliance of the pulmonary veins themselves. Indeed,

FIGURE 14.6 Patterns of myocyte organization. The primary pattern of myocyte organization is that of a helix whose angle varies across the ventricular
wall. The epicardial and endocardial layers are longitudinally arranged, resulting in a systolic long-axis shortening of the ventricle. Relative to a spatially
fixed epicardial apex, this is quantifiable as atrioventricular plane displacement (AVPD). Secondarily, myocytes are arranged in sheetlets which undergo
systolic shear deformation; this is the main mechanism for wall thickening. Recall total tissue volume is conserved between systole and diastole. The shear
deformation also implies cyclical alterations to the space surrounding the myocytes, where the capillaries are situated, which may contribute to perfusion
of the myocardium.8
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the duration of antegrade flow (duration of Doppler A-wave
in msec) compared to the duration of retrograde PV flow is
a measure of end-diastolic LV chamber stiffness.14

Atrial contraction pumps blood into the LV while
simultaneously pulling the AV valve plane upward,
lengthening the chamber, whose epicardial apex remains
spatially fixed. This action generates a prestretch of myo-
cytes and “primes” the ventricles for more efficient subse-
quent ejection through the FrankeStarling mechanism.

After atrial depolarization, the atrioventricular node in-
troduces a slight temporal delay (P-Q interval in the ECG,
equivalent to duration of the transmitral Doppler A-wave)
before the Purkinje fiber network’s depolarization wavefront

reaches the ventricles. Once the ventricle starts to depolarize
(QRS complex in the ECG), its contraction causes ventricular
pressure to increase sharply. The increase in pressure forces
blood toward the base of the ventricle, causing themitral valve
to close. Due to the closedmitral and aortic valves, ventricular
volume remains constantdthis period (30e60ms) is referred
to as isovolumic contraction and is characterized by rapid
pressure buildup, usually quantitated by the peak slope of the
rising pressure, denoted peak þ dP/dt. Once ventricular
pressure exceeds aortic pressure, (LVP > AoP) the aortic
valve opens, LV pressure continues to rise for a brief interval
as blood is accelerated into the aortadthe ejection phase
begins.

FIGURE 14.7 Modified Wiggers diagram, showing pressure, volume, and flow variations over the cardiac cycle. Note that while the atrioventricular and
ventriculoaortic pressure gradients are small (1e3 mmHg) in comparison to the absolute pressures, they are sufficient for diastolic volume pumping, i.e.,
to drive flow.13 Also note the temporal matching of inflows and outflows, visible both in the volume and flow curves. Note that LV ejection (aortic stroke
volume) is not fully compensated by the simultaneous pulmonary vein S wave entering the left atrium. This discrepancy between left heart outflow and
simultaneous inflow causes slight (about 5%e8%) total heart volume variation, which is restored by the pulmonary vein D wave.
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After opening of the aortic valve, rate of LV pressure
increase slows, and approximately halfway through ejec-
tion, LVP starts to decrease. The ventricle has now started
its repolarization process (T wave on ECG). Aortic pressure
now exceeds ventricular pressure and flow starts to decel-
erate; however, outflow continues for a while due to the
inertia of the outflowing blood.4 In healthy hearts, ejection
imparts enough momentum on the outflowing blood to
significantly contribute to emptying of the ventricle even in
late systole, when contraction has ceased.15 This leads to a
smaller end-systolic volume and hence stronger restoring
(recoil) forces, improving subsequent filling.

Eventually the pressure gradient between aorta and
ventricle changes sign (LVP < AoP) and causes flow
reversal, which quickly closes the aortic valve, ending
ejection. The period from closure of the mitral valve to
closure of the aortic valve is one definition of (mechanical)
systole, the ejection phase. The duration of mechanical
systole closely corresponds to the QT interval on the
normal ECG and is a function of heart rate.16

As the ventricle repolarizes, its pressure continues to
decrease through the process of isovolumic relaxation
(IVR ¼ 70e100 msec) to a point where it undershoots
(LVP < LAP) the atrial pressure.13 This causes the mitral
valve to open and the LV begins to fill, while pressure is
still decreasing. Because pressure continues to drop as the
chamber volume increases, the wall must be springing apart
faster than the chamber can fill, which effectively turns the
ventricle into a mechanical suction pump that opens the
mitral valve and aspirates blood from the atrium.17,18

Therefore, after mitral valve opening, dP/dV is briefly <0!
The “early rapid filling phase” of the LV commences,
usually echocardiographically quantified as the transmitral
Doppler E-wave. During the acceleration portion of the E-
wave, LVP < LAP (suction), after the peak of the E-wave,
at pressure crossover, when LVP ¼ LAP, blood continues
to flow into the LV due to inertia and continued relaxation
of the myocardium, but eventually flow decelerates because
LVP > LAP.

Once the pressure gradient between atrium and ventricle
is eliminated after the E-wave, and the myocardium is fully
relaxed, the chamber enters a temporary state of equilib-
rium where tissue motion ceases, all forces are balanced
(but not zero), and there is no wall motion. The forces
balanced interval is called the diastasis. Diastasis corre-
sponds to the aforementioned equilibrium volume Veq and
therefore conveys information regarding the passive stiff-
ness of the ventricle.19 Diastasis is concluded when the
sinus node depolarizes anew, which again leads to atrial
contraction, inscription of the transmitral Doppler A-wave,
and the end of the A-wave marks the beginning of a new
cardiac cycle. The time spent by the relaxing and filling
ventricle, from the isovolumic relaxation until the end of
the late filling phase, is collectively called diastole.
Expressions for the duration of diastole, and its phases
(E-wave, diastasis, A-wave) or equivalently on the ECG

(RR duration minus the QT duration), as a function of heart
rate have been proposed and validated.16

Atrioventricular valve plane displacement: give
and take

With the Wiggers diagram fresh in mind, let us now revisit
the anatomy of the heart from a functional perspective.
During systole, myocyte shortening will lead to ejection of
ventricular blood and subsequent long-axis shortening and
short-axis (transverse) narrowing of the ventricles. Due to
the predominantly longitudinal arrangement of the
myocardium, long-axis shortening will dominate over
transverse narrowing. The epicardial apex of the heart re-
mains spatially stationary, since the pericardium is attached
to the thoracic wall. Similarly, the base of the heart is
anchored to the pulmonary and caval veins, the medias-
tinum as well as the great arteries. Therefore, ventricular
long-axis shortening acts to pull the AV valve plane toward
the fixed apex, simultaneously enlarging the atria whose
posterior portion is anchored by the PVs. Hence the
apically directed motion of the AV plane and its closed
valves mechanically acts much like a plunger on a syringe,
creating a pressure gradient which aspirates pulmonary and
caval venous blood into the atria. Ventricular ejection is
therefore temporally and mechanically coupled to atrial
filling (Fig. 14.7). This reciprocal action is the main
example of systolicediastolic coupling reflected in the
ventricular and atrial volume curves: as the LV empties, the
LA fills, and vice versa.20 The only exception to this rule
may be during diastasis, when atrial filling may slowly
continue due to the pressure head from the pulmonary
veins.

In this view, the four-chambered heart acts as a piston
(volume) pump that ejects blood through atrioventricular
plane displacement (AVPD), a mode of pumping which
simultaneously leads to atrial filling, ensuring that an
adequate amount of blood is available for the subsequent
filling phase. In fact, this effect extends beyond the confines
of the heart: venous return to the heart is amplified by
AVPD even in distal parts of the vasculature.21 Now, if
AVPD was the only mechanism for cardiac pumping, we
should expect a 1:1 relationship between ventricular stroke
volume leaving the pericardial space via the aorta and
simultaneous atrial filling (pulmonary vein S wave). We
should also expect a perfectly constant total heart volume,
since the volume removed from the ventricles should be
balanced by a corresponding increase in atrial volume. This
is an appealing concept since it means no work is wasted
displacing adjacent tissues.22

How significant, then, is the longitudinal contribution to
stroke volume, compared to radial contribution? Studies
using cardiac MRI have found that the healthy LV produces
approximately 60% of its stroke volume by AVPD, while
the rest results from radial narrowing (Fig. 14.8).23,24 The
right ventricle has a larger proportion of longitudinally
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oriented myocytes and lacks the midmural circumferential
layer needed to generate high pressures, i.e., its primary
role is to be a volume-pump. As a result, AVPD produces
approximately 80% of RV stroke volume.

Radial pumping ejects a volume that will not be recip-
rocally filled into the atria, and explains why the pulmonary
vein S wave filling the atrium is always smaller than the
simultaneous stroke volume.25,26 Total heart volume rea-
ches its lowest point just before end-systole,27 and the
volume is largely recovered during early diastole through
the pulmonary vein D wave. Additional total heart volume
variation arises from a slight venous backflow in late
diastole, resulting from atrial contraction.

In summary, the four-chambered heart can be described
as a near-constant volume pump whose total volume (about
800 mL) changes by 5%e8% (40e60 mL) over the cardiac
cycle, and whose mode of operation is mainly through
longitudinal shortening.25,28

Locked and loaded: recovering elastic energy
during diastole

Thus far we have concentrated on how ventricular
contraction manages to eject blood, but let us now turn to
the problem of filling the ventricle. At rest, approximately

one-third of the cardiac cycle is spent ejecting blood, a
process which accounts for the vast majority of the heart’s
energy expenditures. The remaining time is spent filling the
heart (in normal sinus rhythm) in a biphasic pattern: the E-
wave (early rapid filling) is followed by the A-wave (atrial
kick, late filling), separated by diastasis. With increasing
heart rate, diastasis is gradually shortened and disappears
completely at moderately elevated heart rates.16 At even
higher heart rates, the E- and A-waves merge to form a
single filling wave, and diastole is shorter than systole
(Fig. 14.9). Filling (volume pumping) must therefore
involve higher levels of acceleration than emptying, despite
occurring at much lower pressures. How is this possible?

Recall that systolic contraction below the equilibrium
volume Veq results in restoring forces building up in the
myocardium. These forces are released upon cessation of
systolic contraction, releasing the restoring forces and
creating what is known as diastolic recoil. Diastolic recoil
means that the ventricle rapidly springs back toward Veq,
seen in the Wiggers diagram as a rapid pressure decrease
during isovolumic relaxation. The pressure decline con-
tinues briefly after mitral valve opening during the initial,
early rapid phase (Doppler E-wave). As long as ventricular
pressure drops while the ventricle fills, the chamber must be
mechanically expanding faster than it can fill, hence, the

FIGURE 14.8 Principles of cardiac pumping require systolicediastolic coupling. Left: MR images of a normal heart at end diastole shown in long-axis
and short-axis views. The atrioventricular plane and epicardial boundaries have been delineated. Middle: end-systolic phase. Note that the AV plane has
been pulled downwards toward the apex. Right: superposition of end-diastolic and end-systolic epicardial contours reveals the three principal modes of
pumping. The longitudinal contribution to ventricular stroke volume is shown in blue. Note that RV AVPD exceeds LV AVPD. The lateral component is
shown in gray. Note that this area corresponds to the outer volume changes of the heart. The septal component is shown in red. Normally, septal
contraction contributes to LV pumping, and detracts slightly from RV pumping. The radial contribution to pumping is calculated as the sum of lateral and
septal pumping.
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ventricle by definition functions as a mechanical diastolic
suction pump. This fulfills the original criterion for ven-
tricular suction defined by Katz:

dP

dV
< 0;

regardless of absolute pressure level. Recall that the defini-
tion of chamber stiffness is dP/dV, the instantaneous slope
of the pressure-volume relation. When the ventricle sucks
dP/dV is negative, and the LV has negative stiffness! It is
important to recall that the definition of suction is that
LVP drop below the pressure in the chamber that is the
source for filling, i.e., the left atrium. Diastolic suction
therefore does not mean that the pressure in the LV is
below atmospheric pressure, rather, suction is defined rela-
tive to the source pressure for filling. Also note that trans-
mural wall pressure gradients are immaterial to this
kinematic definition and need not be considered, as long
as atrial pressure is known. This dP/dV < 0 definition for
suction is also valid regardless of heart rate; ventricular
suction contributes to filling even with a simultaneously
contracting atrium. In fact, the basally directed “pull” of
the atria serve to amplify the relaxation and expansion of
the ventricle.

Diastolic relaxation is an active process, dependent on
at least three critical events at the cellular level: quick
removal of intracellular Ca2þ, thin filament deactivation,
and crossbridge cycling.29 To complicate matters further,

these processes are interdependent and influenced by many
intracellular processes and factors such as the presence of
ATP, changes in gene expression, intracellular sodium
levels, and so on. And finally, the modulation of diastolic
relaxation (lusitropy) occurs through organ-level changes in
heart rate, preload, and sympathetic tone, which in turn are
also interconnected. When relaxation works properly, it
enables quick release of stored elastic strain energy;
whenever it is impaired, diastolic suction will be attenuated,
and filling impaired as a result.

Impaired diastolic function is a typical finding in heart
failure and may precede systolic impairment. As such, it is
often seen in heart failure with preserved ejection fraction.
Conversely, whenever systolic dysfunction is manifest, as a
result of systolicediastolic coupling, it follows by necessity
that diastolic function is also disturbed. Clinical quantita-
tion of diastolic function seeks to determine whether
relaxation abnormality or increased stiffness is present, and
whether cardiac filling pressures have become elevated as a
compensatory mechanism. In concise terms, the de-
terminants of diastolic function are stiffness, relaxation, and
load.

The evidence for diastolic suction has accrued gradu-
ally. Early studies in animal models found that clamping
the mitral valve at end-systole resulted in negative (subat-
mospheric) LV pressures, in the open chest, pericardial
cradle experiments.18,30 Using invasive pressure-volume
catheters, later studies (closed chest) have demonstrated

FIGURE 14.9 Gradual changes in filling dynamics with increasing exercise intensity. Left: At rest, the transmitral E- and A-waves are separated by
diastasis. Middle: At moderate exercise, diastasis disappears, but E- and A-waves remain discernible. Right: At intense exercise, E- and A-waves merge
into a uniphasic filling wave. The uniphasic waveform means that the LV is sucking at the same time that the atrium is pushing! The result is a sinusoidal
filling/emptying pattern, reflected in the reciprocal LA/LV volume curves. Note also that at high heart rates, diastole is shorter than systole.
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the presence of early diastolic intracavitary and atrioven-
tricular pressure gradients whose properties match the dy-
namics of the E-wave.13 These pressure gradients are
attenuated in myocardial ischemia, with increasingly
diminished diastolic suction seen with worsening systolic
function.31 To further underscore the significance of
systolicediastolic coupling, incorporating the spring-like
characteristics of diastolic function, the effects of the
relaxing myocardium on the resulting inflow patterns have
been formulated kinematically, and viewed as an inertial
cardiohemic oscillation. Accordingly, E-wave contours are
generated by this process and must obey the laws of
motion. It can be described using a mathematical frame-
work in analogy to damped harmonic oscillatory motion as
detailed in the parametrized diastolic filling formalism.32

This model that employed a linear, bidirectional spring was
introduced many years before the actual linear, bidirec-
tional molecular springdtitin14dwas uncovered, demon-
strating the fundamental predictive utility of kinematic
modeling of the heart.5

The presence of a pulmonary venous D wave is key to
understanding diastolic suction. It tells us that whichever
mechanism normally causes blood to flow from the atrium
into the ventricle must reside at the ventricular level. If
ventricular filling is increasingly driven by elevated atrial
pressure, and diastolic suction is impeded, we expect a
diminished D wave, which is exactly what is observed.
Furthermore, the volume displaced by radial pumping
(epicardial volume change) corresponds to the D wave and
atrial conduit volume, as evidenced using both echocardi-
ography and MRI.33e35 This volume is also equivalent to
the difference between the stroke volume exiting the peri-
cardial volume and the simultaneously entering pulmonary
S wave volume.36 Ventricular suction must be present
whenever ventricular volume is below Veq, since this im-
plies the presence of restoring forces acting to lengthen the
myocytes. In the overstretched ventricle (as in congestive
heart failure or acute volume overload), restoring forces
may actually counteract ventricular filling since adding
more volume implies moving further away from Veq.

Summary

In this chapter, we have examined the functional conse-
quences of both cardiac anatomy, with a focus on atrioven-
tricular interactions, and of the filament model of the
myocyte, especially with regards to the spring-like protein
titin. Through the helical arrangement of myocytes, systolic
contraction mainly leads to shortening of the ventricles, a
longitudinal motion of the AV plane which ensures simul-
taneous filling of the atria. The reciprocation is not perfect,
and while the discrepancy between inflow and outflow dur-
ing systole is caused by radial narrowing of the ventricle, it

also gives rise to the pulmonary vein D wave which is
explained by ventricular diastolic suction. At the cellular
level, all motion away from slack length or equilibrium will
be opposed by restoring forces primarily generated by the
spring-like protein titin. It follows that systolic shortening
will prime the ventricle for subsequent release of elastic
energyddiastolic suctiondwhich serves to bring the
ventricle back toward equilibrium. Increasing the deviation
from the equilibrium volume, such as after a more forceful
contraction, therefore augments diastolic filling both by
release of more elastic energy, and by improved atrial inflow
during systole. It also follows that patients with systolic
dysfunction must always have some degree of diastolic
disturbancedbut the opposite is not necessarily true.

Supplementary data

Supplementary data to this chapter can be found online
at https://doi.org/10.1016/B978-0-323-91391-1.00014-5.

See cardiac MRI cine loop of four-chamber and short-
axis views (Online material).

References

1. Coghlan C, Hoffman J. Leonardo da Vinci’s flights of the mind must

continue: cardiac architecture and the fundamental relation of form
and function revisited. Eur J Cardio Thoracic Surg. 2006;
29:S4eS17.

2. Sallin EA. Fiber orientation and ejection fraction in the human left

ventricle. Biophys J. 1969; 9:954e964.
3. Pettigrew J. On the arrangement of the muscular fibres in the ven-

tricles of the vertebrate heart, with physiological remarks. Philos
Trans R Soc Lond. 1864; 154:445e500.

4. Noble MIM. The contribution of blood momentum to left ventricular
ejection in the dog. Circ Res. 1968; 23:663e670.

5. Helmes M, Trombitás K, Granzier HL. Titin develops restoring force
in rat cardiac myocytes. Circ Res. 1996; 79:619e626.

6. Granzier HL, Irving TC. Passive tension in cardiac muscle: contri-

bution of collagen, titin, microtubules, and intermediate filaments.
Biophys J. 1995; 68:1027e1044.

7. Omens JH, Fung YC. Residual strain in rat left ventricle. Circ Res.
1990; 66:37e45.

8. Kilner PJ, McCarthy K, Murillo M, et al. Histology of human
myocardial laminar microstructure and consideration of its cyclic
deformations with respect to interpretation of in vivo cardiac diffu-

sion tensor imaging. J Cardiovasc Magn Reson. 2015; 17:1e3.
9. Hsu EW, Muzikant AL, Matulevicius SA, Penland RC,

Henriquez CS. Magnetic resonance myocardial fiber-orientation

mapping with direct histological correlation. Am J Physiol Heart
Circ Physiol. 1998; 274:1627e1634.

10. Streeter DD, Spotnitz HM, Patel DP, Ross J, Sonnenblick EH. Fiber
orientation in the canine left ventricle during diastole and systole.

Circ Res. 1969; 24:339e347.
11. Notomi Y, Popovic ZB, Yamada H, et al. Ventricular untwisting: a

temporal link between left ventricular relaxation and suction. Am J
Physiol Heart Circ Physiol. 2008; 294:H505eH513.

Systolicediastolic coupling Chapter | 14 239

https://doi.org/10.1016/B978-0-323-91391-1.00014-5


12. Nielles-Vallespin S, Khalique Z, Ferreira PF, et al. Assessment of

myocardial microstructural dynamics by in vivo diffusion tensor
cardiac magnetic resonance. J Am Coll Cardiol. 2017; 69:661e676.

13. Courtois M, Kovács SJ, Ludbrook PA. Transmitral pressure-flow

velocity relation. Importance of regional pressure gradients in the
left ventricle during diastole. Circulation. 1988; 78:661e671.

14. Rossvoll O, Hatle LK. Pulmonary venous flow velocities recorded by
transthoracic Doppler ultrasound: relation to left ventricular diastolic

pressures. J Am Coll Cardiol. 1993; 21:1687e1696.
15. Yoshida T, Ohte N, Narita H, et al. Lack of inertia force of late

systolic aortic flow is a cause of left ventricular isolated diastolic

dysfunction in patients with coronary artery disease. J Am Coll
Cardiol. 2006; 48:983e991.

16. Chung CS, Karamanoglu M, Kovács SJ. Duration of diastole and its

phases as a function of heart rate during supine bicycle exercise. Am
J Physiol Heart Circ Physiol. 2004; 287:H2003eH2008.

17. Katz LN. The role played by the ventricular relaxation process in

filling the ventricle. Am J Physiol. 1930; 95:542e553.
18. Brecher GA. Experimental evidence of ventricular diastolic suction.

Circ Res. 1956; 4:513e518.
19. Zhang W, Kovács SJ. The diastatic pressure-volume relationship is

not the same as the end-diastolic pressure-volume relationship. Am J
Physiol Heart Circ Physiol. 2008; 294:H2750eH2760.

20. Steding-Ehrenborg K, Carlsson M, Stephensen S, Arheden H. Atrial

aspiration from pulmonary and caval veins is caused by ventricular
contraction and secures 70% of the total stroke volume independent
of resting heart rate and heart size. Clin Physiol Func Imaging.
2013; 33:233e240.

21. Abu-Yousef MM, Mufid M, Woods KT, Brown BP, Barloon TJ.
Normal lower limb venous Doppler flow phasicity: is it cardiac or
respiratory? Am J Roentgenol. 1997; 169:1721e1725.

22. Hamilton W, Rompf J. Movements of the base of the ventricle and the
relative constancy of the cardiac volume. Am J Physiol. 1932;
102:559e565.

23. Carlsson M, Ugander M, Mosen H, Buhre T, Arheden H. Atrioven-
tricular plane displacement is the major contributor to left ventricular
pumping in healthy adults, athletes, and patients with dilated cardiomy-

opathy. Am J Physiol Heart Circ Physiol. 2007; 292:H1452eH1459.
24. Stephensen S, Steding-Ehrenborg K, Munkhammar P, Heiberg E,

Arheden H, Carlsson M. The relationship between longitudinal,

lateral, and septal contribution to stroke volume in patients with
pulmonary regurgitation and healthy volunteers. Am J Physiol Heart
Circ Physiol. 2014; 306:H895eH903.

25. Bowman AW, Kovács SJ. Assessment and consequences of the

constant-volume attribute of the four-chambered heart. Am J Physiol
Heart Circ Physiol. 2003; 285:H2027eH2033.

26. Waters EA, Bowman AW, Kovács SJ. MRI-determined left ventric-

ular “crescent effect”: a consequence of the slight deviation of con-
tents of the pericardial sack from the constant-volume state. Am J
Physiol Heart Circ Physiol. 2005; 288:H848eH853.

27. Carlsson M, Ugander M, Kanski M, Borgquist R, Ekelund U,

Arheden H. Heart filling exceeds emptying during late ventricular
systole in patients with systolic heart failure and healthy subjects - a
cardiac MRI study. Clin Physiol Funct Imaging. 2018:1e9.

28. Carlsson M, Cain P, Holmqvist C, Ståhlberg F, Lundbäck S,
Arheden H. Total heart volume variation throughout the cardiac cycle
in humans. Am J Physiol Heart Circ Physiol. 2004;

287:H243eH250.
29. Biesiadecki BJ, Davis JP, Ziolo MT, Janssen PML. Tri-modal regu-

lation of cardiac muscle relaxation; intracellular calcium decline, thin

filament deactivation, and cross-bridge cycling kinetics. Biophys
Rev. 2014; 1:273e289.

30. Kraner JC, Ogden E. Ventricular suction in the turtle. Circ Res. 1956;
4:724e726.

31. Courtois M, Kovács SJ, Ludbrook PA. Physiological early diastolic
intraventricular pressure gradient is lost during acute myocardial
ischemia. Circulation. 1990; 81:1688e1696.

32. Kovács SJ, Barzilai B, Perez JE. Evaluation of diastolic function with
Doppler echocardiography: the PDF formalism. Am J Physiol Heart
Circ Physiol. 1987; 252:H178eH187.

33. Bowman AW, Kovács SJ. Left atrial conduit volume is generated by
deviation from the constant-volume state of the left heart: a combined
MRI-echocardiographic study. Am J Physiol Heart Circ Physiol.
2004; 286:H2416eH2424.

34. Riordan MM, Kovács SJ. Elucidation of spatially distinct compen-
satory mechanisms in diastole: radial compensation for impaired
longitudinal filling in left ventricular hypertrophy. J Appl Physiol.
2008; 104:513e520.

35. Riordan MM, Kovács SJ. Relationship of pulmonary vein flow to left
ventricular short-axis epicardial displacement in diastole: model-

based prediction with in vivo validation. Am J Physiol Heart Circ
Physiol. 2006; 291:H1210eH1215.

36. Arvidsson PM, Töger J, Heiberg E, Carlsson M, Arheden H. Quan-

tification of left and right atrial kinetic energy using four-dimensional
intracardiac magnetic resonance imaging flow measurements. J Appl
Physiol. 2013; 114:1472e1481.

240 Textbook of Arterial Stiffness and Pulsatile Hemodynamics in Health and Disease



Chapter 15

Ventricularearterial coupling: the
pressureevolume plane
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Introduction

Detailed phenotyping of ventricularearterial (VA) coupling
and arterial hemodynamics provides important insights into
the pathophysiology of left ventricular (LV) energetics,
remodeling and fibrosis, systolic and diastolic dysfunction
in various disease states.1e6

The interactions between the LV and systemic arteries are
key determinants of cardiovascular function and encompass
a broad and complex set of hemodynamic phenomena. VA
coupling, defined narrowly to encompass the determinants of
stroke volume and the energetic coupling of the LV and the
arterial system, has been most frequently assessed in the
pressureevolume plane. This approach is widely taught in
formal cardiovascular physiology courses, and provides
useful information regarding the operating mechanical effi-
ciency and performance of the VA system when the LV
ejection fraction (EF) is frankly abnormal (such as in Heart
Failure with Reduced EF, HFrEF). However, analyses in the
pressureevolume plane have important limitations and are
much less informative in the presence of a normal LV EF,
such as in Heart Failure with Preserved EF (HFpEF). More
importantly, analyses in the pressureevolume plane do not
characterize broader aspects of VA cross-talk, particularly
those related to pulsatile arterial load, which are highly
clinically relevant both among patients at risk for HF and for
patients with established HFrEF or HFpEF. Assessment of
arterial load and VA coupling via analysis of time-varying
pressure-flow relations and myocardial wall stress (MWS)
provides important incremental physiologic information
about the cardiovascular system. In particular, the systolic
loading sequence (early vs. late systolic load), an important
aspect of VA coupling, is neglected by pressureevolume

analyses, and can profoundly impact LV function, remod-
eling, and progression to heart failure.

This chapter deals with relevant technical and physio-
logic aspects regarding VA coupling assessments in the
pressureevolume plane, and is largely based on previous
reviews by the author.1,3,4 Subsequent chapters in this text-
book discuss other informative approaches to characterize
VA interactions, including time-varying MWS (Chapter 16)
and time-varying pressure-flow analyses (Chapters 17;
please also refer to Chapters 1, 3, 11). This chapter does not
address pulmonary arterial load and right ventriculare
pulmonary vascular interactions, which are discussed in
section VI of this textbook (Chapters 55 and 56).

The pressure volume plane

As shown in Fig. 15.1, the pressure volume plane is a two-
dimensional plot in which pressure is represented in the
vertical axis, whereas volume is represented in the horizontal
axis. The LV pressure-volume loop is a plot of instantaneous
LV cavity pressure and volume data points throughout a full
cardiac cycle. When instantaneous pressureevolume data
points are plotted from the beginning of systole to the end of
diastole, they proceed in a counterclockwise manner,
defining a loop, commonly called the LV pressureevolume
loop (Fig. 15.1A). The lower right “corner” of this loop
represents end-diastole. Isovolumic LV contraction results in
an increase in LV pressure without an increase in LV volume
(vertical line). After aortic valve opening, LV volume de-
creases as the LV ejects blood, which results in a leftward
shift of the instantaneous pressureevolume points. At the
end of ejection, aortic valve closure is normally followed by a
drop in LV pressure at constant volume before mitral valve
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opening (isovolumic relaxation), resulting in a vertical line in
the PV loop. After mitral valve opening, diastolic suction
continues until the end of relaxation, which is followed by
passive filling of the cavity with increasing pressure until
end-diastole. Late diastolic passivefilling follows a nonlinear
pattern in the pressure volume plane.

The LV chamber as a time-varying elastance

The concept of the time-varying LV elastance and its role
in LV pump function and myocardial energetics were first
formulated by Suga and Sagawa.7e10 When a family of
pressureevolume loops are obtained from the same subject
during acute preload or afterload alterations at a constant
inotropic state, the left upper loop corners (end-systolic
pressureevolume points) describe the end-systolic
pressureevolume relation (ESPVR). The LV end-systolic
elastance (EES) is quantified as the slope of the ESPVR,
which is considered to be linear or quasi-linear in the
physiologic range. EES represents an index of LV end-
systolic stiffness and contractility. Fig. 15.1B shows a
schematic representation of PV loops from a hypothetical
subject, obtained during three beats under different preload

conditions. The points corresponding to end-systole can be
connected with a line, the slope of which is EES. V0 is the
volume-axis intercept of the ESPVR, which represents a
purely theoretical volume at zero pressure, assuming a
linear ESPVR. EES is an index of the contractility and
systolic stiffness of the LV. As such, it is affected by the
inotropic state of the myocardium and in the long-term, by
geometric remodeling and biophysical myocardial tissue
properties (which in turn depend on stiffness of myocardial
cells, fibrosis, and various other factors).11,12

The end-systolic elastance concept is intuitive because it
is based on an easily recognizable, well-defined time point
in the cardiac cycle. However, it should be noted that a
pressureevolume relationship exists at each instant during
the cardiac cycle, giving rise to the concept of the “time-
varying” elastance (Fig. 15.1C and D). Fig. 15.1C shows
a representative family of the LV instantaneous pressuree
volume relationships based on joining instantaneous
pressureevolume points that occur at similar times during
the cardiac cycle in different beats (which are referred to as
“isochrones”). The slope of these isochrones increases
during systole as the chamber stiffness increases, becoming
steepest (i.e., stiffest) toward the end of systole (red arrow),
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FIGURE 15.1 (A) Left ventricular pressureevolume relation in a single beat; (B) end-systolic and end-diastolic pressureevolume relations obtained
from a “family” or pressureevolume loops; (C) Instantaneous isochrones during the cardiac cycle (note the assumption of a common volume-axis
intercept, V0 for all isochrones); (D) Time-varying elastance curve, obtained from plotting the slope of the isochrones over time. E, elastance;
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to then decrease during diastole (green arrow). If the slope
of these isochrones is plotted over time (with slope in the
vertical axis and time in the horizontal axis), a time-varying
elastance [E(t)] curve is obtained (Fig. 15.1D). As will be
discussed later, the normalized shape of the time-varying
elastance curve tends to be conserved between individuals
and disease states, such that the linear E(t) model treats the
LV as a spring that stiffens and relaxes along a predictable
time course during the cardiac cycle.9,13 Although the
maximal value (i.e., steepest isochrone) of E(t) does not
always occur in end-systole (due to inertial influences on
pressure and LV outflow before aortic valve closure), in
practice this issue is usually ignored and the maximal value
of E(t) is considered to be equivalent to EES.

14

Key requisites and/or proposed features of the linear
E(t) model are:

(1) A linear shape of all isochrones (lines connecting equal
time points in a P-V diagram of different beats (ac-
quired under different loading conditions);

(2) A common intercept of these isochrones with the vol-
ume axis (Fig. 15.1C);

(3) E(t) is a function of time only, independent of instanta-
neous and past pressure and volume under a stable con-
tractile state;

(4) When normalized for amplitude and time to peak ampli-
tude, the shape of the E(t) curve has a relatively con-
stant shape despite variations in underlying cardiac
disease, contractility, loading, and heart rate, particu-
larly during early systole (first 25% to 35% of
contraction).

These features and assumptions are important to un-
derstand because they are central to the E(t) theory and
underlie its main strengths and limitations, which will be
discussed later in this chapter. In addition, these features
allowed for the development of commonly used methods to
approximate EES, which are based on the derivation of V0

and EES from measurements performed in a single heart-
beat, without the need for preload alterations.15,16

Relationship between the pressureevolume
area and LV energetics

For a given beat, the pressureevolume area (PVA) is the
area circumscribed by three sides: (1) the end-diastolic
pressureevolume relation curve; (2) the end-systolic P-V
relation line, and; (3) the systolic portion of the
pressureevolume loop trajectory (Fig. 15.2A).8,17

The PVA in an ejecting contraction can be divided in
two parts: (1) The area enclosed within the pressuree
volume loop trajectory, which represents the LV external
work or stroke work; (2) The approximately triangular area
enclosed by the linear ESPVR, the left border of a single
pressureevolume loop and the end-diastolic pressuree

volume relation (Fig. 15.2B). The latter area has been
proposed to represent the end-systolic elastic potential en-
ergy built up and stored in the LV wall during systole.

According to the time varying-elastance theory, the
PVA represents the total mechanical energy generated by
the LV contraction until end-systole. Experiments in
excised canine heart preparations cross-circulated with a
support dog have shown that, when a single excised heart
operates at a stable contractile state under various preload
and afterload conditions, PVA correlates strongly and lin-
early with myocardial oxygen consumption (MVO2) per
beat.8,17,18 (Fig. 15.3). Based on these experiments, it was
proposed and it is now widely accepted that the ratio of
stroke work (SW) to PVA (the latter considered in this
context a surrogate of MVO2 per beat) represents an index
of mechanical efficiency under specific operating condi-
tions in a given heart.

An important point of caution should be considered
regarding the use of PVA as a surrogate of MVO2 in
clinical studies, which has become popular due to the
relative case of estimating the PVA as opposed to MVO2

in vivo. Whereas the strong linear relation between PVA
and MVO2 within a given heart is unquestionable, the
relationship between measured MVO2 and PVA within a
group of human hearts in vivo is actually much weaker.
This can be understood by more closely assessing the na-
ture of the PVA-MVO2 relation. Within a given heart
(Fig. 15.3), the line that relates MVO2 to PVA demon-
strates: (1) A finite slope, which characterizes the efficiency
of cardiac chemomechanical conversion in that particular
heart in the setting of varying preload and afterload states;
(2) A positive intercept with the MVO2 axis (Fig. 15.3),
which can be seen as the “PVA-independent”MVO2 of that
particular heart under that particular inotropic state. The
“PVA-independent” MVO2 is likely related to the energetic
costs of excitationecontraction coupling and basal
myocardial cellular metabolism. It is important to note that
both the slope and particularly, the intercept of this relation
are highly variable between different hearts or even in the
same heart operating at different inotropic states19 (for
example, positive inotropic interventions generally, but not
universally, increase the intercept of the relation and thus
shift the entire relation “upward,” and vice-versa).
Although the variability in the slope and intercept of the
PVA-MVO2 relation appears to be limited between excised
hearts operating ex vivo under highly controlled conditions,
a more recent reanalysis of invasive human in vivo data1

reported by Kameyama et al.19 revealed that the relation-
ship between MVO2 and PVA is actually much weaker,
either at rest (R2 ¼ 0.35) of after phenylephrine adminis-
tration (R2 ¼ 0.16).1 This was due to high variability in
both the slope and the intercept of the PVA-MVO2 relation
between individual hearts, with the slope varying from 2.08
to 3 J/beat, and the MVO2-axis intercept variability varying
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over a span greater that an order of magnitude (from 0.04 to
1 J/beat).19 Therefore, a great deal of caution should be
undertaken when using the PVA to assess mechanical ef-
ficiency (when the latter is defined as the MVO2 required to

generate a given stroke work), within populations or even
within individuals in the setting of interventions that may
change the intercept or the slope of the PVA-MVO2
relation.
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FIGURE 15.2 (A) Representation of the pressureevolume area (PVA) of a single beat; (B) Breakdown of the PVA into stroke (external) work (blue)
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Ventricular-arterial coupling: invasive and non-invasive assessment. Artery Res. 2013;7.
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The concept of effective arterial elastance and
assessment of ventricularearterial coupling in
the pressureevolume plane

After the pressureevolume paradigm was developed to
characterize LV chamber contractility/stiffness and LV
energetics, it was extended to the assessment of VA
coupling, primarily to understand the determinants of
stroke volume, based on the concept of matching elastances
(ventricular and arterial).20e22 This required expressing the
arterial load as a single parameter in units of elastance that
could be plotted or readily represented in the pressuree
volume plane. The concept was based on the premise that,
provided that heart rate, diastolic and systolic duration
remain constant, arterial end-systolic pressure changes with
stroke volume in a roughly linear fashion (the greater the
stroke volume ejected into the arterial system, the greater
the generated end-systolic pressure will be). Making mul-
tiple simplifying assumptions, Sunagawa et al. derived an
equation that relates the slope of this relation to arterial
properties and proposed that this slope can be used as a
lumped parameter of the impedance that the arterial tree
offers to the stroke flow (that is, a lumped parameter of
arterial load).20,23 This slope was called effective arterial
elastance (EA), since it treats the arterial system as an elastic
chamber that has a volume elastance (and thus has units of
elastance, allowing for an easy comparison to LV end-
systolic elastance). With such representation, both the LV
and the arterial system are thus treated as elastances and
quantified in the same units (change in pressure for a given
change in volume; or mm/mL).

Despite the several important limitations of this
approach, discussed later in this chapter, some important

aspects of VA coupling can indeed be assessed in the
pressureevolume plane using the ratio of EA to LV EES.
Due to geometric considerations, the EA/EES ratio roughly
correlates with the ratio of stroke work to PVA. Since the
stroke work represents the total mechanical energy trans-
ferred from the LV to the arterial elastance, whereas the
PVA represents the total mechanical energy generated by
ventricular contraction (which in turn correlates with
MVO2 per beat within a given heart at a specific contractile
state as described above), this ratio relates to the operating
energetic and mechanical efficiency of the LV in single
hearts operating at different loading conditions. It was
predicted analytically and shown experimentally in isolated
canine heart preparations that the stroke work is maximal
when the slopes of LV EES and EA are approximately equal
to one another (i.e., roughly matched LV and arterial
elastances).23 It should be noted that the EA/EES ratio is
intimately related to the “effective” EF (ratio of stroke
volume to the effective end-diastolic volume, where
“effective” end-diastolic volume equals measured end-
diastolic volume minus V0), and this relationship is repre-
sented by the following equation: Effective EF ¼ 1/[1þEA/
EES]). A value of EA/EES equal to 1 implies that the
effective EF is w50%. The “effective” EF defined in this
manner equals the actual LV EF (stroke volume/end-
diastolic volume) only when V0 is zero. Given that V0

usually has a small positive value, rather than a zero value,
this operating state would correspond to actual EF values
slightly lower than 50%, which are clearly not the norm in
healthy humans, imposing a fundamental problem on the
entire paradigm. It was subsequently predicted that,
whereas stroke work is maximized when EA/EES w1, the
energetic efficiency (ratio of stroke work to PVA) is
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FIGURE 15.3 Panel A shows the strong, linear
PVA-MVO2 relation in a single excised heart at a
stable contractile state operating under various preload
and afterload conditions, as initially reported by
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Chirinos JA. Ventricular-arterial coupling: invasive
and non-invasive assessment. Artery Res. 2013;7.
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maximized at lower EA/EES ratios (which correspond to
higher LV EF values).24 De Tombe et al. studied the
dependence of stroke work and mechanical efficiency on
the EA/EES ratio in isolated blood-perfused canine hearts25

over a broad range of EA values. It was shown that on
average, stroke work was maximized at EA/EES w 0.80,
whereas efficiency was maximal at EA/EES w0.70. Inter-
estingly, mean EA/EES ratios reported in large cohorts of
normal humans are w0.62e0.82.26,27 More importantly,
De Tombe et al.25 showed that both stroke work and effi-
ciency were �90% of their optimal values over a broad
range of EA/EES ratios (0.3e1.3), which corresponded to a
wide range of EFs (w40e80%). The authors concluded
that precise optimization of either stroke work of me-
chanical efficiency is of little consequence in the absence of
severe abnormalities in EES or EA and that in such cir-
cumstances, regulatory systems likely center on control of
blood pressure, circulating volume and oxygenation, and
can ignore ventricular stroke work or efficiency.25 In
severely abnormal coupling states, however, this homeo-
stasis is lost. In particular, given the close relationship be-
tween the EA/EES ratio and effective LV EF as described
above, markedly “inefficient” EA/EES ratios are closely
associated with the presence of important reductions in
LV EF. In patients with HFrEF, these ratios may rise to as
high as 4.0 due to the relative decline in ventricular
contractile function (lower EES) and concomitant rise in EA.
Such coupling is clearly suboptimal from the standpoint of
ventricular performance and metabolic efficiency.1,20,22,25,28,29

Assessing the consequences of primary LV
dysfunction, changes in arterial load and their
consequences in the pressureevolume plane

The principles discussed above can be intuitively applied to
understand the consequences of primary arterial or
myocardial disease on VA coupling. Fig. 15.4 demonstrates
some potential consequences of a “primary” reduction in
EES. The top panel represents a normal physiologic state.
For simplicity, an EA/EES ratio of 1 is assumed to represent
“normal” elastance coupling. In this situation, a large pro-
portion (w2/3) of the PVA corresponds to stroke work and
the LV operates at an effective EF of w50%. The middle
panel represents a situation in which, all other factors being
equal, EES has decreased tow50% of its nominal value and
end-diastolic volume has increased, which may occur, for
instance, in the setting of a dilated cardiomyopathy. In this
situation, a high EA/EES ratio is observed, which is
accompanied by an increased proportion of the PVA
(w50%) corresponding to potential energy, and a reduced
proportion (the remaining w50%) corresponding to
external work, denoting an unfavorable energetic efficiency
state. The high EA/EES ratio in this scenario implies that the
ventricle operates at an effective EF of w33%, although in

this particular example, stroke volume is relatively pre-
served due to the increased end-diastolic volume. The
bottom panel corresponds to what may occur with an
intervention that, under these circumstances, reduces EA to
50% of its nominal value. This would theoretically result in
normalization of the EA/EES ratio, a restoration of the
proportions of the PVA corresponding to external work and
potential energy, and a normalization of the effective EF.
However, this situation is unlikely to be realistic in vivo
since the reduction in the intersection point between EA and
EES in the pressure axis (i.e., end-systolic pressure) is
limited by the minimum arterial pressures required for
perfusion of peripheral organs. Thus, in hearts with mark-
edly decreased EES, conditions of near-optimal mechanical
efficiency are only achievable at a lower end-systolic
pressures than those required to maintain adequate sys-
temic hemodynamics; operating efficiency is thus neces-
sarily decreased relative to the maximally attainable
efficiency, in order to maintain acceptable perfusion
pressures.

Fig. 15.5 represents the consequences of a “primary”
increase in EA. The top panel again represents a simplified
normal physiologic state, with a “normal” EA/EES ratio,
resulting in a high stroke work relative to PVA and an
effective EF of w50%. The middle panel represents a sit-
uation in which EA has increased to twice its nominal value
(middle panel), without a change in EES. A high EA/EES
ratio is again observed, which is accompanied by an
increased proportion of the PVA (w50%) corresponding to
potential energy and a reduced proportion (the remaining
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w50%) corresponding to external work, denoting an un-
favorable energetic efficiency state. In this situation, the LV
operates at an effective EF of w33% and systemic arterial
pressure is increased. The bottom panel represents an
alternative (and more common) situation, in which, in
response to the increased EA, EES has increased (i.e., the
LV demonstrates increased systolic stiffness, due to
increased contractility, wall thickness or both). In this sit-
uation, the EA/EES ratio is normalized, with restoration of
the proportions of the PVA corresponding to external work
and potential energy and a normalization of the effective
EF. However, despite an apparently “favorable” coupling
between EA and EES, this can be accompanied by systolic
hypertension, impaired LV chamber contractile reserve and
high sensitivity of blood pressure to preload, thus resulting
in blood pressure lability.28,30 These features tend to be
present in older adults with systolic hypertension.

Strengths and limitations of the
pressureevolume plane

Analyses of LV and arterial interactions in the pressuree
volume plane are valuable and have facilitated our under-
standing of various physiologic and pathophysiologic
states. This simplified approach to VA coupling enables an
intuitive evaluation of the specific contributions of ven-
tricular end-systolic properties and some arterial system
parameters as determinants of stroke volume and its rela-
tion to the overall mechanical energetic cost to the LV
(Table 15.1).

Advantages of the pressureevolume plane (Table 15.2)
include its well-established relatively intuitive framework,
with extensive published data and its ability to represent the
LV and arterial systems in the same plane, thus character-
izing important mechanical indices that have physiologic
relevance from an energetic standpoint. Moreover, although
EES is ideally assessed invasively using data from a family
of pressureevolume loops obtained during an acute preload
or afterload alterations, “single-beat” methods have also
been developed and have undergone limited validation,15,16

allowing for noninvasive EES estimations using simple
echocardiographic measurements.

Despite its advantages, the pressureevolume approach
also has serious limitations (Table 15.2). In particular, EA

has critical disadvantages as an index of arterial load. EA

has been shown to be highly sensitive to heart rate (a car-
diac, rather than a ventricular property) and is thus not a
pure index of arterial properties.31,32 More importantly, the
commonly made assumption that EA is a lumped parameter
of resistive and pulsatile arterial load, is factually incor-
rect.1,31,33,34 Despite its name, EA is not a true elastance
(i.e., the inverse of a compliance) and is mostly dependent
on vascular resistance (a microvascular, rather than a
conduit artery property),31,32 while being relatively insen-
sitive to changes in pulsatile arterial load.31,32 Its strong
dependence on resistance is readily explained by the fact
that arterial pressure does not increase from zero to end-
systolic pressure (as represented in the PV plane) when
the stroke volume is injected into the arterial tree, because
arterial pressure hovers around a nonzero value (mean
arterial pressure, which is in turn entirely determined by
peripheral resistance, heart rate and stroke volume).

The almost exclusive dependence of EA on resistance is
a critical limitation of the former, given the importance of
pulsatile hemodynamics in the arterial tree. Due to the
pulsatile nature of the LV as a pump, arterial load is time-
varying, complex, and an attempt to represent it with a
single number is unrealistic.1,35 In fact, EA has been shown
to be minimally sensitive to changes in arterial compliance
or to various specific parameters of pulsatile arterial load
within physiologically/clinically relevant ranges.1,31,33,34

Moreover, since the EA/EES ratio does not account for time-
varying phenomena during ejection,1 it intrinsically ne-
glects the LV loading sequence (late vs. early systolic
load), which is an important determinant of maladaptive
remodeling, hypertrophy, diastolic dysfunction, and heart
failure risk.36e43 In particular, EA was derived using major
simplifying assumptions, among which was a “square-
shaped” pressure curve in systole, with its upper side cor-
responding to end-systolic pressure, thus ignoring the
contribution of pulsatile phenomena to the contour of the
arterial pressure curve above end-systolic pressure. Suna-
gawa et al. appropriately raised caution regarding the fact
that the contribution of these phenomena can become

• EES=1 AU
• EA=1 AU
• EA/EES =1
• SW/ PVA ~2/3
• EF=50%
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FIGURE 15.5 Potential consequences of a primary increase in EA on
ventricularearterial coupling. AU, arbitrary units. See text for details.
Modified from Chirinos JA. Ventricular-arterial coupling: invasive and
non-invasive assessment. Artery Res. 2013;7.
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important, with a relatively large error in this coupling
model when the area under the systolic area of the curve
becomes a large fraction of the overall pressure curve (such
as occurs with fast heart rates) or when the pulsatile phe-
nomena lead to an increase in the area under the pressure
curve above end-systolic pressure, which occurs in the
presence of prominent wave reflections.20,39 The LV pres-
sure curve also markedly deviates from a square-shaped
curve in systole in the presence of significant aortic ste-
nosis, which EA fails to account for (since the transvalvular
aortic gradient in end-systole is close to zero). Furthermore,
the derivation of EA as an index of arterial load assumed a
constant ejection time, regardless of the loading conditions,
whereas it is well known that ejection time can vary with
afterload.39 Even is these simplifications are overseen, the
derivation of EA was performed using a three-element
Windkessel model, which does not account for wave
reflection.37,39,44e47

In a more recent study that aimed to assess the rela-
tionship between EA and pulsatile arterial load,34 time-
resolved central pressure and flow measurements were
used to EA and detailed various parameters of pulsatile
arterial load: (1) In a large community-based sample of

middle-aged adults; (2) In a diverse clinical population of
older adults; and (3) In response to the handgrip maneuver,
a physiologic intervention known to induce pronounced
changes in pulsatile arterial load.48 This series of studies
consistently demonstrated that EA is a quasi-perfect func-
tion of the product of systemic vascular resistance and heart
rate, with weak, inconsistent and in some cases, erratic/
paradoxical relationships with proper measures of pulsatile
load, such as aortic root characteristic impedance (Zc),
measures of wave reflections, and total arterial compliance.
These findings are in full agreement with previous
modeling studies,31 and demonstrate that EA depends
almost entirely on SVR and heart rate, and has very poor
sensitivity to the human pathophysiological ranges of pul-
satile afterload observed in vivo. Finally, there was no
correlation between EA and carotid-femoral pulse wave
velocity, the current reference method to quantify large
artery stiffness.49,50 Current American Heart Association
guidelines specifically recommend against utilizing EA as a
measure of arterial stiffness.49 Given the considerations
above, it is incorrect to interpret EA as an index of arterial
“stiffening” or, by extension, to equate a parallel increase in
EA and EES as a state of “VA stiffening.”

TABLE 15.1 Key physiologic parameters of in the pressureevolume plane.

Parameter Definition and interpretation

LV end-systolic elastance (EES) Slope of the end-systolic pressureevolume relation (ESPVR), obtained by joining
end-systolic pressureevolume points from a “family” of left ventricular (LV) pres-
sureevolume loops obtained from the same subject during acute preload or after-
load alterations at a constant inotropic state. It can be estimated using single-beat
noninvasive methods. Determined by LV contractility and stiffness.

Effective arterial “elastance” (EA) Ratio of end-systolic pressure/stroke volume. It is not a true elastance (i.e., inverse
of a compliance). It correlates poorly with arterial compliance, but is a quasi-
perfect function of the product of systemic vascular resistance (a microvascular
property) and heart rate (a cardiac property). Does not capture conduit artery prop-
erties, such as stiffness or pulsatile load and does not correlate with large artery
stiffness.

Stroke work (SW) The area enclosed within the LV pressureevolume loop trajectory in a cardiac cy-
cle. Represents the external work provided by the LV to the systemic circulation.

Potential energy (PE) Approximately triangular area enclosed by the linear end-systolic pressureevolume
relation, the left border of a single pressureevolume loop, and the end-diastolic
pressureevolume relation. Proposed to represent the end-systolic elastic potential
energy built up and stored in the LV wall during systole.

Pressureevolume area (PVA) Sum of stroke work and potential energy. A surrogate of the total mechanical en-
ergy generated by the LV contraction until end-systole. In a single heart a stable
contractile state under, PVA correlates strongly and linearly with myocardial oxy-
gen consumption (MVO2) per beat as preload and afterload varies. However, this
correlation does not hold under different contractile states or between different
hearts.

SW/PVA Ratio of external work to PVA, the latter considered in this context a surrogate of
MVO2 per beat. Therefore, this ratio is considered an index of the mechanical en-
ergetic efficiency at a given contractile state specific operating conditions in a
given heart.
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To the degree that EA does not properly characterize
arterial pulsatile load, the EA/EES ratio is a limited index of
VA coupling, even if the important limitations of this
approach to assess LV energetics are ignored. This issue is
particularly problematic in patients with or at risk for HFpEF,
because pulsatile load is highly relevant for VA interactions
in these populations. VA coupling encompasses multiple
different physiologic aspects that require characterization
beyond the pressureevolume plane. These considerations
are not purely theoretical, but translate into important limi-
tations to the application of this approach in clinical studies.
For example, Goto et al. demonstrated that measures of wave
reflection, but not EA or peripheral vascular resistance, were
significantly correlated with the invasively measured time
constant of isovolumic relaxation, the gold standard index of

diastolic relaxation.51 Similarly, a recent study demonstrated
that EA did not predict incident HF in the Multiethnic Study
of Atherosclerosis (MESA) cohort,52 whereas indices of
reflection magnitude and late systolic load were strong pre-
dictors of incident HF in this cohort.46,53 Finally, a single
dose of inorganic nitrate, which has been recently shown to
improve aerobic capacity in patients with HFpEF, did not
reduce EA, but substantially reduced wave reflections,

54 and
this reduction significantly correlated with the degree of
improvement in peak VO2 in these patients.

55 These findings
are consistent with the need to time-resolve arterial load in
order to gain clinically relevant insights into VA coupling
and the effects of pharmacologic interventions.

Shortcomings of EES should also be taken into account
when interpreting the results of published studies that

TABLE 15.2 Advantages and disadvantages of assessments of ventricular-arterial coupling in the pressureevolume

plane.

Advantages

l Widely used, well-established framework
l Extensive published animal and human data
l Relatively simple and intuitive.
l Quantifies left ventricular (LV) chamber contractility/stiffness and arterial load in the same units
l Characterizes mechanical indices that relate to energetics:

e External mechanical energy
e Potential energy
e Energetic efficiency

l Allows us to understand consequences of abnormalities in EA and EES on stroke volume, ejection fraction, pressure lability, and
some aspects of cardiovascular reserve during exercise.

l Can be assessed noninvasively

Disadvantages

Disadvantages of EA:
l Is not a pure index of arterial load because it is prominently influenced by heart rate (a cardiac property)
l It is not a true elastance
l Correlates poorly with arterial compliance
l Does not account for time-varying phenomena and neglects the influence of wave transmission and reflections
l Is a quasi-perfect function of resistance (a microvascular property) and heart rate
l Bears no relationship to validated indices of large artery stiffness (i.e., carotid-femoral pulse wave velocity)
l Neglects aortic valvular load in the presence of aortic valve stenosis
l In contrast to metrics of pulsatile arterial load, does not relate to heart failure risk
Disadvantages of EES:
l Nonlinearity of the end-systolic pressureevolume relation
l EES demonstrates afterload and some preload dependency
l It does not assess myocardial properties
Disadvantages in the assessment of ventricularearterial coupling:
l EA/EES does not characterize (and indeed neglects) the LV loading sequence
l EA/EES and the “mechanical” energetic optimization in the PV plane has unclear relevance in the absence of a frankly reduced

ejection fraction, thus providing little unique insights in this situation
l Stroke work does not dissect the importance of systolic pressure versus flow output
l Considers stroke work the only “useful” energy (neglects the value of potential energy deposition in the myocardium that favors

diastolic suction)
l The entire paradigm centers of stroke work as “the” variable to be optimized. Yet, stroke work is a limited index of performance and

optimization of other factors likely supersede optimization of stroke work in various pathophysiologic situations
l There is a poor correlation between myocardial O2 consumption (MVO2) and the pressureevolume area (PVA) in a given

population of patients (i.e., between individuals)
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applied the pressureevolume paradigm. When subjected to
rigorous examination, some fundamental principles of the
LV E(t) theory do not hold in vivo. It has been shown
that the ESPVR is nonlinear and the degree of nonlinearity
depends upon the inotropic state.56e60 The presence of a
V0 common to all isochrones, a key assumption of the time-
varying elastance concept, has also been disproven.57,61e63

It has been shown that the peak value of the ESPVR de-
creases with an increase in LV size (preload), even if
myocardial contractility is unchanged, which can be
accounted for by the lower generated pressure corre-
sponding to a given wall stress in the presence of greater
cavity volumes.64 Furthermore, the ESPVR demonstrates
afterload dependency65,66 and has been shown to be greater
on ejecting beats than on isovolumic beats, which is
accompanied by a reduced slope of the MVO2-PVA rela-
tion, indicating an increase in metabolic efficiency in
ejecting versus nonejecting beats despite an increase
in EES.

56 Both of these phenomena may be related, at least
in part, to the greater amount of pressure generation, at
identical levels of wall stress, made possible by a greater
late systolic wall volume/cavity volume ratio during
ejecting beats as opposed to isovolumic beats, as would be
predicted by derivations of Laplace’s law (see Chapter 16
for a more comprehensive discussion of time-resolved
MWS). Another important limitation of the E(t) theory is
that it assumes a load-invariant time course of contraction,
whereas in reality, the time-course of contraction is load-
dependent.67 Indeed, a fundamental assumption of EES is
that the end-systolic point is reached independently of
instantaneous and past pressure and volume.7e10 This
intrinsically neglects the systolic loading sequence, an
important determinant of LV dysfunction, LV hypertrophy
and failure.38,40,41,68e75 An additional important limitation
is of this approach is that, to the degree that, as shown by
De Tombe et al.,25 nonsevere abnormalities in EA/EES are
of little consequence to optimization of stroke work and
mechanical efficiency, the value of EES/EA as a relevant
coupling index in the absence of severe disease may be
questioned, since it is precisely these energetic aspects of
VA coupling that EA/EES is meant to characterize. How-
ever, EES/EA does provide insight into the energetic aspects
of VA coupling in the presence of important systolic
dysfunction and it is in this situation where it may prove
particularly useful in clinical populations. Another impor-
tant consideration is that, whereas the pressureevolume
plane offers insights regarding the energetic efficiency of
the system (when the latter is defined as the stroke work
generated for any given MVO2), they are much less reliable
to compare the energetic efficiency of the LV-arterial sys-
tem between individuals or disease populations because, as
discussed above, the function that relates the PVA to
MVO2 is highly variable between individuals.1,8,17,18,76

This results in weak relationships between the PVA and

MVO2 (and by extension, between PVA-derived efficiency
the true underlying efficiency) between individuals. The
weak correlation between the PVA and MVO2 between
individuals is in sharp contrast with peak MWS (Chapter
16), which can be evaluated noninvasively and in a large
human study, was shown to correlate strongly with
MVO2.

77

Another weakness of the pressureevolume paradigm is
that the use of the stroke work to PVA ratio as an index of
energetic efficiency considers the stroke work as the only
“useful” energy, thus undermining the value of energy
deposition in the myocardium, which favors diastolic suc-
tion. An additional limitation of energetic optimization
assessed in the pressureevolume plane is that stroke work
does not directly dissect the physiologic importance of the
flow versus pressure generation. A high stroke volume at
normal levels of systemic arterial pressure and a normal
stroke volume and high levels of systemic arterial pressure,
may thus be characterized by identical stroke work values,
despite their vastly different clinical and pathophysiologic
implications. Indeed, the latter point leads to more funda-
mental questions about the role of regulatory processes in
cardiovascular status as they relate to the pressureevolume
plane. It is likely that the normal cardiovascular control
system uses a unique combination of ventricular output,
systemic perfusion pressure, heart rate, arterial flow, and
impedance patterns, which optimize ventricular perfor-
mance, energetics, and/or various other cellular processes.
However, the pressureevolume scheme treats external
stroke work (and its relation to the PVA) as the central
coupling variable to be optimized. This does not intrinsi-
cally consider the vast differences between different pres-
sure and flow states that may lead to identical stroke work
values nor does it address many other cellular of mechan-
ical processes that may require primary optimization on
both the ventricle and the arteries. Indeed, Sunagawa et al.
pointed out in their early reports from isolated heart prep-
aration studies20 that their criteria for coupling optimization
may not be valid for normally functioning animals or
various pathologic states and raised the question of whether
the maximum external stroke work is really the crucial
criterion that an organism uses for optimizing the operation
of the cardiovascular system in physiological circum-
stances, which likely depends on specific pathophysiologic
conditions.

Conclusions

Afterload and VA interactions are important and that they
can be characterized with noninvasive techniques. Assess-
ments of afterload and VA interactions offer the potential
for a greater mechanistic understanding of normal physi-
ology, early stages of heart and vascular disease, and
established heart disease at various clinical stages,
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particularly the continuum of LV remodeling associated
with epidemic conditions such as hypertension and obesity
and its progression to heart failure. Given the importance of
LV afterload and its impact on the heart, afterload and
impaired VA interactions should be carefully considered or
ruled out as potential mediators or confounders in a wide
variety of observed relationships or therapeutic and adverse
effects of interventions. The pressureevolume plane re-
mains the reference standard for assessments of LV
chamber pump function, and its extension for the assess-
ment of VA coupling is useful as long as the paradigm is
adequately interpreted and its significant limitations taken
into account. It should be recognized that VA coupling is a
broad term that encompasses different physiologic aspects,
many of which are not characterized (or are frankly mis-
characterized) in the pressureevolume plane. Analyses of
VA coupling should thus be complemented by more spe-
cific analyses of arterial and myocardial load that can
provide additional physiologic information in various dis-
ease states, as discussed in the two subsequent chapters. In

particular, analyses of time-resolved proximal aortic
pressure-flow relations and time-resolved MWS offer sig-
nificant advantages to characterize clinically relevant as-
pects of VA interactions, as shown in Table 15.3 and
developed in more detail in Chapters 16 and 17. Despite the
apparent complexity of these analyses, they can be readily
implemented with contemporary software from signals that
can be acquired quickly and noninvasively at the bedside.
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Myocardial wall stress and the systolic
loading sequence
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Introduction

Afterload is an important determinant of myocardial function.
At the myocardial level, afterload is often expressed as
myocardial wall stress (MWS).MWS is directly related to left
ventricular (LV) cavity pressure and cavity size and inversely
related to wall thickness. Instantaneous MWS during ejection
is determined by complex interactions between myocardial
contractile elements, instantaneous LV geometry and the
time-varying hydraulic load imposed by the arterial tree.1 All
key determinants of MWS, including wall thickness, cavity
size, and ventricular pressure (which in turn depends on
arterial properties for any given flow delivered against the
input impedance of the systemic circulation) exhibit marked
variations during ejection. Therefore, although LV/aortic
pressure during systole is related to MWS, LV geometric
changes that occur during ejection determine profound
changes in the relationship between LV/aortic pressure and
MWS.1 Consequently, time-varying MWS estimations need
to account for both time-varying pressure and time-varying
geometry and are poorly represented by any single time-
point measurement (such as end-systolic wall stress, which
has been frequently utilized in the literature).

Late systolic load represents an increasingly recognized
mechanistic abnormality that can contribute to LV mal-
adaptive remodeling, LV dysfunction, and impaired
systolicediastolic coupling in experimental models. Simi-
larly, multiple studies demonstrate a relationship between
late systolic myocardial load and/or arterial wave re-
flections and LV remodeling, myocardial fibrosis, reduced
LV diastolic relaxation, LV and left atrial (LA) dysfunc-
tion, and an increased risk of HF in humans. This chapter
discusses basic principles regarding time-varying MWS,

the utilization of time-resolved MWS to assess the
myocardial systolic loading sequence, and the adverse
consequences of late systolic load on the LV.

The chapter is largely based on previous reviews by the
author.2e4 Chapter 15 deals with the pressureevolume
plane, whereas Chapter 17 deals with the assessment of
ventricularearterial interactions using time-varying
pressureeflow analyses (also refer to Chapters 1, 3, and
11). This chapter does not address right ventricular wall
stress, pulmonary arterial load or right ventriculare
pulmonary vascular interactions, which are discussed in
section VI of this textbook (Chapters 55 and 56).

Myocardial afterload versus ventricular
afterload

Although the terms “myocardial afterload” and “ventricular
afterload” are often used interchangeably, the relationship
between LV and myocardial afterload is influenced by the
time-varying LV geometry during ejection, which in turn af-
fects the MWS for any given LV chamber pressure. LV
afterload is the hydraulic load imposed by the systemic cir-
culation (aortic input impedance), which depends on the
pressure required to generate flow (ejection) into the proximal
aorta. In contrast, myocardial afterload is defined as theMWS
required to generate fiber shortening. MWS thus reflects the
time-varying mechanical load experienced by the contractile
elements in themyocardiumand the amount of force andwork
that the myocardial fibers generate during a contraction.

Although MWS is clearly not equivalent to LV afterload,
there is a close interaction between the two. As mentioned
above, MWS is intimately related to instantaneous LV ge-
ometry (cavity size, wall thickness) and LV cavity pressure.
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LV afterload is determined by vascular properties (i.e., aortic
input impedance; see Chapters 1, 3 and 17) which govern
aortic root pressureeflow relations. In the absence of LV
outflow tract obstruction or aortic valve stenosis, other than
relatively small differences due to acceleration and decelera-
tion of blood in early and late systole, respectively, aortic
pressure and LV cavity pressure during ejection are almost
identical. Given that, for a given end-diastolic geometry,
instantaneous LV geometry during ejection depends on the
amount of ejected volume, whereas aortic (and thus LV cav-
ity) pressure depends on aortic input impedance, MWS and
aortic input impedance are intimately related. For instance,
arterialwave reflections arriving at the LVprematurely (i.e., in
mid-to-late systole, rather than diastole), can profoundly
impact time-varying MWS (increasing mid-to-late systolic
MWS relative to early systolic MWS).

Despite the logical relationship between LV afterload and
MWS, end-diastolic LV geometry (wall and cavity volumes)
and the LV contraction pattern have an independent impact
on MWS, due to their influence on ejection-phase LV ge-
ometry. Given the important role of adaptive and maladap-
tive LV geometric remodeling in health and disease, a careful
study of MWS holds promise to better understand myocar-
dial ventricularearterial coupling in various conditions.

Quantification of myocardial wall stress

The precise quantification of LV MWS is challenging and
in general, MWS in vivo can only be approximated, even in
the presence of normal ventricular geometry. In ventricles
with more complex geometry (such as the right ventricle,
and LVs with regional wall motion abnormalities), the
assessment of MWS is even more challenging and often
uncertain. For axisymmetric ventricles, a relatively simple
formula for the computation of average LV ejection-phase
MWS was developed by Arts et al.5 and can be readily
applied using noninvasive measurements of central pres-
sure and LV geometry3,6,7 (Fig. 16.1). This method does
not neglect radially directed forces or forces generated
within the wall that oppose fiber shortening, which vary
significantly with cavity and wall thickness and can inter-
fere with direct comparisons of myocardial fiber stress at
different times during ejection. The formula is based on LV
cavity volume (VLV), LV wall volume (VW), and pressure:

Fiber s ¼ P
1
3
ln

�
1þ VW

VLV

�

where P ¼ pressure, ln ¼ natural logarithm, VW ¼ wall vol-
ume and VLV ¼ ventricular cavity volume (computed at
each time point).

Time-resolved LV cavity volumes can be measured
throughout ejection using various methods, including:

(1) 2D-echocardiography with myocardial speckle tracking,
combining apical long axis and parasternal short axis

views, and with the application of the area-length method
for LV volumes1,8,9; this method is generally valid in the
absence of important distortions in LV geometry.

(2) 3D-echocardiography, which although widely available,
remains challenging due to myocardial endocardial
dropout from apical views;

(3) Cardiac MRI cine steady-state free precession (SSFP)
images, in which each phase of ejection is carefully
segmented.

(4) A practical method to obtain the time-resolved LV cav-
ity volume curve throughout ejection relies on the inte-
gration of the proximal aortic systolic flow waveform
(Figs. 16.2 and 16.3).6 The time-integral of the systolic
flow waveform represents the cumulative ejected
volume at each time point. To improve the correspon-
dence with geometric stroke volume, the ejection-
phase flow time-integral can be calibrated to measured
stroke volume (computed as end-diastolic minus
end-systolic LV cavity volume measured with cardiac
imaging). This calibrated flow-time integral can in
turn be used to compute the cumulative ejected volume
from the onset of ejection to each time point during
ejection. The latter value is subtracted from the
measured end-diastolic LV cavity volume to compute
the time-resolved LV cavity volume at various times
points during ejection. LV wall volume can be assumed
to be constant throughout ejection,6,10 and therefore
does not need to be measured in every cardiac phase.

Central pressure can be readily measured with arterial
tonometry, as discussed in detail in Chapter 2. The pressure
and flow waveforms can be aligned to synchronize pressure
and geometric measurements at each time point in
ejection, and the Arts formula can be readily applied to
obtain a time-resolved MWS curve (Fig. 16.3).

The method above assumes that LV pressure and aortic
pressure are similar during ejection. This is true only in the
absence of aortic stenosis or LV outflow tract obstruction.
Interestingly, in the presence of aortic valve stenosis, the
time-resolved transvalvular pressure gradient can be
derived with continuous wave Doppler acquisitions to
measure transvalvular flow velocities and with the use of
the modified Bernoulli equation:

DP ¼ 4
�
V2
2 �V2

1

�
where V1 is velocity preorifice and V2 is velocity postori-
fice. When proximal velocities are low (such as aortic
valvular stenosis in the absence of LV outflow tract
obstruction), they can be neglected and the equation can
be simplified to:

DP ¼ 4V2

In aortic valvular stenosis, the derived transvalvular
pressure gradient can be added to the aortic pressure at each
point in time during ejection to derive the LV instantaneous
pressure, allowing for a noninvasive approximation of
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time-resolved LV pressure (Fig. 16.4), in turn allowing for
assessments of time-resolved MWS (Fig. 16.5).

The time course of ejection-phase MW

It is important to recognize the advantages of assessing
time-resolved ejection-phase MWS as opposed to end-
systolic wall MWS. The latter has been widely utilized in
clinical studies due to the relative ease of identification of
end-systole with echocardiography, but is not representative

of peak force development or other important events that
occur during ejection (Table 16.1). Once a time-resolved
ejection-phase MWS curve is derived, various key parame-
ters can be readily computed, including peak (maximum)
MWS, the MWS time-integral (i.e., area under the time-
resolved wall stress curve) during ejection, and the mid-
systolic shift in the pressureestress relation (Fig. 16.2).9 A
time-resolved MWS curve also allows for characterization of
the myocardial loading sequence, which can be expressed as
a ratio of the stress-time integral in late versus early systole.

FIGURE 16.1 Example of assessments of time-resolved ejection-phase myocardial wall stress. Arterial tonometry can provide a time-resolved
pressure curve (A), whereas speckle-tracking echocardiography and other imaging techniques can provide time-resolved LV geometry (B: cavity vol-
ume; C: wall thickness). One can thus compute myocardial wall stress at each time point and generate a time-resolved stress curve (D). Normally, brisk
force development and fiber shortening occur in early systole, resulting in an early peak in MWS and shortening rate, followed by continued LV ejection
and a dynamic reconfiguration of LV geometry that results in a mid-systolic reduction in MWS relative to LV pressure. Notice the early systolic MWS
peak followed by a rapid decline in wall stress despite rising pressure. Panel E shows a pressureestress plot, demonstrating a mid-systolic shift of the
pressureestress relation (gray arrow) which favors lower stress values in late systole despite rising pressure. This mechanism tends to protect the
myocardium against excessive load in mid-to-late systole (a period of increased vulnerability), but may be overcome by pronounced wave reflections
during this period and/or intrinsic myocardial dysfunction leading to an abnormal ejection pattern. The mid-systolic reduction in MWS, relative to
pressure, is impaired in the presence of a lower LV EF (even within the “normal” EF range), concentric LV remodeling or hypertrophy, and/or reduced
early systolic ejection (despite a preserved overall EF).

Myocardial loading sequence Chapter | 16 257



In order to better interpret the time-resolved MWS curve, it
is useful to review the events that take place at the
myocardial, ventricular, and arterial levels during early
systole, mid-systole, and late systole.

Throughout systole, myocardial fiber activation results
in the development of tension (stress) and shortening of
myocardial segments, which results in progressive ejec-
tion of blood from the LV cavity and wall thickening
(Fig. 16.1). During early ejection, active development of
fiber cross-bridges occurs in the electrically activated
myocardium and peak MWS occurs,1 at a time when
systolic pressure co-exists with quasi-diastolic geometry
(relatively thin wall and relatively large cavity)
(Fig. 16.1AeD). Myocardial fiber shortening and ejection
of blood determine a progressive change in LV geometry,
which causes a drop in myocardial stress (despite rising
pressure) during mid-to-late systole. This can be quanti-
fied as a clear “shift” in the pressureestress relation
(Fig. 16.1E) and appears to be ideal for the myocardium to
handle the additional load imposed by systolic wave re-
flections, which are present in most older adults. This
shift, however, may be insufficient and/or compromised in
the setting of wave reflections of very early onset or of
large magnitude8,12,13 and in the presence of a lower LV
ejection fraction.1,12

Various indices of LV afterload derived from
pressureeflow relations are useful because they charac-
terize the hydraulic load on the LV pump and can provide
indices that are purely reflective of arterial properties.14

However, arterial load should always be interpreted by
considering not only the interactions between arteries and
the LV as a pump14,15 but also between myocardial ele-
ments and instantaneous LV geometry and the time-
varying load imposed by the systemic circulation. As
expected from physiologic principles, various arterial
properties affect time-varying MWS differently.8 SVR is
a very important determinant of MWS throughout systole,
whereas aortic root characteristic impedance (Zc) selec-
tively affects early systolic and peak systolic MWS. In
contrast, wave reflections and total arterial compliance
correlate with MWS in mid and late systole and signifi-
cantly influence the area under the stress-curve generated
for any given flow output.8 Interestingly, women seem to
demonstrate greater peak and end-systolic wall stress as
well as a higher ejection-phase stress-time integral, even
after adjustment for arterial properties, which might relate
to the differential susceptibility of women to heart
failure.8

Interestingly, whereas wave reflections selectively in-
crease late systolic wall stress, the LV contraction pattern

FIGURE 16.2 Assessment of time-resolved wall stress based on arterial tonometry and Doppler echocardiography. As an alternative to time-
resolved geometric left ventricular (LV) measurements, integration of the time-resolved aortic or left ventricular outflow tract flow curve can provide
the cumulative ejected volume until any given time point during ejection, therefore allowing for the computation of a time-resolved LV cavity volume
curve during ejection. Wall volume can be assumed to be constant. This method can be readily applied using only the pressureeflow pair and basic LV
geometric measurements in end-systole and diastole (end-diastolic cavity volume, end-systolic cavity volume, and LV mass).
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can modulate the influence of wave reflections on late
systolic myocardial load. As mentioned above, normally, a
marked mid-systolic shift in the pressureestress relation
occurs as a result of LV contraction (Figs. 16.1, 16.3 and
16.5). This shift effectively protects LV cardiomyocytes
against excessive wall stress in late systole, a period of
increased vulnerability to the ill effects of load. Abnor-
malities such as reduced early phase ejection, a lower LV
ejection fraction, and concentric hypertrophy/remodeling
can impair the mid-systolic shift in the pressureeMWS
relation, making the LV more susceptible to the effects of
wave reflections on the myocardium.1,12

Arterial wave reflection

As discussed in detail elsewhere in this book (Chapters 1, 3,
11), wave reflections occur at multiple sites of impedance
mismatch, such as points of branching or change in wall
diameter or material properties along the arterial tree.
Innumerable reflections merge into a discrete reflected
wave, which travels back to the heart.16e18 The time of
arrival of the reflected wave to the proximal aorta is
strongly dependent on the pulse wave velocity (PWV) of
conduit vessels, particularly the aorta, which transmits
forward and backward traveling waves from and toward the

FIGURE 16.3 Assessment of ejection-phase time-resolved wall stress based on arterial tonometry and Doppler echocardiography, using the
method depicted in Fig. 16.2. Time resolved LV cavity pressure (which in the absence of aortic stenosis or LV outflow tract obstruction is very similar to
aortic pressure, blue curve in top left panel) and the relative LV geometry (wall volume/cavity volume ratio) are used to compute time-resolved fiber stress
(top right panel and red curve in top left panel). The Arts model can also be used to compute average time-resolved fiber strain and strain rate (bottom left
and middle panels). The bottom right panel shows the mid-systolic shift of the pressureestress relation (gray arrow) demonstrating a reduction in fiber
stress in mid-systole despite rising pressure. In the top left panel, pressure is represented by the blue line, whereas myocardial wall fiber stress is rep-
resented by the red line. In other panels, early systole (first third), mid-systole (middle third), and late systole (last third) are represented by the blue
continuous line, the red dotted line, and the black continuous line, respectively.
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FIGURE 16.4 Example of non-invasive estimation of LV pressure assessments of LV ventricularearterial coupling in the pressureevolume
plane in the presence of aortic stenosis using arterial tonometry and Doppler echocardiography. Panel A illustrates how the aortic transvalvular
gradient measured with continuous wave Doppler can be readily added to the aortic pressure waveform to compute the time-resolved LV intracavitary
pressure. Panel B shows the LV pressure volume loop constructed with synchronized pressure and volume measurements, along with an estimation of the
LV end-systolic elastance slope using a single beat method (see Chapter 15). The additional pressure above end-systolic pressure from aortic stenosis,
wave reflections and other hemodynamic phenomena are not accounted for by the ratio of effective arterial elastance to LV end-systolic elastance (EA/
EES). The latter ratio only uses end-systolic pressure and assumes a square shaped pressureevolume loop for assessments of energetic efficiency (see
Chapter 15). A more direct assessment of stroke work and potential energy (and thus energetic efficiency) can be made using time resolved pressure and
volume and the areas of stroke work and potential energy (shown in blue and gray). In addition, time-resolved pressure and volume allow for
straightforward computations of time-resolved fiber stress (Fig. 16.5).
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LV, respectively.14,18e20 Stiffer aortas exhibit greater PWV
and conduct forward and backward traveling waves at
greater velocities and therefore promote an earlier arrival of
wave reflections to the LV.16,18,21,22 As a consequence of
the aortic stiffening that occurs with aging and various
disease states, the hemodynamic effects of wave reflections
shift from diastole to systole (Fig. 16.6), with prominent
effects during mid-to-late systole in older adults,18,21

particularly in women16,17,21,24e27 and in patients with
heart failure and preserved ejection fraction (HFpEF).28e30

The shift of wave reflection arrival from diastole to systole
favors a loss of coronary perfusion pressure on one hand,
and increased mid-to-late systolic load on the other. When
premature, wave reflections increase aortic pressure and
reduce forward flow, therefore increasing the LV pressure
while impeding the outflow of blood from the LV in mid-
to-late systole. Since this outflow reduces LV cavity size
and thus the ratio of cavity to wall volume, premature wave
reflections increase mid-to-late systolic MWS by impacting
the relationship between LV pressure and LV geometry
during this phase of ejection. Therefore, wave reflections
can have a substantial impact on the LV loading sequence
(increasing mid/late relative to early systolic load).

Wave reflections are typically quantified via wave
separation analysis, using the ratio of forward to backward
wave amplitude. This approach is discussed in detail in
other chapters of this textbook. Pronounced and/or
premature wave reflections can have important deleterious
effects on the myocardium (Fig. 16.7) as discussed in
subsequent sections of this chapter. Importantly, wave re-
flections may be susceptible to modification by pharma-
cologic interventions, which could have important
implications for the prevention and treatment of HF (as
discussed in more detail in Chapters 36 and 51).

LV loading sequence and its role in LV
hypertrophy

For any given level of systolic (peak) blood pressure,
prominent mid-to-late systolic loading has been shown to

FIGURE 16.5 Assessment of time-resolved ejection-phase myocar-
dial wall fiber stress (MWS) in a patient with aortic valvular stenosis.

Using an aortic pressure waveform (arterial tonometry) and the trans-
valvular pressure gradient derived from Doppler echocardiography
(Fig. 16.4), the LV pressure waveform (top panel) is computed. The LV
outflow waveform can also be used to compute time-resolved LV wall
volume, and thus relative LV geometry (second panel). The third panel
shows the time-resolved ejection-phase fiber stress. The bottom panel
shows the mid-systolic shift of the pressureestress relation (gray arrow)
demonstrating a reduction in fiber stress in mid-systole despite rising
pressure. In the top left panel, pressure is represented by the blue line,
whereas myocardial wall fiber stress is represented by the red line. In other
panels, early systole (first third), mid-systole (middle third), and late sys-
tole (last third) are represented by the blue continuous line, the red dotted
line, and the black continuous line, respectively.
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TABLE 16.1 Key events during early, mid, and late systole relevant for understanding the impact of the LV systolic loading sequence on the myocardium.

Early ejection (wFirst third of ejection) Mid-systole (w2nd third of ejection) Late systole (wLast third of ejection)

l Prior to ejection, the myocardium develops force
without significant shortening. The initiation of
ejection allows the myocardium to shorten as it
ejects blood. The point at which the valve opens is
dependent on diastolic blood pressure (which in turn
varies directly with mean arterial pressure and
inversely with pulse pressure).

l As the aortic valve opens, the myocardium transitions
from isometric contraction to the early ejection-
phase, during which peak myocardial wall stress
develops (typically w70e100 ms after aortic valve
opening in humans), followed by the onset of
myocardial relaxation.

l Prior to the onset of myocardial relaxation, active
cross-bridge formation occurs. During this phase,
myocytes can partially adapt to increased load by
increasing the number of interacting cross-bridges
(cooperative activity).

l Fiber shortening during this period results in: (1)
Initiation of length-dependent deactivation
(“shortening-deactivation”) of cardiomyocytes; (2)
Dynamic changes in LV geometry that favor a
subsequent reduction in myocardial wall stress
relative to LV pressure.

l Pulsatile arterial load in early ejection is governed
by aortic root characteristic impedance (Zc). The net
load from wave reflections during this phase is
small.

l Sustained LV ejection determines a progressive shift
in the pressureestress relation, such that myocardial
wall stress progressively decreases for any given LV
cavity pressure.

l This shift is quite pronounced in normal
circumstances but can be reduced in the presence of
LV hypertrophy and/or reduced myocardial
contractility.

l Shortening-deactivation reduces the force of
contraction and wall stress decreases. Despite this,
increasing pressure can occur, given the shifting
pressureestress relation mentioned above.

l This is a period of particularly increased vulnerability
to load, because: (1) it follows the onset of relaxation
(and cross-bridges can no longer adapt to load); (2) It
precedes the full development of the shift in the
pressureestress relation (which “protects”
cardiomyocytes from excessive wall stress).

l If present (i.e., due to their premature arrival back at
the LV), wave reflections exert significant
hemodynamic load on the cardiomyocytes during
this period.

l Under normal conditions: (1) The shift in the
pressureestress relationship has fully developed;
(2) Myocardial wall stress/force development and the
velocity of fiber shortening continue to decrease;
(3) The end of the action potential promotes full
relaxation.

l Wave reflections exert significant hydraulic
load on the LV, but if a pronounced shift in the
pressureestress relation occurred earlier in systole,
LV wall stress is low (cardiomyocytes are “protected”
from wave reflections).

l However, when earlier systolic phenomena
are abnormal (i.e., impaired early phase ejection
from decreased contractility or increased load,
impaired mid-systolic shift in the pressureestress
relation due to LV concentric hypertrophy/remodeling
or decreased contractility), cardiomyocytes continue
to be vulnerable to the effects of wave reflections.
Moreover, in the absence of a pronounced shift in
the pressureestress relation in mid-systole,
persistently increased force development may be
necessary to sustain LV pressure and promote
continued ejection.

l A sustained contraction pattern may be present
(as a result of deficient shortening-deactivation),
tending to preserve the overall EF on one hand, but
impairing myocardial and LV relaxation on the other.

Modified from reference Chirinos JA. Deep phenotyping of systemic arterial hemodynamics in hfpef (part 2): clinical and therapeutic considerations. J Cardiovasc Transl Res. 2017; 10:261e274.
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exert deleterious effects on LV structure and function in
animal models and has been associated with LV hypertrophy
in humans.18,31,32 Kobayashi et al.31 used a Wistar rat model
and performed constriction of either the ascending aorta or
suprarenal abdominal aorta. Constriction of the ascending
aorta increased LV load in early systole (which mimics an
increased proximal aortic characteristic impedance), whereas
constriction of the descending aorta caused prominent mid-
to-late systolic loading from a large reflected wave that
originated at the distal aortic constriction site.31 In this study,
despite identical peak LV pressure levels in both groups, rats
that underwent descending aortic banding (and were thus
exposed to greater mid-to-late systolic load) demonstrated
much greater LV hypertrophy than those undergoing
ascending aortic banding (which were exposed to increased
early systolic load).31.

These findings are supported by observational human
data. Hashimoto et al.33 assessed changes in wave reflection
magnitude occurring during antihypertensive therapy and
observed that the reduction in wave reflections predicted
regression of LV mass independently of blood pressure
reduction. The association between reflected wave magni-
tude reduction and LV mass reduction was also indepen-
dent of age, sex, and use of renin-angiotensin system
inhibitors, and was particularly strong in patients with LV
hypertrophy at baseline. Of note, despite the fact that
standard antihypertensive therapy reduced wave reflections

on average, the change was highly variable, with reflection
magnitude actually increasing in some subjects. In agree-
ment with Hashimoto’s findings, a relationship between
reflection magnitude (approximated from measured pres-
sure and an assumed physiologic flow waveform) and LV
mass has been reported in large community-based studies
that included normotensive and hypertensive in-
dividuals.25,34 Similarly, Quail et al. recently demonstrated
that in patients with repaired aortic coarctation, reflection
magnitude assessed from the ascending aortic distension
waveform (a surrogate of the aortic pressure waveform) and
measured aortic flow (using phase-contrast MRI) was
independently associated with LV hypertrophy.35 When
interpreted in the context of available animal data, available
human studies support a role for wave reflections and late
systolic load in the development of LV hypertrophy, in-
dependent of absolute blood pressure levels.

LV loading sequence and its role in LV fibrosis

Available studies also suggest a role for wave reflections
and mid-to-late systolic load on LV fibrosis. In the previ-
ously mentioned study by Hashimoto et al.,33 the banding
intervention that increased wave reflections, resulting in
mid-to-late systolic LV loading also caused more LV
subendocardial fibrosis, compared to the intervention that
increased load in early systole. A study assessed the role of
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FIGURE 16.6 Cardiac consequences of arterial stiffening and premature wave reflection. Earlier arrival of wave reflections favor a loss of coronary
perfusion pressure on one hand, and increased mid-to-late systolic load on the other, due to a shift of wave reflection arrival from diastole to systole. In
populations with stiff aortas, muscular artery function may become a key determinant of the apparent distance to reflection sites and thus the effects of
wave reflections on the central aorta, for any given PWV. BW, backward wave; FW, forward wave; PWV, pulse wave velocity. Reproduced from Chirinos
JA, Segers P, Hughes T, Townsend R. Large-artery stiffness in health and disease: Jacc state-of-the-art review. J Am Coll Cardiol. 2019; 74:1237e1263.
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wave reflections on diffuse LV fibrosis (measured by MRI
T1 mapping sequences) among patients with severe aortic
stenosis undergoing aortic valve replacement. In this study,
patients with symptomatic severe aortic stenosis scheduled
to undergo surgical aortic valve replacement underwent
measurements of aortic root characteristic impedance, wave
reflection parameters (reflection magnitude, reflected wave
transit time), and myocardial extracellular mass (a validated
surrogate of diffuse myocardial fibrosis) using cardiac
magnetic resonance imaging (MRI) and arterial tonometry.
Patients with higher extracellular mass exhibited greater
reflection magnitude and lower aortic root characteristic
impedance, the latter being likely a consequence of aortic
dilation. Interestingly, in this study, reflection magnitude
was a significant predictor of a smaller improvement in the
quality of life (Kansas City Cardiomyopathy Questionnaire
score) assessed six months after aortic valve replacement.
This study demonstrated that arterial wave reflections are
associated with interstitial fibrosis and a worse clinical
response to surgical aortic valve replacement, suggesting
that the loading sequence is important regardless of the
presence of overt pressure overload from aortic stenosis.

Effect of mid-to-late systolic load on LV
diastolic dysfunction

Multiple animal studies have demonstrated the deleterious
effect of mid-to-late systolic load on LV relaxation.32,36e41

An early study by Hori et al. was performed using a canine
model to impose increased afterload by either: (a) clamping

the ascending aorta to induce early systolic load;
(b) clamping the descending aorta to induce mid-to-late
systolic load; (c) intermittently clamping the ascending
aorta in late systole. The authors demonstrated that, for a
given increase in peak systolic LV pressure, clamps that
resulted in mid-to-late systolic loading prolonged tau (the
gold standard index of diastolic relaxation) much more than
early loading. In a subsequent study, Gillebert et al.32

studied the effect of the timing of systolic load on LV
relaxation in dogs, by inflating balloons in the ascending
aorta at different times during ejection (inducing either
early systolic load or mid-to-late systolic load). This study
elegantly demonstrated that, for a given increase in peak
systolic LV pressure, mid-to-late systolic loading pro-
longed tau much more than early systolic inflation, further
demonstrating a cause-effect relationship between mid-to-
late systolic load and diastolic dysfunction.32 These results
are consistent with several other animal studies37,40,42,43

Interestingly, one study44 did not find slowing of relaxation
when load was applied selectively in very late systole
(w20e50 ms before aortic valve closure), whereas load
applied in mid-systole (w80e110 ms before aortic valve
closure) significantly slowed relaxation. These results
suggest that the effects of wave reflections are not neces-
sarily deleterious in very late systole, unless the bulk of
their effect “advances” into mid-systole (as occurs in the
setting of markedly increased aortic PWV and premature
wave reflections). This is consistent with our understanding
of the importance of mid-systole as a critical time during
which LV contraction progressively shifts the pressuree
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FIGURE 16.7 Effect of late systolic load from arterial wave reflections on the myocardium. Increases in mid-to-late systolic load from prominent
and/or premature wave reflections can lead to left ventricular concentric remodeling or hypertrophy, myocardial fibrosis, T-tubule dysfunction, contractile
dysfunction, and slow relaxation. At the pump level, this may result in systolic and diastolic dysfunction, and consequent left atrial remodeling and
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stress relation and “protects” cardiomyocytes from the
deleterious effects of wave reflection during late ejec-
tion1,2,8,45 (Table 16.1 and Fig. 16.2).

In support of the large body of animal experimental
findings demonstrating a cause-effect relationship between
mid-to-late systolic load and impaired LV relaxation,
several human studies demonstrate that indices of wave
reflections and/or mid-to-late systolic MWS are indepen-
dently associated with diastolic dysfunction,9,28,41,42,45e52

LA remodeling,48,53,54 decreased longitudinal systolic
function (despite preserved EF),9,55 and elevated brain
natriuretic peptide levels.41,51,56,57

Myocardial loading sequence and atrial
dysfunction

LA dysfunction has been associated with an increased risk
of cardiovascular morbidity and mortality in population-
based and hypertensive cohorts.58,59 LA function is also
important to regulate and promote LV filling during dias-
tole, contributing to cardiac output adaptations to changes
in loading conditions, inotropic stimulation, and heart rate.
We assessed the relationship between the myocardial
loading sequence (early vs. late MWS) and LA dysfunction
in 260 adults with hypertension referred for a cardiac MRI
study.6 LA function was assessed from classic phasic LA
volumes as well as measurements of LA myocardial
deformation (strain) using tissue-tracking algorithms
applied to cine-MRI SSFP images. Time-resolved central
pressure and time-resolved LV geometry were measured
with carotid tonometry and cardiac MRI, respectively, for
computation of time-resolved ejection-phase MWS. The
MWS time-integral (area under the MWS curve) in the first
half of ejection (early systole) and the second half of
ejection (late systole) were computed. In this study, an LV
myocardial loading sequence characterized by prominent
late systolic MWS (relative to early systolic MWS) was
independently associated with impaired reservoir, conduit,
and booster pump LA function. Interestingly, in models
that adjusted for late systolic load, early systolic load was
associated with better LA function, indicating that it is not
only the absolute load but also the myocardial loading
sequence that determines LA dysfunction in hypertension.
In the context of available experimental data, these findings
further support the deleterious effects of late systolic LV
loading on systolicediastolic coupling.

Late systolic load and heart failure risk

Consistent with the effects of wave reflections on LV
remodeling, fibrosis and dysfunction, wave reflection
magnitude12,60 and late systolic hypertension61 have been
shown to be strong independent predictors of incident HF
in the Multi-Ethnic Study of Atherosclerosis (MESA), as
discussed in more detail in Chapter 36.

Cellular processes in the myocardium

The cellular processes that mediate the deleterious effects
of wave reflections on the myocardium are poorly under-
stood. The effect of mid-to-late systolic load on diastolic
relaxation and chronic LV remodeling are likely due to
intrinsic differences in cellular processes at different phases
of systole, as summarized in Table 16.1. During early
ejection, active development of fiber cross-bridges occurs
in the electrically activated myocardium and peak MWS
occurs,1 which is followed by a transition from contraction
to relaxation. The transition from contraction to relaxation
occurs very early during ejection in dogs (w34% after the
initiation of mechanical systole and w16% into the dura-
tion of ejection).62 In humans, the time to peak MWS,
which reflects the time of peak force development (and
after which force first starts to decline), has been proposed
as a marker of the time to the onset of relaxation.50 This
normally occurs w70e100 msec into ejection.1,8,9

The immediate effects of afterload on diastolic relaxa-
tion have been explained on the basis of the differential
effect of early versus mid-to-late systolic load on the
number of interacting cross-bridges. Loading during active
cross-bridge formation in early systole increases the num-
ber of interacting cross-bridges (cooperative activity), a
physiological mechanism that favors matching of the
number of cross-bridges with systolic load.32,63 However,
when increased load occurs after the onset of myocardial
relaxation, the number of interacting cross-bridges can no
longer adapt. Under these circumstances, a mismatch be-
tween the number of cross-bridges and load may occur,
increasing the stress imposed on individual cross-bridges
and decreasing cross-bridge cycling.

However, a more complex interplay between cross-
bridge recruitment, cooperative activity, cross-bridge inac-
tivation, and cross-bridge cycling rate are likely at
play.45,50,62,63 Recently, the course of ejection in early
systole (which depends at least partially on myocardial
contractility) has been shown to correlate with the subse-
quent course of MWS.50 As mentioned earlier in this
chapter, under normal conditions, brisk force development
and fiber shortening occur in early systole, resulting in LV
ejection and a dynamic reconfiguration of LV geometry
that results in a mid-systolic reduction in MWS relative to
LV pressure,1 thus protecting the cardiomyocytes against
excessive load in mid-to-late systole (a period of increased
vulnerability). The phenomenon of shortening-deactivation
(which is associated with reduced calcium sensitivity of the
contractile apparatus), decreases force development after
early systolic rapid shortening, and increases the relaxation
rate of muscle.45,50 This represents a perfect “match” to this
normal physiology, because sustained myocardial force
development in mid-to-late systole is unnecessary to pre-
serve fiber shortening and LV ejection against the load
imposed by wave reflections. However, in the presence of
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contractile abnormalities that compromise early ejection,
the mid-systolic dynamic geometric reconfiguration of the
LV that favors a reduced MWS relative to pressure is
impaired. In these conditions, shortening-deactivation may
not operate fully, such that force development continues or
increases in mid-to-late systole, tending to preserve the
overall EF on one hand, but impairing relaxation on the
other.45,50 Disorganization and disruption of transverse (T-)
tubules, which are important for the spatial alignment be-
tween L-type calcium channels and the sarcoplasmic re-
ticulum, has also been suggested.12 Disrupted T-tubules
lead to inefficient calcium cycling, myocardial dysfunc-
tion, and calcium overload in cardiomyocytes due to defi-
cient calcium reuptake.12,64 These abnormalities are
deleterious in their own right, but may also conspire with
impaired shortening-deactivation to sustain contraction and
prolong relaxation.

The differential effect of time-varying myocardial after-
load on cellular andmolecular processes taking place in early
versus mid-to-late ejection should be a focus of further
research. In particular, the molecular mediators of the long-
term effects of mid-to-late systolic load on maladaptive
remodeling, and the pharmacologic effects of common drugs
that may affect the time course of myocardial contraction
require further study. In addition, the role of comorbidities is
not well understood and requires further research. Long-
standing hypertension, and comorbidities such as coronary
artery disease, obesity, and chronic kidney disease, may
affect the normal contraction pattern that normally protects
myocytes from the effects of wave reflection.1,12

Conclusions

Substantial evidence from animal and human studies
strongly suggest that a systolic loading sequence charac-
terized by late systolic load can cause maladaptive LV
remodeling, fibrosis, diastolic dysfunction and failure,
thus representing a highly clinically relevant cardiovas-
cular phenotype. The myocardial loading sequence is not
assessed through conventional cardiac imaging methods
and is not captured in the pressureevolume plane. How-
ever, assessments of time-resolved MWS and arterial
wave reflections can be accomplished via noninvasive
methods, which should be utilized more broadly. The
adverse effects of late systolic load on the myocardium
provides an opportunity for therapeutic interventions
designed to ameliorate these effects, which could in turn
reduce the risk of maladaptive LV remodeling, fibrosis
dysfunction and failure. This can, in principle, be
accomplished independently of effects on microvascular
resistance or mean arterial pressure, as discussed in
Chapters 36 and 49e51.
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Chapter 17

Assessment of ventricular arterial
interactions via arterial pressure-flow
relations in humans
Gary F. Mitchell
Cardiovascular Engineering, Inc., Norwood, MA, United States

Overview of arterial pressure-flow
relations

The heart and arterial system represents a flow distribution
system that has an ultimate goal of supplying required
mean blood flow to the organs. Because the heart is a
pulsatile pump, delivery of mean flow is necessarily
accompanied by a variable amount of pulsatile overhead.
The arterial system is designed to optimize delivery of
mean flow with minimal pulsatile overhead. In order to
minimize pulsatile overhead, the system design includes a
highly compliant aorta coupled to the left ventricle (LV)
and followed by a branching network of muscular arteries
that arise from the aorta and supply the regional vasculature
of various organs. Mean flow (Q0) in that network interacts
with peripheral resistance (Z0) to produce mean arterial
pressure (MAP), where Z0 ¼ MAP/Q0. During early sys-
tole, the LV is exposed to MAP and the load imposed by
the proximal aorta, which has a characteristic impedance
(Zc) that is a small fraction of peripheral resistance (Z0). Zc

is analogous to Z0, but represents the pressure-flow re-
lations for the pulsatile component only of pressure and
flow and can be approximated as Zc ¼ dP/dQ, where dP is
the peak time-derivative of pressure and dQ is the peak
time-derivative of volumetric flow in early systole. Zc is
normally a small fraction (5%e10%) of Z0. As a result,
whereas peak aortic flow is approximately fivefold higher
than mean flow, pulse pressure (PP) (40 mm Hg) is a
fraction of MAP (90 mm Hg) in a young healthy person.

In addition to the foregoing forward traveling waves,
there are reflected waves in the arterial system that are
attributable to impedance mismatch at branch points and
other segments of differing physical properties. With
advancing age, the aorta stiffens, resulting in an increase in

Zc and the amplitude of forward traveling pressure waves
(Pf) produced by a given forward flow wave (Qf). In
addition, pulse wave velocity (PWV), which is the velocity
at which these waves travel along the aorta, increases,
meaning that reflected waves return to the proximal aorta
sooner, resulting in progressive overlap between forward
and backward pressure (Pf, Pb) and flow (Qf, Qb) waves
during systole. These factors combine to increase PP and
pulsatile overhead on the LV, resulting in LV remodeling
and hypertrophy and leading to wide PP hypertension,
which may be isolated systolic or mixed systolic and dia-
stolic hypertension, depending on whether MAP is also
increased (mixed hypertension). The resulting increase in
pressure pulsatility and pulsatile load also has adverse
implications for the periphery, where it triggers remodeling
and loss of small vessels, resulting in blunted reactivity and
an increase in resting Z0. The increase in Z0 can drive up
MAP, which will passively stiffen the aorta, resulting in a
potential vicious cycle. The loss of reactivity can have
adverse effects on perfusion of target organs, especially in
autoregulated high-flow organs like the brain and
kidneys.1e3 Similarly, diminished reactivity in muscular
beds may limit vasodilatory reserve during exercise, which
contributes to diminished exercise tolerance and hyperten-
sive response to exercise.4

Noninvasive assessment of aortic
pressure-flow relations

When pressure-flow relations in the arterial system were
first assessed in the mid-1900s, invasive pressure and flow
measurements were required.5,6 Subsequent work demon-
strated the possibility to acquire impedance measurements
noninvasively by using carotid artery tonometry and
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Doppler flow measurements in the LV outflow tract
(LVOT).7e9 The latter technique allowed investigators to
perform large-scale, epidemiologic studies of pulsatile he-
modynamics that have greatly expanded our understanding
of aortic structure and function and ventricular-vascular
interaction.10e13

Assessment of aortic input impedance requires mea-
surement of time-resolved proximal aortic pressure and
flow waveforms. Pressure can be obtained by performing
carotid artery tonometry. The carotid artery waveform is
not identical to the central aortic waveform because it is
located downstream from the aortic inlet, meaning that
there will be modestly more overlap between forward and
reflected waves. In addition, there are branch points along
the path from aorta to carotid, which will have additional
modest effects on the shape of the waveform. However,
invasive studies have shown that a properly calibrated ca-
rotid tonometry waveforms generally provides an adequate
surrogate for central aortic pressure.14

Proper calibration of the carotid pressure waveform is
also required. Because of differences in relative timing of
forward and reflected waves at various locations in the
arterial system, systolic blood pressure (SBP) differs be-
tween sites. Therefore, brachial cuff blood pressure cannot
be used to calibrate a carotid pressure waveform.15e18

However, MAP and diastolic blood pressure (DBP) are
reasonably consistent along the large arteries in the arterial
tree, assuming there are no flow-limiting stenoses between
the measurement sites. Therefore, brachial artery MAP and
DBP can be used to calibrate the carotid pressure wave-
form. Note that brachial MAP should be based on a
brachial waveform that has been calibrated to cuff SBP and
DBP and then integrated to assess MAP. Some have used a
formula to compute MAP based on a largely erroneous
assumed shape factor of 33%, meaning that MAP is equal
to DBP plus one-third of PP. However, the foregoing shape
factor is highly variable, with values that are related to
arterial stiffness, among other things. In addition, some
have advocated for using a radial pressure waveform to
derive an estimated central pressure waveform by using a
generalized transfer function.19 The foregoing radial
waveform is often calibrated by using cuff SBP and DBP.
The latter approach ignores pressure amplification between
brachial and radial arteries and thereby markedly un-
derestimates central PP.16 In addition, the transfer function
approach is dependent on the assumption that the trans-
formation of a central pressure waveform into a peripheral
pressure waveform is consistent across age, sex, and
various risk factor exposures, which is known not to be the
case based on the marked variability in higher frequencies
of the specific transfer functions between participants,
which influence some important morphologic details of the
pressure waveform.20,21 While the transfer function
approach may result in an estimate of central pressure that

correlates with invasive measures, the features of the
reconstructed waveform are not suitable for detailed
waveform analysis as too much high frequency content is
lost as a result of the filtering that is required.22

Central aortic flow can be assessed either by Doppler
ultrasound or by phase contrast magnetic resonance imag-
ing (pcMRI). Most large-scale studies have utilized
Doppler ultrasound because of lower cost, greater conve-
nience, and better ability to minimize time delay between
assessment of tonometry pressure and flow, which can
readily be done simultaneously or a few seconds apart with
Doppler ultrasound, whereas pcMRI flows are generally
separated from pressure measurements by 20 min or more
due to logistical difficulties in acquiring tonometry wave-
forms on a participant who is in the bore of the MR
machine.

When using Doppler ultrasound to measure proximal
aortic flow, it is important to measure flow velocity and
cross-sectional area in the LVOT, where it is relatively
straightforward to acquire a stable signal, using pulsed
Doppler from an apical five-chamber view, and identify the
relevant cross-sectional area required to convert flow ve-
locity to volumetric flow (Fig. 17.1). Assuming continuity
of flow, LVOT flow will be equal to proximal aortic flow.
Attempts to measure flow directly in the proximal aorta, per
se, rather than the LVOT, are confounded by acceleration
of flow due to the vena contracta effect, which will result in
marked overestimation of volumetric flow if paired with the
aortic cross-sectional area at the location of the sample
volume. In addition, a high-quality measurement of the
proximal aortic diameter is not always technically feasible.
Methodologic and technical considerations regarding arte-
rial pressure and flow measurements are discussed in detail
in Chapter 2.

Once properly calibrated central aortic pressure and
flow waveforms are obtained, pressure-flow analyses can
be performed. Analytic methods for the assessment of
pressure-flow relations are discussed in detail in Chapter 3,
but some key aspects are discussed below. When evalu-
ating pressure-flow relations in the arterial system, one
cannot use simple circuit theory because there are finite
propagation delays and reflections that alter the shape of the
traveling waveforms. One approach that has been used is
frequency domain analysis. Propagation delays and re-
flected waves render arterial load frequency dependent
because the implications of a given delay in reflected wave
timing varies directly with wavelength and therefore fre-
quency. Frequency domain analysis decomposes the pres-
sure and flow waveforms into a series of sine and cosine
waves by using a Fourier transform. Calculation of the first
15 or so harmonics of physiologic waveforms will provide
most of the waveform variance and is acceptable. Imped-
ance at each harmonic (Zi) is then calculated by taking the
ratio of pressure (Pi) and flow (Qi) at harmonics 0 to w15,
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where harmonic 0 is the mean term and the first harmonic is
equivalent to the heart rate, which is normally around 1 Hz
in humans (at a heart rate of 60 beats/min). Zc can be
estimated by averaging the higher harmonics of Zi across a
band of frequencies where the effects of wave reflection
cancel and provide an estimate of pulsatile pressure-flow
relations in the absence of reflections. While frequency
domain techniques are important in some settings and can
be readily applied to digitized pressure and flow waveforms
with contemporary software platforms, the approach is
inaccessible or unintuitive to most clinicians and
researchers.

Time domain analysis of aortic pressure-flow relations
represents an easily understood alternative to the traditional
frequency domain approach and has emerged as a
frequently used approach.12,13,23 Time domain assessment
of Zc is based on evaluation of pressure-flow relations in
early systole, prior to arrival of the dominant Pb wave. One
approach that has been used for proximal aortic pressure
and flow involves finding the time point at which flow
reaches 95% (Q95) of maximum flow (Fig. 17.1C). The
early change in pressure (dPZc) attributable to interaction of
early systolic flow and Zc during this same time window is
then assessed and time domain Zc (ZcTD) is computed as
ZcTD ¼ dPZc/Q95. Peripheral resistance, Z0, is computed
as noted above. Wave separation is performed (Fig. 17.2)
by taking the average of the measured pressure waveform
(Pm) and the flow waveform scaled by Zc (Q*Zc). This
average waveform represents the net forward traveling
wave (Pf) in the proximal aorta. The point-by-point dif-
ference between Pm and Pf represents the net reflected or
backward traveling wave, Pb. The foregoing calculations
can be performed in any large artery bed where local
pressure and flow can be assessed, such as the common
carotid arteries, where pressure is assessed by using
tonometry and flow is assessed by using Doppler or pcMRI.
When using pcMRI, however, it is important to ensure that
the scan sequence employs adequate spatial and temporal
resolution.

An alternative method for computing Zc that does not
require pressure measurement is based on the water
hammer equation, Zc ¼ PWV * r/pr2, where PWV is local
pulse wave velocity, r is the density of blood, which is
generally assumed constant at 1.06 g/cm3, and r is the
lumen radius of the vessel. Local PWV can be measured by
MRI. For example, one can assess PWV in the aortic arch
by using a pcMRI slice positioned at approximately the
level of the right main pulmonary artery. However, there
are two important caveats to consider when performing
these measurements. First, the transit distance is relatively
short and therefore the transit time will be proportionally
short, particularly in older participants with a stiff aorta.
Therefore, care must be taken to ensure that the temporal
resolution of the sequence is as high as possible, e.g., 100
phases/cardiac cycle. Second, it is important to note that all
methods for measuring Zc are sensitive to wave reflections.
If there are very early reflected waves that encroach on the
Q95 window, they will augment pressure and reduce flow,
leading to overestimation of Zc. The same is true for PWV-
based measurements. If PWV is assessed by using two
pressure waveforms, the error will be overestimation as
wave reflection steepens the upstroke of the distal pressure
waveform and appears to accelerate the wave velocity. The
opposite error is seen, however, when PWV is assessed by
measuring transit time from two flow waveforms because

FIGURE 17.1 Measurement of flow rate in the left ventricular outflow
tract (LVOT). When performing pressure-flow analysis in the proximal
aorta, flow into the aorta is assessed as flow out of the ventricle through the
LVOT. LVOT is easily measured by using pulsed Doppler (A) from a
standard apical five-chamber view of the heart. If possible, it is preferable
to measure Doppler audio and perform signal averaging of the spectral
analysis in order to avoid bias due to single beat selection. The sample
volume should be placed just proximal to the leaflet attachment point, high
enough in the LVOT to be consistent with the measured LVOT diameter
(B) but not so high that one begins to capture flow acceleration because of
the vena contracta effect.
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distal reflection blunts the upstroke of the distal flow
waveform and appears to delay the waveform and reduce
wave velocity. Therefore, when comparing aortic Zc
assessed by using pressure-flow analysis versus Zc assessed
by pcMRI using the water hammer equation, it is important
to note that the former values will be substantially greater
than the latter. In contrast, when comparing Zc based on
pressure-flow analysis using Doppler as compared to
pcMRI to measure flow, the values for Zc should be
comparable.

One important corollary of the water hammer equation
is that it underscores the differing relations of PWV and Zc

with vessel diameter. Relations of PWV with basic material
properties of the artery are expressed in the Moense
Korteweg equation: PWV ¼ O(Eh/2rr), where E is
Young’s modulus, h is wall thickness, and r is lumen
radius. Thus, PWV has square root sensitivities to wall
stiffness (Eh) (direct) and lumen radius (inverse).
Substituting the MoenseKorteweg equation into the water
hammer equation: Zc ¼ O(Eh/2rr) * r/pr2, one can show
that Zc ¼ O(Eh/2rr) *r/pr2 ¼ O(Ehr/2p2r5). Thus, Zc has
the same direct relation with the square root of wall stiff-
ness (Eh), but the inverse relation with lumen radius is now
raised to a power of 5/2 ¼ 2.5 rather than a simple square
root (power ¼ 0.5).24 Thus, PWV and Zc will change
concordantly if the vessel wall stiffness changes. However,
if lumen radius changes, the effect on Zc will be 5� greater
than the effect on PWV. For example, a 10% increase in
lumen radius will produce a 5% reduction in PWV but a
25% reduction in Zc.

When considering remodeling of the aorta during
growth and development or in response to weight gain or
other factors that increase blood flow, it is important to note
that the mass of elastic fibers in the aorta is relatively
fixed.25,26 Elastic fiber assembly results from the complex
and carefully orchestrated expression of a number of
components in addition to elastin. Elastic fibers in the aorta
and elsewhere in the body (lungs, skin) are formed early in
life, beginning during fetal development and ending at
around the equivalent of the toddler stage in most mam-
mals, when the gene program for creating elastic fibers is
permanently silenced.27 As a result, the pool of elastic fi-
bers created during this critical period of development must
last an entire lifetime. Given that the mass of elastic fibers is
fixed, when the aorta remodels to a larger diameter, for
example, during post-toddler growth, the pool of elastic
fibers is effectively thinned. In addition, the fibers are
placed under greater load because of the increase in lumen
area, which will increase wall stress (s) according to the
Laplace equation: s ¼ Pr/h. Increased stress on elastic fi-
bers will transfer some of the load to stiffer elements in the
wall, such as collagen, resulting in an increase in effective
wall stiffness (E). As a result, PWV, which is relatively

FIGURE 17.2 Pressure waveform analysis and wave separation analysis.
The central (carotid) pressurewaveform (A) can be analyzed to determine the
time lag between the pressure foot (t0) and the inflection point (ti) corre-
sponding to the roundtrip reflected wave transit time (RWTT). The rise in
pressure after ti represents late systolic pressure augmentation (Paug) due to
the reflected wave, which increases central pulse pressure (PP) and late
systolic load on the left ventricle. The timing of end-systole (tes) relative to t0
represents the systolic ejection period. Flow (Q) is rescaled by characteristic
impedance (Q*Zc) and aligned with the pressure foot. The average of these
two waveforms represents the forward wave (B) and the difference between
the forward wave andmeasured pressure represents the backward (reflected)
wave. There are two types of pressure amplification that are seen in the
arterial system. True amplification represent amplification of the first pres-
sure peak as the forward traveling wave encounter regions of impedance
mismatch. Apparent amplification represents the overall difference in PP
between central (carotid) and peripheral (brachial or radial) sites.An increase
in central pressure augmentation has no effect on true amplification but re-
duces apparent amplification nearly to zero by midlife, meaning that dif-
ferences in central and peripheral PP abate as augmentation increases.
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insensitive to lumen radius, may increase whereas Zc
generally will fall unless the increase in Eh is markedly
(5�) greater than the increase in lumen radius. Thus,
remodeling of the aorta in response to changes in blood
flow or other factors can have markedly differing effects on
PWV and Zc.

Age relations of pressure-flow variables
across the lifespan

Numerous large cross-sectional studies have examined the
complex age relations of various measures of aortic stiff-
ness and aortic pressure-flow relations.12,13,28 Most studies
have revealed markedly differing age relations of various
stiffness measures before and after midlife (Fig. 17.3). The
standard appearance of blood pressure-age relations in
Westerners is presented in Fig. 17.3A,B. PP falls modestly
between young adulthood and midlife, whereas MAP in-
creases moderately. After midlife, PP increases rapidly
whereas MAP increases modestly. As a result, SBP is
relatively flat in young adults but increases rapidly after
midlife, whereas DBP increases moderately before midlife
and falls moderately thereafter, with the combination
resulting in the aforementioned marked increase in PP.

Aortic wall stiffness, assessed as carotid-femoral pulse
wave velocity (CFPWV), increases throughout life
although the rate of increase accelerates at midlife
(Fig. 17.3D). For example, in Framingham Heart Study
(FHS) participants, CFPWV increased at a modest rate of
0.52 � 0.04 m/s per decade of age prior to 50 years and a
markedly (4�) higher rate of 2.05 � 0.03 m/s per decade
thereafter. In contrast, Zc fell modestly prior to 50 years of
age, at a rate of �8.4 � 1.3 dyne*s/cm5 per decade, and
rose markedly thereafter at a rate of 51.1 � 1.1 dyne*s/cm5

per decade. The pattern of discordant change in CFPWV
(increasing) and Zc (decreasing) prior to midlife is consis-
tent with remodeling of the aorta to a larger diameter.12,13,29

Furthermore, the observation that Zc increases rapidly after
midlife, particularly in women, is consistent with the hy-
pothesis that aortic remodeling to a larger diameter is no
longer able to compensate for, and may even be contrib-
uting to, increasing aortic wall stiffness.

The hemodynamic basis for an increase in PP with
advancing age is often debated. An early hypothesis posited
that degradation of elastic elements in the aorta led to
dilation of the aorta and transferred load to stiffer collagen
fibers, resulting in an increase in PWV. The increase in
PWV led to premature arrival of Pb during systole rather
than diastole, resulting in augmentation of the proximal
pressure wave. This late systolic augmentation, which is
often assessed by computing the augmentation index (AI),
was thought to be the basis for the increase in PP and
SBP.30 However, the foregoing hypothesis is not consistent
with empirical observations. While it is true that CFPWV
and AI increase prior to midlife that increase in AI occurs in
the setting of a fall in PP (Fig. 17.3B). After midlife, AI
falls at a time when PP increases dramatically, suggesting

FIGURE 17.3 Age relations of key hemodynamic variables across the full
lifespan in the Framingham Heart Study second and third generation cohorts.
Systolic blood pressure (SBP) is relatively flat through midlife and increases
markedly thereafter (A). Mean arterial pressure (MAP) and diastolic blood
pressure (DBP) increasemodestly prior to midlife, after whichMAP increases
modestly and DBP falls. Because of constant SBP and rising DBP, pulse
pressure (PP) falls prior to midlife and increases markedly thereafter.
Augmentation index (AI) increases markedly prior to midlife, when PP is
falling, and falls modestly after midlife, when PP increases markedly, indi-
cating that early wave reflection and increased pressure augmentation are not
the reason for rising pulse pressure after midlife. In contrast, characteristic
impedanceof the aorta (Zc) parallels the change inpulse pressure across the full
lifespan, indicating that changes in PP are attributable to changes in Zc and
forward wave amplitude. Central aortic wall stiffness, assessed by carotid-
femoral pulse wave velocity (CFPWV), increases moderately prior to
midlife andmarkedly thereafter (D). In contrast, muscular arterywall stiffness,
assessed as carotid-brachial pulse wave velocity (CBPWV) remains relatively
constant across the lifespan. Since muscular artery lumen diameter tends to
increase with age, peripheral impedance will fall as central impedance (Zc)
increases, resulting in impedance matching between aorta and muscular ar-
teries, reduced global wave reflection and increased transmission of damaging
pulsatility into the periphery.
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that early Pb and higher AI are not the basis for increasing
PP after midlife. In FHS participants, an overwhelming
proportion of variance in central and peripheral PP is
attributable to variance in Pf, with modest amounts attrib-
utable to relative wave reflection (Pb/Pf) and timing of the
reflected wave. Furthermore, several studies have shown
that higher PP is associated with smaller rather than larger
aortic diameter.24,31,32 For example, in the AGES-
Reykjavik study of older adults, markedly higher PP in
women was attributable to smaller aortic diameter in
women in models that adjusted for body size and other
measures of wall stiffness.11 Furthermore, in a subsequent
study that examined aortic structure and function in detail
by using MRI, PP was shown to be related directly to aortic
wall stiffness and thickness and inversely to aortic lumen
area.33

The basis for stable or falling AI after midlife despite an
accelerated increase in CFPWV has also generated
considerable concern and confusion in the literature. One
might think that a progressive increase in CFPWV would
be associated with proportionally earlier arrival of Pb and
greater AI after midlife. However, if one looks at reflected
wave arrival time, assessed as either the timing of the in-
flection point in the central pressure waveform or as the
timing of the Pb foot following wave separation, it is
evident that an early fall in the roundtrip time prior to
midlife gives way to a plateau after midlife (Fig. 17.4).
Since CFPWV is increasing and roundtrip time is un-
changed after midlife, the distance to the effective aggre-
gate reflection site seems to increase after midlife.10

Furthermore, the global reflection factor (Pb/Pf) falls
modestly with age after midlife.12 The combination of a
modest increase in roundtrip time and a modest decrease in
global reflection factor accounts for the fall in AI.

The basis for the fall in global reflection and AI has
been attributed by some investigators to impedance
matching in the arterial system.10 In young, healthy adults,
aortic stiffness (CFPWV) is markedly lower than peripheral
artery stiffness (CBPWV). In addition, the aorta is much
larger than the first-generation muscular arteries that arise

from the aorta and supply various regional vascular beds.
Smaller diameter and higher stiffness combine to produce
markedly higher Zc in the muscular arteries as compared to
the aorta. This steep impedance gradient, due to impedance
mismatch between aorta and first-generation muscular ar-
teries, creates wave reflection that limits transmission of
pulsatile power into the muscular arteries. With advancing
age, the normally compliant aorta stiffens while the nor-
mally stiff muscular arteries dilate and possibly become
less stiff,34 leading to impedance matching between aorta
and first-generation branch vessels. The progressive in-
crease in CFPWV and unchanged CBPWV results in a
crossing of those values at midlife, coinciding with the
timing of the transition from rising to flat or falling AI,
falling global reflection factor and rising RWTT despite
increasing CFPWV (Fig. 17.3). The most straightforward
interpretation of this pattern of changes is that impedance
mismatch between aorta and first-generation muscular ar-
teries has diminished, leading to a reduction in wave
reflection.10,12 Furthermore, if proximal wave reflection at
the origin of first-generation arteries decreases, wave
reflection from more distal sites in the vasculature will
become more prominent, resulting in an increase in the
average distance to reflecting sites and an increase in
effective reflection distance computed from RWTT and
CFPWV.10 However, it has also been pointed out that (for
reasons described above), impedance matching is highly
dependent on vessel size (rather than just PWV), such that
PWV matching does not necessarily imply impedance
matching, and vice versa. Indeed, impedance matching
tends to occur even at younger ages due to well-matched
area ratios of parent and daughter vessels; therefore, in
general, the magnitude of wave reflection at individual
bifurcations (including first order aortic bifurcations) is
relatively small. More complex phenomena are likely at
play, which will require further detailed study across the
lifespan in health and disease. Theoretical and practical
considerations regarding the determinants of wave re-
flections in the arterial tree are discussed in detail in
Chapter 11.

FIGURE 17.4 Comparison of re-
flected wave transit time assessed
by the timing of the inflection point
on the carotid pressure waveform
(A) or by the timing of the back-
ward wave (BW) foot following
wave separation analysis (B). The
fall in BW foot time is more pro-
nounced than inflection point time,
but nevertheless approaches an
asymptote at midlife that is well
above zero. As a result, the distance
to the “effective” reflecting site in-
creases markedly as pulse wave velocity increases.
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One might question why the early increase in CFPWV,
prior to midlife, is associated with a reduction in RWTT
and a marked increase in AI. During this age range, aortic
Zc is falling whereas peripheral artery wall stiffness,
assessed as CBPWV, increases modestly (Fig. 17.3). Thus,
it is reasonable to assume that the aorta-peripheral imped-
ance gradient increases with age through midlife. The
greater impedance mismatch will increase the amplitude of
individual reflected waves occurring at the origins of
various branch arteries arising from the aorta. Furthermore,
shortening of the transit time will tend to synchronize
timing of wave reflection from these distributed reflecting
sites, steepening the slope of the rising edge of the aggre-
gate reflected wave and adding to apparent augmentation of
the central pressure waveform (Fig. 17.5). In light of po-
tential adverse effects on the heart and brain of central
pressure augmentation, additional research is needed to
elucidate factors that contribute to constructive and
destructive interference between reflected waves arising
from various regions in the arterial system.35

Aortic pressure-flow measures and the
heart

The normal arterial system is designed to isolate the heart,
which is a pulsatile pump, from the high impedance pe-
ripheral resistance. This isolation is achieved by interposing

the normally compliant aorta, with a low Zc and PWV,
between the heart and the network of conduit and resistance
vessels. Low Zc ensures low Pf amplitude in response to a
given forward flow wave. Low PWV is associated with
later return of a reflected Pb wave that has a blunted up-
stroke, leading to limited or negative pressure augmenta-
tion, meaning the late systolic pressure peak does not
determine central systolic pressure. As the aorta stiffens,
diffuse reflected waves return to the central aorta sooner
and are more synchronized, resulting in a steeper Pb up-
stroke and greater late systolic pressure augmentation,
which increases load on the LV and reduces stroke volume.
However, it is important to note that a normal LV is pro-
tected from the effects of late systolic pressure augmenta-
tion because late systolic LV geometry (small chamber
volume, high relative wall thickness) favors the heart,
leading to low end-systolic wall stress even if AI is high.36

Consistent with this protected late systolic geometry, in the
FHS, higher AI was not associated with LV mass or wall
thickness in models that adjusted for standard de-
mographics and CVD risk factors, including MAP.37

Similarly, Pb amplitude was not associated with LV mass or
wall thickness in models that adjusted for forward wave
amplitude, indicating that relative wave reflection was not
related to LV mass. In contrast, higher Pf, which is closely
related to aortic Zc, was associated with higher LV mass
and wall thickness. Pf peaks early in systole, when LV
geometry is unfavorable (near diastolic volume, low wall
thickness), resulting in an early peak in wall stress that is
directly proportional to Pf amplitude and Zc. Higher AI was
associated with lower fractional shortening and higher LV
filling pressures, assessed as mitral inflow early velocity
divided by mitral annulus tissue Doppler early velocity,
E/e’, suggesting that an AI-related reduction in stroke
volume was associated with a compensatory increase in
filling pressure.37 This is also consistent with the effect of
wave reflection and late systolic loading on diastolic
relaxation demonstrated in animal models38 and supported
by previous observations in the Asklepios study.39 Such
effects may explain the association between AI and incident
AF in the FHS cohort.40 For a more detailed discussion
regarding the impact of the loading sequence on the LV, the
reader is referred to Chapter 16.

Pressure-flow measures and
cardiovascular disease events

Various aortic stiffness and pressure-flow measures have
been related to incident hypertension and CVD events.41e44

The relation between hypertension and aortic stiffness is
often debated. Early studies suggested that arterial stiffness
was a consequence of longstanding hypertension that
increased stress and strain on the arterial wall and accel-
erated the aging process, leading to irreversible aortic

FIGURE 17.5 Comparison of ensemble averaged forward (solid line)
and backward (dashed line) waveforms for individuals with lowest quartile
as compared to highest quartile values for augmentation index (AI). Higher
augmentation index is associated with a wider forward wave peak and
earlier arrival of a backward wave that has a steeper rising edge. Overlap of
the rising edges of the forward and backward waves in the high AI group
results in marked augmentation of the measured pressure waveform. In
contrast, overlap of the falling edge of the forward wave with the blunted
and delayed rising edge of the backward wave results in minimal or
negative augmentation of the measured pressure waveform. Vertical lines
represent the timing of the foot of the backward wave.
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damage and stiffening. However, more recent studies have
examined blood pressure and stiffness measures at two
points in time and demonstrated that abnormal aortic
stiffness precedes the development of hypertension.43 In
contrast, in FHS participants, once baseline stiffness was
considered, blood pressure did not predict progressive
stiffening of the aorta. Thus, aortic stiffness is now viewed
as a cause rather than a consequence of hypertension,
which remains the leading cause of premature death and
disability in the world.

Higher aortic wall stiffness, as assessed by CFPWV, the
current reference standard measure of stiffness, is associ-
ated with greater risk for a major CVD event and reclas-
sifies risk in individuals at intermediate risk.44,45 The
relative risk associated with higher CFPWV is particularly
high in younger individuals,45 suggesting that CFPWV
may represent an ideal risk screening measure at an age
when aortic damage can still be mitigated or reversed with
lifestyle modification and other interventions. Greater PP,
Pf amplitude and higher aortic Zc are also associated with
higher CVD risk in models that adjust for standard risk
factors, including CFPWV (Fig. 17.6).41 In contrast, rela-
tive wave reflection, as assessed by AI or the global
reflection factor (Pb/Pf), is not associated with higher risk.
Aortic stiffness and excessive pressure pulsatility can
damage small vessels, leading to dropout and impaired

reactivity.46 The latter damage to small vessels has been
shown to partially mediate relations between aortic stiffness
and CVD events.42 Thus, stiffness of specifically the aorta
has emerged as a novel CVD risk factor that requires
consideration in risk prediction and management.

A number of studies have attempted to demonstrate that
central systolic or PP provides incremental risk prediction
over peripheral PP. However, several recent studies have
shown that in middle-aged and older adults, central and
peripheral systolic and PP are very highly correlated
(R � 0.9).16 In light of the overwhelmingly strong relation
between the variables, it will be difficult to demonstrate that
one provides incremental risk prediction over the other
when both are considered in a single risk model.17,37

However, as noted earlier, directly assessed central wave-
form features, such as AI derived by using carotid
tonometry, have been related to reduced LV fractional
shortening, elevated LV filling pressure, as assessed by the
mitral E/e’ ratio, and incident atrial fibrillation, suggesting
that greater late systolic loading of the LV by a premature
reflected wave may have important functional
implications.37,40

A few studies have derived surrogate pressure-flow
measures from pressure waveforms only by using a
Windkessel model of the arterial system. By optimizing a
normalized flow into a three-element Windkessel model, it

FIGURE 17.6 Prevalence of high
values for carotid-femoral pulse
wave velocity (A) and the primary
(P1) peak of central pressure, a
surrogate for forward wave ampli-
tude (B) in the Framingham
Offspring cohort. KaplaneMeier
plot of cumulative probability of a
major cardiovascular disease event
for groups defined by quartiles of
carotid-femoral pulse wave veloc-
ity (C). KaplaneMeier plot of cu-
mulative probability of event free
survival for groups defined ac-
cording to quartiles of true forward
wave amplitude assessed by using
waveform separation analysis (D).
For both measures of aortic stiff-
ness, prevalence increases mark-
edly with age and is associated with
very high relative risk, indicating
that disease burden attributable to
aortic stiffness will increase
dramatically over the next two de-
cades as the population ages.
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is possible to estimate a Windkessel or reservoir pressure as
well as an excess pressure. The shape of the Windkessel
pressure is closely related to the reflected pressure wave
derived by using wave separation analysis on pressure and
flow waveforms, although the amplitude is doubled.47 The
associated excess pressure is a surrogate for central aortic
flow scaled by aortic Zc, i.e., Q*Zc. In theory, the combi-
nation of Q*Zc and half of the Windkessel pressure would
represent Pf derived from pressure-flow analysis and the
other half of the Windkessel pressure would represent Pb.
Studies have variably shown that amplitudes of the excess
pressure or Windkessel pressure are or are not related to
incident CVD events.48e50

The foregoing Windkessel model has a few limitations
that require additional work to determine whether the
values have clear physiologic relevance. For example, a
standard Windkessel model has a monoexponential pres-
sure decay during diastole, when inflow is zero and outflow
occurs with a time constant equal to the product of pe-
ripheral resistance and total arterial compliance. However,
the decay of pressure is asymptotic on a terminal pressure
(Pinf) that is unknown but thought to be related to critical
closing pressure, which is the nonzero pressure at which
flow through the vascular bed stops because the resistance
vessels have occluded. Since the value for Pinf is unknown,
it is optimized based on the shape of the pressure waveform
in diastole. The problem that emerges is that optimized
values for Pinf, which nearly equal to DBP in many cases,
are much higher than physiologic values for critical closing
pressure, which should be 20 mm Hg or less.48 The reason
for the model converging on such a high value for Pinf is
quite straightforward. A monoexponential decay appears
relatively linear at values for P that are moderately removed
from the asymptote. So, if diastolic pressure is 80 mm Hg
and the true asymptotic pressure is 20 mm Hg, the fitted
diastolic pressure will appear linear and will not fit the true,
concave diastolic pressure adequately. By increasing Pinf,
the model can add concavity to modeled diastolic pressure
decay, resulting in a close fit with observed pressure.48

However, we know that an estimated Pinf that is nearly
equal to DBP is unrealistic.

An alternative interpretation of the foregoing Pinf
dilemma is that the diastolic time constant is not actually
constant. If peripheral resistance (Rp) and total arterial
compliance (C) are not constant, the time constant of
pressure decay (Rp*C) will not be constant. We know that
both Rp and C are sensitive to distending pressure, with
both values (C and Rp) increasing as pressure falls in the
physiologic range encountered during diastole. As a result,
the diastolic time “constant” will continuously increase
during diastole and the diastolic pressure decay will
therefore appear more concave than predicted from a linear
Windkessel model, resulting in excellent fitted pressures
even when Pinf is fixed at a low physiologic value. A recent

study that accounted for potential nonlinear relations of Rp
or C with distending pressure confirmed that excellent
waveform fits were possible and demonstrated relations of
Windkessel measures with events.48 In contrast, measures
derived from the standard linear Windkessel model
were not related to events. Thus, while a pressure-only
approach has considerable appeal for straightforward
point-of-care evaluation, it may be important to consider
nonlinearities when performing pressure-only analysis of
central aortic pressure-flow relations using a Windkessel
approach.

Summary

Investigations of arterial stiffness and aortic pressure-flow
relations have advanced our knowledge considerably over
the past two decades. Studies have elucidated the remark-
able ability of a normal, highly compliant aorta to limit
simultaneously the pulsatile load on the heart as well as the
small vessels. They have also demonstrated that aortic
stiffening begins early in adulthood and can be associated
with considerable excess risk well before the onset of a
marked increase in PP and SBP that occurs after midlife,
leading to the current epidemic of wide PP hypertension.
Future research will define optimal approaches to detect
and correct abnormal trajectories of arterial stiffness and
pressure pulsatility and reduce the growing burden of dis-
ease that would otherwise be attributable to adverse effects
of excessive arterial stiffness.
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Chapter 18

Hemodynamic determinants of
myocardial oxygen demand and supply
Lucia Salvi1 and Paolo Salvi2

1Medicina II Cardiovascolare, AUSL-IRCCS di Reggio Emilia, Italy; 2Istituto Auxologico Italiano, IRCCS, Cardiology Unit, Milan, Italy

Myocardial ischemia results from an imbalance between
oxygen supply and demand. The ischemic myocardial
damage or acute myocardial infarction (MI) related to
atherosclerotic plaque rupture, ulceration, or erosion with
resulting intraluminal thrombus in coronary arteries is
certainly the best known and most studied type of cardiac
ischemic event (Type 1 MI).1 However, often ischemic
myocardial damage or acute MI does not correspond to a
significant hemodynamic obstruction of the coronary
arteries, and can be caused by a functional imbalance
between myocardial oxygen supply and demand (Type 2
MI).1,2 The latter type of myocardial ischemic damage
occurs due to numerous and very different etiopathogenetic
mechanisms (Fig. 18.1), such as a fall in arterial oxygen
content (severe anemia or hypoxemia), an insufficient
blood flow to the myocardium in relation to the myocardial
oxygen needs, arrhythmias, hypotension, coronary artery
spasm, coronary microvascular dysfunction, or sponta-
neous coronary artery dissection.3e5 All these above
conditions can also lead to myocardial ischemic cell
injuryddetected as an increase in circulating biomarkers of
myocardial damagedwithout however resulting in
cardiomyocyte necrosis: these cases are referred to as
myocardial injury, rather than MI.1 Type 2 MI and
myocardial injury are rather frequently seen in clinical
practice and both are related to a poor outcome. Both are
due to the same pathogenetic mechanism: the presence of a
mismatch between myocardial oxygen supply and its
consumption.

The heart is a muscular organ similar to a volumetric
pump, as it develops its action through the alternative filling
and emptying of a closed volume. During the cardiac cycle,
a lower amount of energy is used to ensure the ventricular
pump function; most of the energy consumption develops
tension in the myocardial fibers and keeps them in this
state, in addition to the occurrence of the reactions of the

basal metabolism and the excitation-contraction processes.6

The medium total myocardial oxygen consumption
(MVO2) under basal conditions is 250 mL/min, and may
rise up to 3e4 L/min during physical activity. The greater
the energy demands of the myocardium, the greater the
blood flow must be, vice versa, the discrepancy between the
two factors may lead to MI or myocardial damage.

In this chapter, we discuss the determinants of
myocardial supply, demand and the balance between the
two. The reader is referred to Chapter 39 for a discussion of
the role of arterial stiffness and pulsatile hemodynamics in
coronary artery disease.

Myocardial O2 demand

The heart muscle needs oxygen for two reasons: an
external, volumetric work, that is the mechanical activity
that allows the pumping of an adequate amount of blood
into the aorta, and an internal work, given both by the set
of metabolic processes required for muscle metabolism
and by the energy needed to develop the tension of the
cardiomyocytes. About 75% of myocardial energy is used
in processes to ensure the myocardial muscle contrac-
tion.7,8 This mostly reflects ATP splitting associated with
cross-bridge splitting during the isovolumic contraction
and ejection phases of the cardiac cycle. A smaller amount
of ATP is also consumed for calcium confiscation at the
end of each contraction. The largest part (approximately
50%) of the MVO2, occurs during the isovolumic
contraction phase of the cardiac cycle, which has high
energy demand.9

The amount of energy, and therefore oxygen, needed to
perform both functions depends on:

� left ventricular afterload,
� systolic wall stress,
� heart rate,
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� contractility,
� depolarization,
� shortening against load (Fenn effect),
� supporting the state of activity,
� maintenance of cell viability in basal conditions.

Among these, heart rate, systolic pressure (or more
specifically, myocardial wall stress which depends on both
left ventricular pressure and instantaneous geometry), and
left ventricular contractility are the major determinants
of myocardial oxygen consumption. If any of these
determinants doubled, coronary flow would need to
increase by approximately 50%.10 We next analyze these
factors in detail.

Left ventricular afterload

Work (W), in physics, is the product of the component of the
force (F) in the direction of the displacement and the
magnitude of the displacement (d) caused by the force
(W ¼ F � d). The energy used to perform cardiac work is
evaluated by measuring the consumption of O2. In rest con-
dition, an average O2 consumption of 0.08e0.10 mL/g/min
can be considered: in practice, a heart weighing 300 g con-
sumesw24e30 mLO2/min, only for volumetricwork. Since
pressure (P) is defined as a force acting on a surface (A), work
is defined as the product of the volume of fluid (V) and the
pressure required to move the fluid

Work ¼ F� d ¼ P� A� d ¼ P� V

Therefore, ventricular stroke work can be estimated as
the product of mean intraventricular systolic pressure
during ejection and stroke volume (SV). In a normal heart,
mean intraventricular systolic pressure can be approxi-
mated by the mean aortic systolic pressure (MAP). Thus:

Left Ventricular Stroke Work ¼ MAP� SV

Stroke work is thus best represented by the ventricular
pressure-volume diagrams, where stroke work is the area
within the pressure-volume loop. This area represents the
external ventricular work to eject blood into the aorta. The
mean arterial pressure therefore represents one of the major
elements on which cardiac work depends, so much so that
arterial pressure is taken as a useful surrogate of left ven-
tricular afterload in clinical practice.11 However, the pul-
satile aspect of afterload, and the pressure distribution in
systole versus diastole (both of which impact MAP) also
has an important effect on afterload, particularly
in situations of aortic stiffening with high pulse pressure.
Myocardial afterload is also highly related to the stress on
myocardial cells. The afterload on individual muscle fibers
can be expressed as ventricular wall stress.

Systolic wall stress

Myocardial wall stress is another major critical determinant
of MVO2, so much so that if the tension of the myocardial
wall doubles, MVO2 doubles. The wall stress is the
intensity of the force on the muscular wall which, extended
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by the volume it contains, would tend to shorten the ven-
tricular circumferences. Being determined by the volume
from which the ventricle is extended in end-diastole, wall
stress is an expression of preload. It is proportional to the
state of deformation to which the parietal myocardium is
subjected, therefore it depends on endoventricular pressure,
radius of the circumference, and thickness of the wall
itself.12 From a mathematical point of view, the relationship
between these components is described by the Laplace
law:9e14

From this formula, it can be deduced that the moment of
maximum wall stress in the cardiac cycle is the protosystole
(i.e., early systole): in fact, at that point of the cardiac cycle,
there are the largest endocavitary dimensions, and the
smallest wall thickness (as discussed in more detail in
Chapter 16).15 From the above formula, we can derive
another concept: the origin of concentric hypertrophy in the
presence of chronic overload. If the wall stress per unit of
myocardial mass is reduced with increasing wall thickness,
the consumption of oxygen per unit of myocardial mass is
also reduced. However, this is only an apparently
compensatory mechanism. Actually, if the consumption of
oxygen per unit of myocardial mass decreases, on the other
hand, there is an increase in the global mass, therefored
due to the mechanisms discussed in the next
paragraphsdan increase in global O2 consumption results.

Heart rate

The factors previously described provide their contribution in
determining the myocardial oxygen need for each cardiac
contraction. It is therefore intuitive that the greater the number
of contractions the heart performs per minute, the greater the
energy required.Moreover, heart rate is inversely proportional
to the diastolic time,which, aswewill see below, is the interval
in which subendocardial perfusion occurs. Therefore, para-
doxically, the increase in heart rate, even though it requires a
higherMVO2 perminute, is inevitably associatedwith a lower
oxygen supply to the heartmuscles. In athletes and individuals
trained to perform sustained aerobic activity, the heart de-
velops different mechanisms to support the increased demand
without such a marked increase in heart rate, such as
increasing cardiac contractility.

Contractility

Together with preload and afterload, contractility consti-
tutes the third determinant of cardiac output. The ability to
develop muscular tension depends on the efficiency of the
sarcomere, originating from the number of actin-myosin
interactions present simultaneously and the speed with
which the interactions occur.

As in the other striated muscles, these processes are
mainly regulated by calcium (Caþþ): at the passage of

the action potential that depolarizes the cell, there is an
impressive entry of Caþþ, which constitutes up to
10%e50% of the intracytoplasmic pool; to this quantity is
added the Caþþ released by the sarcoplasmic reticulum
mediated by concentration-sensitive Caþþ channels
(ryanodine receptors, RyR2). This “calcium wave” gives
rise to an endergonic reaction: the chemical energy,
supplied by ATP, is converted into mechanical energy,
activating the actin-myosin lever system. A repetitive
interaction of the transverse bridges with the actin filaments
is required to achieve appreciable shortening during
contraction. Then, each transverse bridge must attach,
rotate, detach, and then reattach at a more distant point of
the thin filament. The contractile cycle therefore requires at
least four stages, each of which is accompanied by the
hydrolysis of one or more ATP molecules, a reaction that
requires the consumption of oxygen to take place.
Relaxation also requires ATP hydrolysis, in the dissociation
of actin-myosin bridges.

From all these elements, it can be understood how much
the oxygen consumption necessary for the hydrolysis of
ATP that allows the muscle contraction itself to function is
not a negligible energy expenditure in sustaining the heart
pump. Luckily for us, the heart muscle is a machine with a
good performance, in fact no more than 30%e50% of this
energy is dissipated as heat. Importantly, the relative
amount of O2 consumed during the cardiac cycle that is not
transformed into mechanical activity is highly variable
between individuals, which has important implications for
our understanding of the limitations of the left ventricular
pressure-volume area as an indicator of myocardial O2
consumption when comparisons are made between
individuals (as discussed in more detail in Chapter 15).

Myocardial Wall Stress ¼ Left Ventricular Cavity Pressure
1
3
ln

�
1þ Ventricular Wall Volume

Ventricular Cavity Volume

�
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Depolarization

The action potential wave triggers the entry of Caþþ into the
cell, but also the propagation of the action potential itself
requires a certain energy requirement, and therefore oxygen
consumption. In fact, the passage of the depolarization wave
occurs upon activation of the voltage-dependent counter-
concentration channels that pump Caþþ out of the myo-
cyte. It has been studied that in a cardiac cycle the amount of
oxygen necessary for the depolarization of the whole heart is
approximately 0.5% of the MVO2 consumed by a healthy
heart.16

Shortening against load (Fenn effect)

When a muscle contracts isometrically, it produces a certain
amount of heat, which increases if the contraction occurs
against a load: this effect is called the Fenn effect.17

Cardiac mechanics is an example of a contraction against
load, consisting of the blood volume that must be pumped
into the aorta. During shortening, the force exerted and the
energy it consumes are greater when there is a greater load;
the muscles will therefore have to mobilize a greater
amount of energy, or a greater MVO2. More heat than
expected in vitro is actually produced in vivo at the end of a
contraction against load. This heat is called “recovery heat”
and is due to the metabolic processes that regenerate the
compounds used for contraction, which essentially depend
on oxidation reactions.

Supporting the state of activity

The energy we discussed in the previous paragraphs can
only be released from the sites where muscle tension is
generated. In other words, it is necessary that a certain
number of ATP-dependent reactions occur that allow the
persistence of a minimum number of bridges between thick
and thin filaments for the contractile elements to exert a
certain constant tension.

Maintenance of cell viability in basal
conditions

As in all animal tissues, chemical reactions continuously
occur in the myocardium, which serve to maintain cellular
integrity. Among these there is, for example, cellular
respiration, which is associated with a certain production of
heat, defined as resting heat, or internal work. This oxygen
consumption cannot be reduced: the efficiency of internal
work is the first element on which the well-being of the
entire organ depends. MVO2 represents 5%e8% of resting
metabolism, equivalent to about 10 mL of oxygen per
100 g of ventricular mass.

Myocardial O2 supply

In general, tissue perfusion is kept constant to ensure a quick
and efficient transport of oxygen, nutrients, and waste
material between the intravascular and extravascular space.
However, tissue perfusion in the myocardium is not constant
and depends on the cardiac phase and the thickness of tissue
considered. Coronary flow occurs mostly during ventricular
diastole (Fig. 18.2), as during ventricular systole, it is
severely diminished by vessel compression from the
myocardial contraction and other factors discussed below.

In undamaged coronary artery condition, the blood
supply to the myocardium mainly depends on four factors:

� the coronary diastolic blood pressure, which in the
absence of coronary artery disease is equal to the dia-
stolic pressure in the ascending aorta,

� the intra-vessel pressure gradient present in diastole be-
tween the coronary ostium and their terminal branches
at the subendocardial level,

� the left ventricular intracavitary pressure,
� the duration of diastole.

At the beginning of the isovolumic systole, there is a
sudden and rapid rise of the ventricular pressure curve, and,
at the same time, an instantaneous interruption of the cor-
onary flow, as the semilunar valves are still closed. This
systolic flow stop is due to the sum of two extravascular
compressive forces: (a) the pressure caused by the
contraction of myocardial muscle on the intracardiac ves-
sels and (b) the intraventricular pressure transmitted to the
myocardial wall. This compressive pressure is maximum at
the subendocardial layers, reaching values close to zero at
the subepicardium.

As such, blood flow to subendocardial layers is virtually
absent in systole, even though subepicardial layers remain
perfused. Subendocardial perfusion therefore occurs
mostly, if not completely, during diastole. It is therefore
easy to understand the crucial role of two factors in
maintaining the viability of the subendocardium and an
efficient contractile function of left ventricle: (i) the dura-
tion of the diastolic phase and (ii) the perfusion (aortic)
pressure in diastole. Diastolic time is close related to heart
rate,18 so, in conditions of hemodynamic instability, a
rapid increase in heart rate can cause a dramatic fall in
myocardial perfusion.

For a given heart rate, subendocardial perfusion largely
depends on the coronary diastolic pressure. In absence of
coronary hemodynamically significant stenosis, the diastolic
pressure in coronary arteries is equal to diastolic pressure in
the ascending aorta. At the level of the subendocardial
layers, perfusion is however opposed by the intracavitary
pressure of the left ventricle. Therefore, subendocardial
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coronary flow depends on the pressure gradient in diastole
between the coronary artery intravascular pressure and left
ventricular diastolic pressure.

The wave intensity analysis (WIA) seems to be a
promising tool in clarifying the dynamics in coronary blood
flow and to characterize the interaction between myocar-
dium and coronary blood flow at each point within the
cardiac cycle. The wave intensity is defined as the product
of the change in pressure (dP) times the change in flow
velocity (dU), at a particular point in the cardiac cycle,
during a defined time interval (dt); i.e., WI ¼ (dP/
dt) � (dU/dt). WIA is a time-domain analysis. On the basis
of recordings of coronary arterial pressure and velocity,
WIA correlates pressure and flow in the aorta and in the
coronary artery instant by instant, through the analysis of
direction, intensity and type of waves present in a given
point of the coronary circulation,19 estimating the role of
forward and backward waves at every time during the
cardiac cycle.20

WIA helps to better understand the different flow
waveform between the ascending aorta and coronary
arteries, as evident in Fig. 18.2. The coronary flow velocity
waveform has a particular and original feature. Left
ventricular systolic contraction greatly increases coronary
resistance to antegrade flow, thereby preventing a signifi-
cant increase in coronary flow velocity during systole and
inducing backward compression waves. During early

diastole, the re-expansion of the intramyocardial blood
vessels, which are compressed by ventricular contraction
during systole, generates a backward decompression wave
sucking blood into the coronary artery from the distal
vessel, causing an accelerative force on blood flow,
coinciding with the fall in intracoronary pressure.21

Bender et al.,22 studying variations of coronary blood
flow during exercise in large-sized animals, supported the
diastolic nature of coronary flow and showed two moments
of retrograde flow. The first of these is present at rest and is
named early retrograde coronary blood flow, as it is located
at the isovolumic systole; at this point in the cardiac cycle,
the inversion of flow increases with cardiac contractility and
coronary blood volume and decreases as the aortic pressure
(coronary perfusion pressure) rises. The second moment,
named late retrograde coronary blood flow, appears during
moderate exercise (walking at 5 km/h) and is concomitant
with the widening of the anterograde aortic decompression
wave. Both the early and the late retrograde coronary blood
flow increase with the intensity of physical exercise.

Diastolic pressure decay

In addition to the value of the telediastolic (i.e., late dia-
stolic) pressure, a fundamental determinant of the sub-
endocardial flow is the decay of blood pressure during
diastole23: the speed and the mode by which the pressure
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decreases during the diastolic phase of cardiac cycle. The
gradual reduction of blood pressure during diastole may
be described using an exponential decay curve, by the
equation:

PðtÞ ¼ P0e
�lt;

where P0 is the diastole starting pressure, t is the interval
from the beginning of the diastole, and l is the exponential
decay constant. The shape of this hypothetical decay is
related with aortic characteristics.

Arterial stiffening affects the decay in blood pressure
during diastole in at least two ways. Reducing the Wind-
kessel effect results in a rapid reduction in diastolic blood
pressure, so in a rapid diastolic decay.24 On the other hand,
the early arrival of backward (reflected) waves to the
ascending aorta during the systolic phase leads to a further
rapid decay of blood pressure in diastole. A rapid diastolic
pressure decay is associated with lower values of mean
diastolic blood pressure. Since subendocardial oxygen
supply depends on the area below the diastolic phase of
arterial pulse waveform in ascending aorta, a rapid decay
of blood pressure in diastole is associated with lower
subendocardial oxygen supply.25

Coronary blood flow regulation

The ATP consumption to provide energy to the myocar-
dium is reconstituted by oxidative phosphorylation from
different energy substrates, especially fatty acids. The
myocardium possesses a high aerobic metabolism,
demonstrable by the large number of mitochondria present
in the tissue. Actually, it is not able to use anaerobic
glycolysis, except for short periods of time, and therefore
the myocardial metabolism depends on an adequate and
continuous supply of O2. In the myocardium, the extraction
of O2 is, under basal conditions, about 8e10 mL/min/100 g
of tissue, which corresponds to w75% of the amount
contained in the arterial blood. Since extraction is particu-
larly high, increases in myocardial O2 consumption must be
met mainly by an increase in coronary flow.

Different mechanisms affect the regulation of blood
flow to the myocardium, depending on the increased or
reduced energy needs. We now mention the most relevant
elements among these:

Coronary self-regulation

First, the coronary circulation is able to respond to rapid
and abrupt hemodynamic changes in the cardiovascular
system while maintaining organ perfusion at constant
levels, despite changes in thrust pressure present in the
ascending aorta: this flow stabilization capability is called
self-regulation.26 Perfusion in normal myocardium can be
kept relatively constant over a wide range of mean pressure

values in the aorta, ranging from about 130 to 40 mmHg.
Exceeding the lower or upper limit of this range, the
flow respectively decreases or increases very quickly,
exposing tissues to a considerable risk of ischemia, even at
rest.27

In the case of chronic hypertension and left ventricular
hypertrophy, the pressure range in which it is present
effective self-regulation is strongly reduced, especially at
the subendocardium. In the second case, the limitation is
also due to the reduction of the capillary density, which
reduces the absolute maximum increase in blood supply for
each gram of heart tissue in the setting of increased oxygen
demand.10

Endothelial vasoactive mediators

The endothelium is one of the main elements regulating the
supply of oxygen to the heart tissue. It performs this
function by producing both powerful vasodilators (EDRF,
NO, and EDHF) and vasoconstrictors (ET-1). Under
physiological conditions, the endothelium produces vaso-
dilators when the metabolic demands are elevated, such as
during physical exercise, cold, tachycardia, and mental
stress. An altered vasomotor response characterized by a
lack of increase or even a decrease due to paradoxical
vasoconstriction occurs with endothelial dysfunction.
Endothelial dysfunction is very common in subjects with
increased cardiovascular risk, such as systemic arterial
hypertension. In fact, endothelium-dependent vasodilation
is particularly important in the smaller vessels, that is, in the
resistance vessels: these, although normally not directly
affected by atherosclerotic processes, are strongly
compromised in endothelial dysfunction.10 A number of
studies suggest that endothelial dysfunction and acute
microcirculatory dysfunction may play a central role in
Takotsubo syndrome.28

Metabolic regulation

The products of the cardiac aerobic metabolism released by
the myocardium are other indicators of the muscle’s need
for oxygen. Adenosine is the main myocardial signal: its
accumulation indicates a lack of substrates for mitochon-
drial oxidative phosphorylation; therefore, it is a signal of
the need to increase the oxygen supply, and indeed exhibits
potent vasodilatatory activity. Other vasoactive factors with
similar action released by the myocardium are nitrogen
monoxide, prostaglandins, and potassium ions.

Arterial oxygen content

Myocardial oxygen supply depends not only on coronary
blood flow but also on the arterial oxygen content.29,30

Even in the presence of satisfactory subendocardial flow, a
reduction in the amount of oxygen in the blood due to
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severe anemia or hypoxemia can compromise the oxygen
supply to the subendocardium. When considering the
myocardial oxygen supply, it is therefore always necessary
to consider the two components: the flow supply and the
oxygen supply.

The arterial oxygen content (CaO2) is the total amount
of oxygen in 1 dL of blood. Considering that each g/dL
hemoglobin (Hb) can carry 1.34 mL of O2 and 0.0031 mL
of O2 are dissolved in 1 dL of blood for every 1 mmHg of
arterial O2 tension (pO2), CaO2 can be estimated by:

Aortic stiffness

In the previous paragraph we described the hemodynamic
cardiac components that play a direct role in determining
the O2 supply and demand ratio at myocardial muscle. Now
it is necessary to consider another key determinant in the
process: the aorta. Aortic function and cardiac-aortic
coupling in fact profoundly influence the subendocardial
MVO2 balance, both in healthy subjects and with cardio-
vascular pathologies.

Watanabe et al.31 described clear signs of regional
myocardial dysfunction and a reduction in coronary flow
reserve following a mechanical increase in aortic stiffness.
These researchers reduced aortic distensibility in dogs by
banding the thoracic aorta with adjustable plastic rings and
studied the changes in coronary flow. Even in the absence
of coronary stenosis, decreased aortic compliance was
shown to be associated with inadequate subendocardial
oxygenation, which could be further impaired in the
presence of coronary stenosis.32 Indeed, as discussed
throughout this textbook, the aorta and large arteries play a
major role in the regulation of blood pressure and periph-
eral blood flow (Fig. 18.3). It is well known that large
arteries not only have a passive function in relation to the
transfer of oxygenated blood from the heart to the periphery
but also exert an important buffering function, as they are
able to “cushion” left ventricular SV due to their visco-
elastic properties. Aorta and large arteries have the task of
damping the pulsatile output of the left ventricle and switch
the intermittent systolic ejection into continuous blood flow
at the capillary level. This be intuitively explained with the
“Windkessel phenomenon”: after ejection of SV and
closure of the aortic valves, a great quantity of blood
remains “stored” in the aorta and large arteries; the
potential energy stored in the walls of the aorta in systole
then turns into kinetic energy in diastole, pushing the stored
blood into the bloodstream: the aorta behaves like a sort
of “diastolic pump” after the aortic valve closure.

The resulting alterations in the viscoelastic properties of the
arterial system cause a stiffening in the arterial wall and a
distensibility reduction in the aorta and large arteries. Under
these conditions, the amount of SV stored by the aorta
during the systolic ejection time decreases, even drastically
whereas most of the blood ejected at each systole is
“pushed” directly toward the periphery of the vascular
system. However, hemodynamic phenomena in the arterial
tree are more complicated, since they include the effects
of wave travel through the arterial wall at a finite wave

velocity, as well as wave reflections throughout the arterial
tree.

In general, increased aortic stiffness has three
consequences that impact coronary supply/demand:

l increase in systolic blood pressure,
l decrease in diastolic blood pressure,
l increase in pulse wave velocity.

Increase in systolic blood pressure

Increase aortic stiffness leads to increased pulsatile load
and an increase in systolic blood pressure (when left
ventricular function is normal). If systolic load is elevated,
the left ventricle must contract more energetically to
maintain adequate SV, which can only be generated at a
higher systolic pressure. Thus, an increase in systolic blood
pressure related to an increase in left ventricular afterload is
intimately linked to a rise in cardiac work and consequently
to an increase in MVO2. The development of left ventric-
ular hypertrophy and progression toward the resulting left
ventricular failure predispose to an increase in left
ventricular diastolic pressure and to a prolongation in
isovolumic contraction time, further reducing the diastolic
subendocardial pressure gradient and perfusion time: this
lead to a reduction in subendocardial oxygen supply.

Decrease in diastolic blood pressure

A reduced diastolic pressure in the ascending aorta may
lead to a reduction in subendocardial diastolic blood flow.33

In the absence of coronary hemodynamically significant
coronary stenosis, the diastolic pressure in coronary arteries
is equal to diastolic pressure in the ascending aorta. In fact,
subendocardial coronary flow does not depend only on
diastolic time but also on aortic diastolic pressure and on
the pressure gradient in diastole between coronary arteries
intravascular pressure and left ventricular pressure.

CaO2ðmL O2 = dLÞ ¼ ðO2 carried by HbÞ þ ðO2 in solutionÞ ¼ 1:34 Hb� O2saturationþ 0:003 pO2
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Increase in pulse wave velocity

The pressure and flow at the ascending aorta are the result
of two main components: a forward and a backward
(reflected) component, given numerous reflection sites
present at the periphery of the tree arterial tree. In the
presence of high aortic stiffness, there is an earlier super-
imposition of the two waves, in early-to-mid systole,
producing a further increase in systolic blood pressure and
pulse pressure values.

The myocardial oxygen supply: demand
index

Currently, for the diagnosis of myocardial ischemia, we
have specific and sensitive biomarkers available and diag-
nostic investigations are more and more accurate. While the
diagnostic imaging ensures an accurate identification of

obstructive coronary artery disease, oxygen arterial content
is clearly quantifiable and arrhythmias can be easily
recorded, we have few tools available readily assess
hemodynamic imbalances between myocardial oxygen
supply and demand.

At the beginning of the 70 s, G.D. Buckberg and J.I.E.
Hoffman introduced a useful index to assess cardiac
ischemic risk that reflects the relationship between sub-
endocardial oxygen supply and demand, also known as the
Buckberg index or SEVR (subendocardial viability ratio).
This index was defined by analyzing left ventricular and
aortic pressure curves during invasive studies on large an-
imals and humans. In truth, already in the late 1950s, S.J.
Sarnoff and E. Braunwald focused their studies on oxygen
consumption of canine heart, highlighting how the product
of the aortic mean pressure during the systolic phase and
the duration of systole (TTI, the tension time index)
represents a reliable index of total tension developed by the
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myocardium per beat. The area beneath the systolic portion
of the aortic pressure curve was then used as an index of the
actual myocardial fiber tension, showing a close correlation
with myocardial O2 utilization.34,35 Buckberg and Hoff-
man, taking advantage of these previous studies, tried to
formulate an index capable of helping the clinician in the
diagnosis of subendocardial ischemia in the absence of
anatomical obstruction of the coronary arteries, resulting
from a discrepancy between metabolic needs and available
blood supply.

Whereas the analysis of the systolic phase of the ven-
tricular pressure curve provides an indication on the
myocardial oxygen requirement, the analysis of the dia-
stolic phase provides indications on the oxygen supply to
the myocardium (Fig. 18.4).

As stated above, the area below the ventricle pressure
curve during the whole systolic phase, from the onset of
ventricular systole to the dicrotic notch, is closely related to
myocardial oxygen demand.29 This area is known as
systolic pressure-time index (SPTI, analogous to the
Sarnoff’s TTI) and includes both isovolumic contraction
time and left ventricular ejection time.29 SPTI mainly
depends on left ventricular ejection time, ejection pressure,
and myocardial contractility. If we multiply SPTI by the
heart rate, we obtain a surrogate of the left ventricular
oxygen requirement per minute.

The area between aortic and ventricular pressure curve
during the diastolic phase DPTI (SPTI) is closely related to
the blood supply to the subendocardium. DPTI mainly
depends on the coronary arterial diastolic pressure,36 the
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pressure gradient in diastole between coronary arteries and
left ventricular pressure, and the duration of diastole.37

These two areas therefore reflect subendocardial oxygen
supply (DPTI) and demand (SPTI), and their ratio is a
useful index of supply/demand:

DPTI
SPTI

¼ Supply
Demand

Buckberg index corrected for cardiac mass

In the presence of myocardial hypertrophy, it is to be
noticed a reduction of capillary density, that in an oxygen
supply/demand ratio inevitably increases the denominator,
resulting in a reduction of the final outcome. In order to
improve the estimation of SPTI, recently Hoffmann and
Buckberg38 suggested to multiply SPTI by the relative left
ventricular mass index (rel.LVMI) as determined by
echocardiography. Thus, Buckberg index can be rewrite as
follows:

Buckberg index ¼ DPTI
SPTI� rel.LVMI

Buckberg index corrected for arterial O2

content

In the evaluation of the oxygen supply to the sub-
endocardium, it has been taken in account the oxygen
content of in arterial blood: the blood flow, being equal, the
supply of oxygen can be significantly reduced in hypoxic
hypoxia conditions as in the case of anemia, hypoxemic
respiratory failure, or hypobaric hypoxia. Under these
conditions, it is appropriate to correct the Buckberg index
multiplying DPTI for arterial O2 content (CaO2).

30

Therefore the Buckberg index should be rewritten more
correctly as:

Buckberg index ¼ DPTI� CaO2

SPTI� rel.LVMI

Reference values for the Buckberg index

For Buckberg index values less than 0.45, the ratio between
subendocardial flow and subepicardial flow, per gram, is
reduced in the left ventricle as a signal of insufficient sub-
endocardial vascularization.29,30,39 However, due to the

coronary autoregulation, above this value, a linear relation-
ship between Buckberg index and coronary blood flow does
not exist. Indeed, for values greater than 0.45, the degree of
subendocardial vascularization remains almost constant and
the ratio between subendocardial flow and subepicardial
flow, per gram, remains within the reference range.

Since oxygen supply to the subendocardium depends
not only on coronary blood flow but also on the arterial
oxygen content, it is also necessary to consider the critical
threshold of Buckberg index in relation to the arterial ox-
ygen content (Buckberg index � CaO2). According to this
formula, the “critical” value for Buckberg index corre-
sponds to 9.0. Buckberg index � CaO2 values are
associated with insufficient oxygen supply to the sub-
endocardium, in relation to its needs.

Buckberg index estimated by arterial
tonometry

Evaluation of the myocardial oxygen supply and demand
ratio, as described by Buckberg and Hoffmann, however,
requires invasive catheterization, and this has been the most
important limitation to its application in clinical practice.
The introduction of transcutaneous arterial tonometry pro-
vides a useful approach to noninvasively determine the
subendocardial oxygen supply:demand ratio through a
simple, fast, well tolerated by the patient, reproducible, and
extensively validated procedure.40e42

A reliable pressure waveform of the ascending aorta can
be directly recorded from the common carotid artery
waveform, or estimated from the radial artery waveform,
using a transfer function. At present, transcutaneous
applanation tonometry is considered the reference method
for the noninvasive estimation of central blood pressure and
for central pulse wave analysis.43 All devices available on
the market using the method of applanation tonometry
provide values of Buckberg’s index on the basis of the
analysis of the central pulse waveform. DPTI is evaluated
by these tonometric system as the area under the diastolic
portion of the blood pressure wave and is obtained by
multiplying the mean value of blood pressure during the
diastolic phase of cardiac cycle by the diastolic time. SPTI
is evaluated as the area under the systolic portion of the
pressure wave, obtained by multiplying the mean value of
blood pressure during the systolic phase of cardiac cycle by
the left ventricular ejection time.44

In summary:

Buckberg index by arterial tonometry ¼ Aortic Mean Diastolic Blood Pressure� Diastolic Time
Aortic Mean Systolic Blood Pressure� Ejection Time
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The noninvasive estimation of Buckberg index by
means of tonometric analysis of the central pressure
waveform is unable in the presence of a stenosis to the
aortic valve outflow. Fig. 18.5 shows examples of
unreliable estimation of Buckberg index in the presence of
aortic stenosis and obstructive cardiomyopathy.

Limits in Buckberg index estimation by arterial
tonometry

However, the method used by arterial tonometry to assess
Buckberg index provides an unreliable estimate of the
balance between subendocardial oxygen supply and

demand.39 A recent study, comparing invasive and non-
invasive method to assess Buckberg index, showed an
average overestimation of tonometric Buckberg index
values of 0.44 � 0.11 (limits of agreement of differences:
0.23e0.65).45 A number of factors can cause this discrep-
ancy (Fig. 18.6).

First, the estimation of subendocardial flow supply
(DPTI) by the tonometric approach leaves out left ven-
tricular diastolic pressure. The true estimation of diastolic
myocardial O2 supply involves the inclusion of the area
between aortic and left ventricular pressure curve during
the diastolic phase of the cardiac cycle. Indeed, intraven-
tricular pressure, which is fully transmitted to the
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FIGURE 18.5 Unreliable estimation of Buckberg index in the presence of severe aortic stenosis (upper panel) and obstructive cardiomyopathy (lower
panel). Left ventricular (LV) pressure (blue line) and aortic arterial pressure (red line) were recorded by invasive catheterization; carotid arterial pressure
(black line) was recorded by applanation tonometry. The light blue area shows diastolic pressure-time index (DPTI) and the salmon area shows systolic
pressure-time index (SPTI). Buckberg index was calculated as DPTI and SPTI ratio. ICT, isovolumic contraction time; IRT, isovolumic relaxation time;
LVET, left ventricular ejection time.
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subendocardial layers, opposes the flow in the sub-
endocardial microcirculation during the whole diastole.
While in young healthy individuals, the weight of left
ventricular diastolic pressure may be negligible due to the
low values of intracardiac pressure; on the other hand, in
patients with valve disease, diastolic dysfunction or heart
failure, characterized by increased left ventricular diastolic
pressure, neglecting intraventricular diastolic pressure
causes an overestimation of the DPTI, therefore of the
Buckberg index values.

Second, the estimation of myocardial oxygen demand
(SPTI) requires analyzing the blood pressure curve during
the entire systolic phase. This presupposes the analysis of
both periods that make up systole: isovolumic contraction
time and ventricular ejection time. Conversely, the tono-
metric estimation of myocardial oxygen demand takes into
account only the left ventricular ejection time, totally
ignoring the isovolumic contraction time, with a conse-
quent underestimation of SPTI. On the other hand,
isovolumic contraction time is considered in DPTI deter-
mination, with a consequent overestimation of DPTI.
Actually, during isovolumic contraction, time left ventricle
develops an important contractile activity, which results in
a significant consumption of O2. It is therefore evidently
incorrect to consider this time as a period of oxygen supply
to the subendocardium. If in young healthy individuals the
weight of ventricular activity during isovolumic contraction
time may be negligible due to the low ratio between
isovolumic contraction time and ejection time, on the
contrary, a misleading evaluation of the isovolumic
contraction time induces a significant overestimation of the
Buckberg index in the elderly and in patients with heart
failure. Indeed, these patients are characterized by high
isovolumic contraction time/ejection time ratio.

Third, the tonometric Buckberg index inappropriately
includes the isovolumic relaxation time in the assessment of
the DPTI. However, blood flow to the subendocardium
during this phase of diastole is limited and increases very
gradually. The full insertion of the isovolumic relaxation
time within the analysis of the oxygen supply to the
subendocardium can generate an overestimation of the
DPTI, therefore of the Buckberg index.

Fourth, the close dependence of Buckberg index is
estimated by tonometry on the diastolic time and ejection
time ratio.46,47 The formula used by tonometers to assess
Buckberg index can be rewritten as follows:

Buckberg index ¼ Aortic Mean Diastolic BP
Aortic Mean Systolic BP

� Diastolic Time
Ejection Time

However, the ratio between mean diastolic and mean
systolic blood pressure in the aorta presents a limited
interindividual variability which makes this parameter
insignificant in determining interindividual differences in
Buckberg index values.46 In a large population, our
research group found values of this ratio between 0.60 (fifth
percentile) and 0.80 (95th percentile). This misleading
simplification of the supply and demand ratio therefore
implies that tonometry systems provide Buckberg index
values between 60% and 80% of the diastolic time/ejection
time ratio, i.e., Buckberg index ¼ diastolic time/ejection
time � (0.60O 0.80). These data may erroneously lead to
the conclusion that the evaluation of the tonometric Buckberg
index can reasonably be replaced by the simple measurement
of the diastolic time/ejection time ratio.29 Actually, interin-
dividual variability in hemodynamics induces marked
variations in the mean pressure during both the systolic and
diastolic phases of the cardiac cycle and the relationship
between myocardial oxygen supply and demand is strongly
affected by these different blood pressure levels.

Buckberg index estimated by arterial
tonometry and echocardiography

Evaluation of the myocardial oxygen supply and demand
ratio by means of tonometry associated with echocardiog-
raphy can theoretically be useful in overcoming the limits
in the estimation of Buckberg index by means of arterial
tonometry alone. Echocardiography can in fact offer useful
information on ventricular diastolic pressure, providing the
value of the end-diastolic pressure. However, the values of
the ventricular end-diastolic pressure do not correspond
to the values of the ventricular mean diastolic pressure,45

and the overestimation of Buckberg index values by
tonometry is only partially due to the neglect of the role of

male (Do.St.), 62 years old. Aortic pulse wave velocity ¼ 10.4 m/s. Drawings on the right (2) were recorded on an adult female (Ma.EL.), 80 years old.
Aortic pulse wave velocity ¼ 25.0 m/s. First line (A): invasive Buckberg index assessment. DPTI represents the area between the aortic and left
ventricular pressure curves in diastole; SPTI represents the area under the systolic left ventricular pressure curve, including left ventricular isovolumic
contraction time. Second line (B): “traditional” tonometric Buckberg index: DPTI is the area below the carotid pressure curve during diastole, including
also the left ventricular isovolumic contraction and relaxation times; SPTI is the area below the carotid pressure curve during systole, excluding the left
ventricular isovolumic contraction time. Third line (C): Buckberg index estimated by applanation tonometry associated with echocardiography. DPTI is
the area below the carotid pressure curve during diastole to which the area corresponding to the left ventricular end-diastolic pressure (EDP, evaluated by
echocardiography) is subtracted. Fourth line (D): modified tonometric Buckberg index45: DPTI is estimated from the area below the diastolic phase of the
carotid pulse pressure curve, after subtracting the ventricular diastolic pressure area, isovolumic contraction, and isovolumic relaxation times; SPTI is
estimated from the area below the systolic phase of the carotid pulse pressure curve, to which the area related to the isovolumic contraction time is
added. ICT, isovolumic contraction time; IRT, isovolumic relaxation time; LVET, left ventricular ejection time.

=
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ventricular mean diastolic pressure. Other factors, such as
isovolumic contraction and relaxation times, play an
important role in this discrepancy between real and tono-
metric Buckberg index values.

New perspectives in Buckberg index estimated
by arterial tonometry

Arterial tonometry can provide reliable Buckberg index
values only when all the main factors determining
myocardial oxygen supply and demands are taken into
consideration, including left ventricular diastolic pressure,
isovolumic contraction, and relaxation times.

Recently, an original and reliable method to estimate
systolic time intervals with arterial tonometry has been
proposed,45,48 by combining analysis of the carotid pres-
sure waveform with pulse wave velocity assessment. The
measurement of isovolumic contraction time evaluated with
this approach showed good agreement with that performed
with conventional echocardiography.48 The possibility of
obtaining measurements of the systolic times intervals from
the analysis of the carotid pressure waveform has allowed
to develop an algorithm for a more reliable estimation of
Buckberg index by carotid tonometry.45

DPTI is estimated from the area below the diastolic
phase of the carotid pulse pressure curve, defined by the
integral of the pressure curve in diastole, from which the
following areas are subtracted: (i) the area related to the left
ventricular diastolic pressure. The estimate of left ventric-
ular mean diastolic pressure is based on parameters
deduced by the pulse waveform analysis, on brachial blood
pressure values and on anthropometric variables45; (ii) the
area related to isovolumic contraction time, according to a
validated formula48; (iii) the area related to isovolumic
relaxation time, based on morphological analysis of the
central pulse pressure and the degree of vascular stiffness.45

SPTI is estimated from the area below the systolic phase of
the carotid pulse pressure curve, defined by the integral of
the pressure curve in systole, to which the area related to
isovolumic contraction time is added.

Buckberg index assessed with this approach, based on
carotid tonometry, showed good agreement with measure-
ments performed with invasive catheterization,45 thus
setting the scene for a possible wide use in clinical practice.
The reliable noninvasive estimation of the subendocardial
oxygen supply and demand balance could be a useful
parameter to assess the risk of myocardial ischemia,
particularly in those forms of myocardial damage that are
not justified by overt coronary artery disease.
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Elastic fibers and elastin

Function and composition

A key step in the evolution of vertebrates was conversion
from an open to a high-pressure closed circulatory system.
The required mechanical stability and elasticity of the blood
vessels were achieved in particular by structural changes of
the vessel walls. The extracellular assemblies that account
for the necessary elasticity and extensibility are the elastic
fibers, which are highly abundant in large and small ar-
teries. Individual fibers have a very low Young’s modulus
of between 0.3 and 1.5 MPa1 and can be linearly stretched
to w150% of their original length before they tear.2 Elastic
fibers store the potential energy required to maintain blood
flow during diastole thus enabling proper cardiovascular
function. They are also essential for the physiological
function of many other organs such as skin, tendons, or
lungs, which undergo reversible and repetitive deformation.
Elastic fibers consist of two morphologically distinguish-
able components: a mantle of longitudinally aligned
fibrillin-based microfibrils and a dense core of cross-linked
elastin, which accounts for over 90% of the fiber content.

The microfibrils are 10e12 nm wide filaments, which
have a beads-on-a-string appearance.3 They provide the tis-
sues with long-range elasticity, especially with participation

of elastin when it is deposited on a microfibrillar scaffold.
Microfibrils are formed mainly from fibrillins, which are
w350 kDa large modular glycoproteins secreted from
mesenchymal cells. In humans, there are three fibrillin iso-
forms of which each comprises 43 Ca2þ-binding epidermal
growth factor (EGF)-like domains, five EGF-like domains,
seven eight-cysteine-containing domains and two so-called
hybrid domains.4 Several other proteins are known to be
associated with microfibrils.3 Among them are the
microfibril-associated glycoproteins,5 elastin microfibril in-
terfaces (EMILINs),6 a disintegrin and metalloproteinase
with thrombospondin motifs (ADAMTS), and ADAMTS-
like proteins,7 and latent transforming growth factor-b
binding proteins (LTBPs).8

The other major component, elastin, is an insoluble
biopolymer made up of units of its soluble precursor tro-
poelastin (TE). TE’s primary structure is characterized by
alternating hydrophobic and hydrophilic domains, which
are encoded by distinct exons, and thus TE’s domain
structure maps the exon organization of the gene. The hy-
drophilic domains are involved in covalent cross-linking
and contain either Lysyl-Alanine (KA) or Lysyl-Proline
(KP) motifs. In the KA domains, Lys residues occur as
pairs or triplets separated by two or three Ala residues and
sometimes by another residue. The KA motifs are often
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embedded in stretches of poly-Ala. In KP domains, the
lysine residues are separated by at least one proline residue.
Human TE consists of up to 34 domains of which 5 are KP
and 11 are KA domains.9 In contrast to other vertebrates,
the human gene lacks exons 34 and 35, which have been
lost during primate evolution.10 Elastin’s primary transcript
undergoes extensive alternative splicing resulting in
numerous isoforms. For human TE, 18 isoforms ranging
from 49 to 69 kDa have been described. At least seven
exons have been reported to be alternatively spliced: 3, 10,
11, 13, 22, 23, and 32.11 The splicing occurs in phase
without affecting the reading frame and hence an exon is
either included, extended, shortened or removed. The
expression of several of these isoforms in human tissues
has been proven in some studies.12 The functional conse-
quences are still elusive, but it has been suggested that
splicing may be tissue-specific or related to developmental
changes in cells.13

Under healthy conditions, mature elastin is metaboli-
cally stable over the species’ lifespan. Its half-life in
humans has been determined to be greater than 70 years.14

One of the reasons for this exceptional durability is elastin’s

high resistance to proteolysis, which is mainly caused by its
vastly cross-linked nature and the extremely dense packing
of the molecules. In its mature form, elastin is hydrophobic
and completely insoluble, but its hydrophobic hydration is
required for its elastic properties.15

Elastogenesis

The in vivo process that leads to the formation of functional
elastic fibers, also known as elastogenesis, is a complex and
yet not fully understood process involving numerous pro-
teins. Elastogenesis time course has been studied in animals
(mouse, chicken, sheep, and bovine) and starts at mid-
gestation. It reaches its maximum around birth and com-
pletes during postnatal development, until adolescence. In
the aorta, expression decreases rapidly when the physiolog-
ical rise in blood pressure stabilizes postnatally.16,17 Virtu-
ally no new functional fibers are assembled in adult tissues
with the exception of the uterus, where they are rapidly
removed after parturition and the fiber formation starts again
with every new pregnancy.16 The main stages of elasto-
genesis are shown in Fig. 19.1 and discussed below.

FIGURE 19.1 The elastic fiber assembly: (1) Fibrillin and microfibril-associated proteins are secreted into the extracellular space, multimerize, and form
the microfibrillar array. (2) TE is synthesized on the rough endoplasmic reticulum (ER) where it binds to the chaperone EBP. (3) The EBP-TE complex is
transported through the Golgi apparatus and secreted to the cell membrane. (4) TE is released from the chaperone and forms globules at the cell surface,
while EBP dissociates as result of the interaction with glycosaminoglycans. Fibulin-4 is important for the chain alignment of TE mediating the interplay
with lysyl oxidases. The oxidation of Lys residues is followed by various condensation reactions leading to the formation of covalent intra- and inter-
molecular cross-links. (5) After the cluster of TE molecules reaches a critical size, it is moved from the plasma membrane through the extracellular space.
Fibulin-5 is thought to direct the premature elastin to fibrillin microfibrils. (6) The elastin aggregates fuse into larger assemblies with support by LTBP-4
and are subsequently further cross-linked. EBP, elastin-binding protein; ER, endoplasmic reticulum; LTBP, latent TGFb-binding protein; TE, tropoelastin.
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Microfibrils deposition

Elastogenesis is initiated with the expression of fibrillins
and their assembly into microfibrils, which serve as a
scaffold for the subsequent TE deposition. During or after
secretion of the fibrillin precursors, they undergo N- and
C-terminal cleavages by furin/PACE-like proprotein con-
vertases at the consensus motif RXK/RR resulting in
w320 kDa mature forms. This process is a prerequisite for
the subsequent linear multimerization through the
C-terminal domain and their assembly at the cell surface.18

The fibrillin network can undergo cross-linking, which
further stabilizes the three-dimensional bundle structure.
The cross-links reported to date are intermolecular disulfide
bonds19 and ε(g-glutamyl)lysine cross-links that are cata-
lyzed by members of the transglutaminase family.20

Synthesis and secretion of tropoelastin

With the known exceptions of teleosts and frogs, a single
gene encodes TE in vertebrate species.21 The human gene
(ELN) is located on the long arm of chromosome 7
(7q11.23).22 The expression of the monomer takes place in
elastogenic cells, which include vascular smooth muscle
cells or fibroblasts. After the mRNA is exported from the
nucleus, translation occurs on the surface of the rough
endoplasmic reticulum (ER) where the N-terminal signal
peptide is cleaved off. Before TE is transported through the
Golgi apparatus to the cell surface, many proline residues
are partially hydroxylated by prolyl 4-hydroxylase.23 TE is
transported along the secretory pathways together with a
chaperone, the elastin-binding protein (EBP). EBP is a
67 kDa large inactive b-galactosidase splice variant that
prevents intracellular degradation and aggregation of TE.
When the EBP-TE complex is secreted, it associates with
the other subunits of the elastin receptor complex (ERC):
the membrane-associated proteins cathepsin A/protective
protein (PPCA) and neuraminidase-1 (Neu-1).24 EBP is
thought to interact with glycosaminoglycans, which prob-
ably causes conformational changes in EBP and leads to the
release of TE from its chaperone.25 The EBP is recycled
back into the intracellular endosomal compartments and
associated with newly synthesized TE.24

Microassembly

TE subsequently undergoes rapid self-association in an
endothermic, entropically driven process of liquideliquid
phase separation referred to as coacervation.26 During this
key process of microassembly, hydrophobic domains of
TE, especially the domains 17e27, interact with each
other27 leading to the formation of distinct globular ag-
gregates on the cell membrane.28 It has been further sug-
gested that interactions of the C-terminal region of TE,
especially domain 30, with microfibrillar proteins are
required for the assembly of elastic fibers.29 Another

important sequence comprises the polybasic motif
KXXXRKRK located in the C-terminal domain, which is
encoded by the across-species highly conserved exon 36. It
has been shown that TE lacking this sequence is less effi-
ciently incorporated into mature elastin and shows
abnormal cross-linking.30 Proteoglycans may interact with
this domain facilitating the correct alignment of the TE
monomers.31 The alignment of TE and the subsequent
cross-linking is further promoted by fibulin-4, which me-
diates the association between TE and the extracellular
Cu2þ-dependent amine oxidase, lysyl oxidase (LOX).32

Cross-linking and macromolecular assembly

LOX and LOX-like enzymes catalyze the oxidative
deamination of the ε-amino group of Lys residues to the
highly reactive a-aminoadipic acid-d-semialdehyde, termed
allysine (Lya).33 Intra- and intermolecular cross-links are
then formed spontaneously by nonenzymatic condensation
reactions. The aldol condensation of two Lya residues re-
sults in the formation of an allysine aldol (AA) cross-link.
The Schiff base reaction of a Lya residue with the ε-amino
group of another Lys residue, however, yields dehy-
drolysinonorleucine (D-LNL). These reducible bifunctional
cross-links further condense with each other, partly with
participation of unmodified Lys residues or with other in-
termediates, to form the trifunctional cross-links dehy-
dromerodesmosine and cyclopentenosine as well as the
tetrafunctional cross-links desmosine (DES) and its isomer
isodesmosine (IDES).12 While some cross-links such as D-
LNL and AA are also found in collagen, DES and IDES are
unique to elastin in mammals.34 In-depth characterizations
of the cross-links in bovine35 and human12 elastin revealed
that mature elastin is composed of an unordered network of
TE molecules and that the cross-linking pattern is very
complex and heterogeneous.9

Over time, the clusters formed at the cell surface grow
in size by the addition and cross-linking of newly secreted
TE molecules. When enough TE is secreted and accumu-
lated, the formed globules are released from the cell surface
and move through the extracellular matrix (ECM). Fibulin-
5 and fibulin-4 are able to interact with fibrillin and are
thought to play central roles in controlling the deposition of
the premature elastin aggregates onto the microfibril scaf-
fold.32 The globules associate with fibrillin-containing mi-
crofibrils and readily coalesce into larger aggregates and
eventually form functional fibers. Another contributing
protein is LTBP-4, which does not directly interact with TE
but with the fibulin-5-fibulin-4-TE complex and is appar-
ently required for the proper linear deposition on the
microfibril network.36 Over time, deposited elastin is
further oxidized by LOX and/or condensation reactions
take place until elastin has been fully integrated into the
microfibrillar scaffold.37
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Elastin role in arterial function

Elastin: a major functional vascular wall
component of vertebrate’s arteries

The closed circulatory system is made up of a set of
branching vessels (arteries, veins, and capillaries). The
walls of arteries and veins have, to varying degrees, two
fundamental properties: the first one is elasticity, due to the
presence of constituents of elastic fibers called elastic
lamellae. They transform the pulsatile flow imposed by the
blood into permanent laminar flow. The second property
concerns contractility, due to a smooth musculature whose
role is essential in controlling the caliber of the vessel.
Unlike arteries and veins, the extremely branched capillary
network which constitutes the zone of exchanges between
the vascular system and the tissues, presents a thin wall,
more permeable, reduced to a single layer of cells, without
muscular or elastic elements. The presence of elastin within
these different vessels was first depicted at the end of the
19th century, notably through the work of Unna and col-
leagues using dyes such as orcein or Weigert’s dye to allow
the individualization of elastin.38

Elastin role in normal hemodynamics

Distributed concentrically and interconnected by structures
that could be described as “pillars,” elastic lamellae ensure
the propulsion of blood throughout the arterial tree when
the ventricles are in diastole. Indeed, elastic lamellae
transform the pulsatile flow leaving the heart into a
continuous flow in arteries. As reviewed in detail in
Chapters 3 and 10, when blood is ejected from the heart
during ventricular contraction and enters the large elastic
arteries, their walls stretch under the pressure of the blood.
As they stretch, the elastic fibers temporarily store me-
chanical energy and thus become reservoirs of pressure of
the so-called systolic pressure. When the aortic valve is
closed during cardiac systole, and in the absence of blood
pressure at the exit of the heart, the elastic lamellae resume
their initial degree of stretch and convert the stored po-
tential into kinetic energy, thus propelling the blood. This
kinetic energy thus allows blood to flow through the
microcirculation while the ventricles are in diastolic phase.
Therefore, elastic fibers, under heart systolic-diastolic cycle
influence, alternate between stretched and relaxed states
approximately 3 billion times during human lifetime.

As discussed in detail in Chapter 7, elastin ensures the
elasticity of the vessel at the lower range of vessel stretch,
while collagen provides rigidity at the higher range of
vessel stretch. The capacity of fibers to return to their initial
shape after stopping the stretching, is named elasticity
(recoil ability).39e41 Stiffness is the resistance offered by an

elastic body to deformation. The stiffness of elastin is 1000
times lower than that of collagen.42

The large amount of elastic fibers in the aorta, especially
in its proximal part, influences vascular flow. In fact, the
rise of blood pressure during systole distends the aortic
wall, increasing its volume. This volume is restored at the
time of diastole. As a result, aortic output increases and
decreases less quickly than ventricular output during car-
diac cycles. This phenomenon transforms a discontinuous
flow at the exit of the left ventricle into continuous flow at
the capillary level (Fig. 19.2). Taking into account the
mechanical properties of the arteries, in order to achieve an
identical flow rate, the heart of a young subject (with a
much more elastic aorta) must perform significantly less
work than that of an older person in whom the integrity of
the elastic fibers of the aorta is already compromised by
stiffness and fragmentation.

Elastin modifications during aging and
pathophysiological consequences

Nonenzymatic posttranslational modifications
of elastin

Due to its long half-life, elastin is subjected to various
chemical reactions which induce a molecular aging
responsible for progressive alterations of its structural and
functional properties. These chemical reactions, commonly
called nonenzymatic posttranslational modifications
(NEPTMs), are characterized by the binding of small me-
tabolites to functional groups of proteins, especially amino
groups of lysine and arginine residue side chains.43 Among
these reactions, the best known is glycation, corresponding
to the reaction of reducing sugars (or their metabolites) to
protein amino groups, followed by complex molecular
rearrangements resulting in the formation of advanced
glycation end-products (AGEs). However, other NEPTMs
have been described to contribute to protein molecular
aging such as oxidation and carbonylation, which share
similar features. As another example, carbamylation, which
is a more recently described NEPTM, is triggered by the
reactive metabolite cyanate.44 Cyanate mainly derives from
the spontaneous dissociation of urea or from the
myeloperoxidase-dependent metabolism of thiocyanate. Its
reactive form, isocyanic acid, binds to the ε-amino groups
of lysine residues, leading to the formation of homocitrul-
line, the most characteristic carbamylation-derived product.

Elastin molecular aging is concomitant to organism
chronological aging but can also be intensified during
chronic diseases such as diabetes mellitus, end-stage renal
disease (ESRD), or atherosclerosis. For instance, the
investigation of age-related changes of human aortic elastin
in healthy subjects showed a significant increase of elastin
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glycation rate with age.45 In patients with ESRD, levels of
glycation and carbonylation of aortic elastin are also
increased in comparison with control subjects.46 Finally,
skin elastic fibers are carbamylated during aging,47 sug-
gesting that vascular elastic fibers could also be susceptible
to this modification.

The consequences of elastin molecular aging are mul-
tiple, ranging from direct impacts on structural and me-
chanical properties of this matrix protein to inappropriate
effects on vascular cells. In vitro experiments have shown
that glycation of elastin was responsible for a drastic loss of
its elastic and biomechanical functions.48,49 In the same
way, cross-linking AGEs produced by glycation reactions
contribute to limitation of the elastic and resilience prop-
erties of elastic fibers.50 In addition, elastin glycation is
responsible for an increased deposit of calcium on elastic
fibers in ESRD patients.51 Taken together, these combined
effects contribute to the global increase of arterial stiffening
and progression of arteriosclerosis.50 Finally, elastin-bound
AGEs may trigger inappropriate cellular effects such as
alteration of migration properties of smooth muscle cells or
induction of local oxidative stress mediated by the receptor
for AGEs.52

Mechanical fatigue and enzymatic fracture of
elastin

The breakdown of elastin is a multifactorial process, which
can lead to stiffening of tissues and strongly affects
vascular remodeling. One important cause is the mechani-
cal fatigue of elastin lamellae due to the billions of repet-
itive cycles of stretching caused by pulsatile changes in
blood pressure as well as shear stress within and between
the elastic fibers.53,54 The impairments or even ruptures
lead to a decrease of elastic fiber function, and to a transfer
of mechanical stress to other extracellular components such
as collagen fibers.55 The failure of elastic fibers is further
induced by the action of members of several classes of
extracellular proteases. Elastin-cleaving proteases are
collectively termed elastases, although this description does
not indicate that elastin degradation is the only physiolog-
ical function of the enzymes. The known elastases belong
to three classes of families: serine proteinases with
cathepsin G, proteinase-3 and human leukocyte
elastase,56e58 matrix metalloproteinases (MMPs) including
MMP-2, -7, -9, -12, and -1459e61 and the cysteine pro-
teinases cathepsins K, L, S, and V.62,63 These proteinases
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are primarily produced by fibroblasts, mesenchymal cells,
platelets, macrophages, and leukocytes. All these enzymes
are capable of irreversibly damaging elastin in vivo, either
alone or in concert. Despite their different catalytic mech-
anisms, all elastases have in common that they cleave
elastin in a relatively nonspecific manner at various loca-
tions of the molecule. Besides this mechanical impairment,
elastin degradation leads to the release of bioactive peptides
named elastokines and belonging to the matrikines
family.64,65

Pathophysiological consequences of elastin
modifications

Elastin modifications are involved in the development of
several vascular wallerelated diseases such as atheroscle-
rosis, abdominal aortic aneurysms (AAAs), or hyperten-
sion, processes that can be related to arterial stiffness.

It has been shown during atherosclerosis that both the
synthesis and degradation of elastic fibers are increased.66

Degradation of elastic fibers allows infiltration of lipids and
immune cells into the aortic wall participating to plaque
formation and disruption.67 The involvement of elastin
degradation in atherosclerosis has moreover been
confirmed using animal models and especially by cross-
breeding mice deficient in MMP (�2, �7, �9, and �12) or
in cathepsins (K, L, and S) with atherogenic models
(LDLR�/- and ApoE�/-).68 These results clearly demon-
strate that degradation of elastic lamellae is a prerequisite
for the development of the disease.

AAA is a chronic degenerative vascular disease that
accounts for 1.3% of all deaths in men aged 65 to 85 in
developed countries.69 It corresponds to a localized dilation
of the abdominal aorta, usually asymptomatic until the
often-fatal outcome, exceeding the normal diameter by
more than 50%. Aneurysmal degradation is greatly reduced
in genetic models of elastolytic enzymes MMP-2 and
MMP-9 knockdown.70 Comparable results were found in
mouse models of AAA deficient in cathepsin L (decrease in
elastic fibers fragmentation and decrease in proliferation,
apoptosis and infiltration of inflammatory cells) confirming
that in this vascular disease too, the degradation of the
elastic network is crucial for the progression of AAA.71

On the hypertension side, the modulation of TGF-b
availability by emilin-1, a protein associated with elastic
fibers, determines systolic blood pressure in mice and
thereby demonstrates a role for elastic fiber integrity and
TGF-b signaling in hypertension.17 It was shown, in a
mouse model deficient in elastin (Eln�/�),72 that the arteries
appear similar to the control until day E17.5. After that,
however, a significant increase in the number of cells
obstructing the arterial lumen is observed. At the postnatal
stage, the arterial pressure of Eln�/� mice is doubled
compared to wild-type mice and the stiffness is significantly

increased. Smooth muscle cells are disorganized and pro-
liferate. The arteries show local dilations and narrowing
and the mice die soon after birth. Heterozygous Elnþ/�

mice feature hypertension, aortic stenosis, and heart dys-
functions. In these mice, vascular stiffness is observed from
the seventh day of birth but hypertension does not appear
until the 14th day: the change in mechanical properties
therefore seems to precede the change in blood pressure.
The team of Hirano et al. generated an elegant mouse
model expressing human elastin in a bacterial artificial
chromosome (BAC-ELN) which they crossed with Elnþ/þ,
Elnþ/�, and Eln�/� mice to produce a spectrum of mice
expressing from 30% to 120% of normal elastin level. Data
from these mice show that the level of elastin is inversely
related to arterial stiffness and blood pressure, clearly
showing the pivotal role of elastin in these processes.72

Elastin-derived peptides signaling,
elastin receptor complex, and
pathophysiological consequences

Elastin-derived peptides

Besides its fundamental importance for the mechanics and
function of arteries, elastin is also involved in other bio-
logical processes through the production of elastin-derived
peptides (EDPs) upon its degradation. As mentioned pre-
viously, insoluble elastin can undergo mechanical frag-
mentation or degradation by elastases. The released
bioactive EDPs, also called elastokines due to their
cytokine-like properties,64,73 induce a variety of biological
activities including cell adhesion, chemotaxis, migration,
proliferation, proteinase activation, angiogenesis, and
apoptosis.74 They are involved in vascular diseases pro-
gression, and are now considered central modulators of the
cardiovascular continuum.24

The typical elastokine is the VGVAPG peptide, which is
repeated several times within exon 24-encoding sequence.75

Longer peptides were shown to be also bioactive76 and recent
analysis of fragments generated by the atherosclerosis-related
elastases, leukocyte elastase, cathepsin G, and proteinase-3,
brought into light new bioactive GxxPG-related peptides:
GVYPG, GFGPG, and GVLPG.57 Moreover, studies using
MMP-7, -9, and -12 showed that GxxPG-containing pep-
tides, such as YTTGKLPYGYGPGG, YGARPGVGVGGIP,
and PGFGAVPGA, have also biological activities.61

Structural studies on VGVAPG using nuclear magnetic
resonance and circular dichroism spectroscopies suggested
that the peptide exhibited folded conformations in organic
solvents.77 In later studies, it was found that the GxxPG
sequence adopts a type VIII b-turn conformation, which is
required for binding of elastokines to EBP in order to
mediate biological activities.75 For note, the b-turn is the
third most important secondary structure after helices and
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b-strands and belongs to the turn structure family, defined
as a type of nonregular secondary structure in proteins
causing a change in direction of the polypeptide chain.
b-turns have been classified according to the values of the
dihedral angles 4 and j of the central residue and type VIII
is one subtype of this family.78 Then, molecular dynamics
simulations on VGVAPG, (VGVAPG)2 and (VGVAPG)3
showed that VGVAPG exists in an equilibrium between
different conformations including extended polyproline II
and folded conformations such as the type VIII b-turn.79

The repetition of VGVAPG leads to the formation of
additional structures very close to a type VIII b-turn, and
the authors hypothesized that the repeated VGVAPG
sequence in domain 24 may favor elastinecell interactions
as VGVAPG is more likely to bind to EBP if it occurs in
the TE sequence multiple times.73 With respect to other
elastokines, it has been described that GxxP sequences, in
which X is not Gly, are well able to adopt the type VIII
b-turn conformation.75,80 Pro following a Gly (GPxPG) has
been reported to stabilize the type VIII b-turn owing to its
unique heterocyclic pyrrolidine ring structure.80

There are 17 GxxPG sequences in elastin, which of nine
have been shown to display biological activities while eight
have not been investigated except for GGVPG, which has
been shown to not be chemotactic to monocytes.81 In addi-
tion to GxxPG-based elastokines, further peptides display
biological activities, including VPGVG,82 VGVPG,81

PGVGVA,83 and the nonapeptides GLGVGAGVP76 and
AGVPGLGVG.84

All known bioactive peptides are derived from the
noncross-linked hydrophobic domains, whose building
blocks are Gx, Px, GGx, and PGx with x being either G, A,
V, L, or I. Domains 17e27, which contain the four biggest
hydrophobic domains encrypting various elastokines, have
been described to be key regions for coacervation of TE
molecules during elastic fiber formation.27,85 These do-
mains are solvent-exposed and it is, hence, likely that they
are cleaved by elastases during ECM turnover, tissue aging
and elastic fiber diseases, resulting in the release of
elastokines.

Elastin receptor complexedependent cell
signaling

EDPs are able to bind several membrane receptors. So far,
the most described is undoubtedly the ERC. The human
elastin receptor was originally identified as a 67 kDa pe-
ripheral membrane protein called EBP that binds to elastin
and laminin fragments.86 EBP interacts with the 55 kDa
(PPCA and the 61 kDa) membrane-bound Neu-1 to form a
ternary complex called the ERC.87 The EBP subunit88

displays two functional-binding sites comprising (i) the
elastin site on which EDPs binding is directly involved in
the generation of intracellular signal transmission and (ii)
the galactolectin site whose occupation by galactosugars
leads to EDPs release and ERC dissociation.89 EDPs

binding to EBP leads to Neu-1 activation which locally
catalyzes the conversion of the GM3 ganglioside into lac-
tosylceramide (LacCer), an essential second messenger of
ERC signaling pathways.90,91 Many intracellular signaling
pathways induced by EDPs depending on the cell type have
been described: for instance, EDPs induce the activation of
multiple tyrosine kinases including MEK1/2 and ERK1/2
through a signal dependent on protein kinase A and phos-
phoinositide 3-kinase g (PI3Kg) in fibroblasts.92 In endo-
thelial cells, EDPs activate ERK1/2 by a PI3Kg/Akt/
endothelial nitric oxide synthase/nitric oxide/protein kinase
G pathway.93 Finally, it has been shown in smooth muscle
cells that EDP binding on ERC triggers the activation of
Gi-proteins, the opening of L-type calcium channels, and
then cell proliferation.94 Neu-1 plays a key role in these
signaling pathways and several studies have been con-
ducted to further elucidate its involvement in ERC
signaling. In addition to its role in the production of the
second messenger LacCer, our group has demonstrated that
a distinctive dimerization process is responsible of its cat-
alytic activity. Indeed, two potential dimerization se-
quences, corresponding to two transmembrane domains
(148e168 and 316e333 residues), have been found within
human Neu-1. Point mutations in the 316e333 trans-
membrane domain inhibit significantly dimerization and
sialidase activity of Neu-1.95 Moreover, an increasing
number of studies also indicate that Neu-1 plays an
important role in modulating the activation of numerous
membrane receptors such as the insulin receptor (IR), c-
Met, IGFR, PDGFR, or CD36 by desialylation.96e99 As a
whole, these data imply that Neu-1 may be one of the
crucial factors of the membrane signalosome from the
lipids but also the protein points of view (Fig. 19.3).

Pathophysiological roles of elastin-derived
peptides

Elastin remodeling during aging and disease clearly affects
vascular events linked to arterial stiffness. It is however
important to consider both the protein elastin and EDPs to
have a better view of their respective participation. As
previously mentioned in this chapter, elastin alteration
leads to a loss of function impacting the mechanics and
stiffness of arteries.100 Genetic diseases due to mutations in
the elastin gene such as WilliamseBeuren syndrome and
supravalvular aortic stenosis exhibit clear consequences
such as arterial hypertension. Animal models like haplo-
insufficient murine models (Elnþ/�) confirmed these ob-
servations showing a higher arterial pressure
(25e30 mmHg higher than their wild-type counterparts),
whereas elastogenesis induction in the same murine model
limits arterial hypertension.100e103

Besides, it has been shown that EDPs trigger a vaso-
dilatation effect in an isolated organ model.104 However,
due to the uncoupling between the ERC and its intracellular
targets during aging, this protective effect is progressively
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lost.105,106 Moreover, the net production of NO has been
shown to drastically decrease during aging. Consequently,
despite the positive effect of EDPs on the regulation of the
vascular tone, the resulting endothelial dysfunction along
with elastin loss of function clearly contribute to vascular
stiffness. Nevertheless, the role of EDPs in the regulation of
NO production is more complex as EDPs directly partici-
pate to the regulation of the vascular tone through their
involvement in IR signaling blockade. Indeed, IR which is
also present at the surface of endothelial cells, is known as
an activator of NO pathway.107 The blockade of IR
signaling by EDPs could thus decrease NO production
contributing to vascular dysfunction.

The role of elastin and EDPs in atherosclerosis and its
link with arterial stiffness have been also widely studied.
The Wagenseil’s group evaluated if elastin deficiency and
the consequent increase in arterial stiffness could play a
role in atherosclerotic plaque formation. Using Elnþ/� mice
bred with atherosclerosis-prone mice presenting 60% of
wild-type elastin levels, they showed that the observed
reduced aortic compliance and the associated increased
blood pressure were not directly linked to plaque appear-
ance suggesting that other processes are required.17,108,109

In this way, EDPs are drastically involved in atheroscle-
rosis development as shown using proatherosclerotic
ApoE�/� and LDLR�/� mice. The chronic administration

of EDPs to such mice leads to an important increase in
atherosclerotic plaques through the recruitment of inflam-
matory cells. Additionally, the use of chimeric LDLR�/�

mice devoid of Neu-1 sialidase activity in hematopoietic
cells obtained by bone marrow transplant from CathA/Neu-
1-deficient mice to irradiated LDLR�/�-recipient mice,
showed a decrease in atherosclerosis development and in
monocyte and lymphocyte infiltration.110 Moreover, Dale
et al. reported that EDPs induced an M1 macrophage po-
larization that could participate in the disease.111 Finally,
recent data from our group demonstrated that EDPs stim-
ulation of macrophages leads to an increase in oxidized
LDL uptake by CD36 involving the Neu-1 subunit of the
ERC.99 It is worthy to note that degraded elastic fibers are
not repaired or renewed, but replaced by collagens and
proteoglycans. This molecular switching contributes to the
stiffening of arteries. In addition, the TE molecules pro-
duced by smooth muscle cells and/or macrophages during
atherosclerosis development, are not cross-linked into
mature and functional elastin, reinforcing the absence of
elastic compensation processes.112,113

Finally, due to its mineral scaffolding function, elastin
can suffer from calcification during atherosclerosis, but also
during aging or other pathologies. This has been observed
in human carotid arteries obtained by endarterectomy.114 In
human and several animal models, a clear correlation

FIGURE 19.3 Signaling pathways mediated by EDPs through the elastin receptor complex. The binding of EDPs on EBP triggers Neu-1 activation
responsible for the induction of signaling pathways. Besides, Neu-1 subunit is able to modulate the sialylation level of other membrane receptors and their
signaling. EBP, elastin-binding protein; EDPs, elastin-derived peptides; ERK1/2, extracellular-regulated protein kinases ½; MEK1/2, mitogen-activated
protein kinase kinases ½; Neu-1, neuraminidase-1; PI3K, phosphoinositide 3-kinase; PIP2, phosphatidylinositol (4,5)-bisphosphate; PIP3, phosphati-
dylinositol (3,4,5)-trisphosphate; PKA, protein kinase A; PPCA, protective protein/cathepsin A.
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between elastin degradation and vascular calcification has
been demonstrated115,116 in addition to an osteogenic dif-
ferentiation of vascular SMCs induced by EDPs which may
contribute to vascular calcification and aortic stiffening.117

Elastin biology-derived therapeutic
options

Targeting elastin synthesis

Elastin production is regulated in a specific temporal and
tissue manner and reinduction of functional elastic fibers is
of high difficulty. This requires to target the TE production
restoration.

The TE promoter contains response elements to TGF-
b1,17 to insulin118 and to glucocorticoids.119 However, the
regulation of TE expression is also believed to be under
control of the binding of regulatory microRNAs (miRs) in
the 30UTR and the coding sequences of TE mRNA.120

Indeed, a strong expression of miRs-29 and -15 is thought
to be responsible for the posttranscriptional repression of
elastin in the adult aorta,121 causing a degradation of the TE
mRNA. Insulin-like growth factor-1, vitamin D, and
interleukin-1b also modulate the expression of TE either at
the promoter level or through the increase of mRNA sta-
bility.22 The regulation of TE production by cytokines in-
cludes pro- and antielastogenic cytokines which control the
biosynthesis/degradation of TE by transcriptional and
posttranscriptional mechanisms, and depends on how these
cytokines influence cell cycle actors.122 Finally, exogenous
molecules, whether medicinal or bioactive dietary com-
pounds, can also influence the level of expression of the TE
gene. Indeed, in different models of human skin, it has been
shown that resveratrol, 40-acetoxyresvereatrol as well as
equol and R-equol are able to increase the expression level
of TE mRNA. This effect is correlated with an augmenta-
tion of the corresponding protein expression level.123 In
mice receiving minoxidil, an antihypertensive and periph-
eral vasodilator for two weeks, the TE gene is induced
when the drug is withdrawn. Interestingly, this is associated
with functional elastic fibers presence.103 This induction
was also found in 24-month aged mice treated for
10 weeks, suggesting the high potential of this molecule in
the induction of elastogenesis.102

Targeting proteolysis and nonenzymatic
posttranslational modifications

Strategies aiming at limiting elastin proteolysis generally
rely on the use of elastase inhibitors. However, many en-
zymes are able to degrade elastin, ranging from neutrophil
elastase to MMPs and cathepsins. Thus, global inhibition is
not conceivable because of their role in the regulation of
multiple useful tissue functions and the potential side

effects such a strategy could cause.124 However, several
synthetic inhibitors have been tested with often disap-
pointing results. Strategies based on the use of natural in-
hibitors, such as elafin, could give better results but a
chronic administration seems necessary to obtain a signif-
icant reduction of elastolysis.125e127

The limitation of elastic fiber molecular aging may
consist of global therapeutic strategies aiming at limiting
NEPTMs at the body level without being elastin-specific.
The first approaches are based on the administration of
small molecules, which compete with the reactive groups of
proteins for the binding of reactive metabolites and thus
scavenge these metabolites. Numerous studies have been
conducted with aminoguanidine, which has provided good
results in vitro and in vivo in rodents, for reducing
glycation-mediated complications including arterial stiff-
ening.128,129 Unfortunately, this molecule failed at the stage
of clinical trials due to safety concerns. These trials were
limited to its action on diabetic nephropathy,130 and to our
knowledge, there is no report about its potential role in the
improvement of arterial stiffening. Similar strategies have
been considered for limiting carbamylation reaction. Thus,
amino acid solutions were used in patients with ESRD,
which significantly reduced the level of protein carbamy-
lation.131 Since oxidative stress favors glycation and
carbonylation reactions, the administration of antioxidants
may also be considered an interesting therapeutic
strategy.132

Other approaches have targeted generated products such
as AGEs. For example, molecules called “AGE breakers”
have been developed, the most studied being alagebrium
(ALT-711).133,134 This compound has given interesting
results (even though no specific data on the reduction of
elastin glycation are available), particularly in several
conclusive clinical studies on cardiovascular diseases.
Despite these encouraging data, this molecule has not yet
become a commercially viable drug because of the lack of
sufficient financial supports and the difficulty to license as a
drug.135

The combination of different strategies could be
considered, as recently proposed for chronic obstructive
pulmonary disease.136 However, the major problem with
these therapeutic approaches is that their effectiveness will
only be guaranteed by long-term preventive treatments,
which constitutes a barrier for their regular use in clinical
practice, especially because of the cost such treatments
would represent.

Elastin-derived peptides and elastin receptor
complex modulators

Beside the use of elastase inhibitors, modulation of the
pathophysiological effects related to EDPs can be achieved
by either modulating the interaction between elastokines
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and the ERC and/or by blocking ERC-mediated signaling
pathways (Fig. 19.4). EDPs binding to the ERC can be
hampered by using two strategies: a blocking antibody
(BA4 antibody) targeting the GxxPG motifs located in
elastin70,111,137e140 or a 14-mer peptide (V14 peptide) that

encompasses the ligand binding domain on the EBP sub-
unit.98,99,141,142 EBP also contains a binding site for
b-galactosugars, and binding of lactose or chondroitin
sulfate to EBP has been shown to change the conformation
of the protein such that it loses its ability to bind to elastin
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FIGURE 19.4 The different elastin-associated therapeutic strategies. This scheme illustrates the different therapeutic options that could be used to either
simulate tropoelastin synthesis, decrease proteolysis and nonenzymatic posttranslational modifications of elastin occurring during aging and/or under
pathophysiological conditions, or reduce elastin-derived peptides cell signaling. AGE, advanced glycation end-products; DANA, 2-deoxy-2,3-dehydro-N-
acetylneuraminic acid; EBP, elastin-binding protein; ERC, elastin receptor complex, ERK, extracellular-regulated protein kinases; IGF, insulin-like growth
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protective protein/cathepsin A; TGF, transforming growth factor; UTR, untranslated region.
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and EDPs and can be shed from the cell surface.86,89,143

Another valuable strategy relies on the blocking of the
activation of key signaling proteins involved in ERC
signaling pathways, such as Neu-1. Due to the lack of se-
lective Neu-1 inhibitors, the majority of studies reported so
far have used the broad-spectrum sialidase inhibitor DANA
(2,3- dehydro-2-deoxy-N-acetylneuraminic acid) or in-
hibitors of bacterial or viral neuraminidases, such as
zanamivir or oseltamivir. However, these bacterial or viral
inhibitors were shown to have broad or weak activities
against human neuraminidases.144,145 To date, two selec-
tive inhibitors of human Neu-1 have been reported,
based on modifications of the DANA scaffold: the C9-
amido analog (16) and the C5-hexanamido-C9-acetamido
analog.146 As mentioned previously, recent findings from
our group have shown that human Neu-1 contains a
dimerization interface located within a transmembrane
domain that is involved in membrane Neu-1 dimerization
and sialidase activity.95 These data should open new ave-
nues for selective inhibition of this sialidase.

Conclusion

This chapter aimed at summarizing the role of elastin and
elastokines in arterial stiffness. Besides its fundamental role
in arterial mechanics, when degraded, elastin leads to the
production of highly bioactive EDPs, also named elasto-
kines, able to modulate vascular events and now seen as
crucial modulators of the cardiovascular continuum. It is
consequently clear that the extensive understanding of
elastin biology, through its dual mechanics/elastokines role,
could lead to the development of an innovative therapy
based on matrix biology with an important potential.
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Inflammation and arterial stiffness
Kaisa Maki-Petaja1 and Ian B. Wilkinson1,2

1Experimental Medicine and Immunotherapeutics, University of Cambridge, Cambridge, United Kingdom; 2Addenbrooke’s Hopital, Cambridge,

United Kingdom

Introduction

Inflammation is a key element in atheroma formation,
playing a pivotal role in the initiation, progression, and
propagation of the disease.1 Circulating levels of several
cytokines are elevated in subjects with atherosclerosis, and
correlate with disease burden. Levels of the acute phase
reactant C-reactive protein (CRP) also predict the risk of
future cardiovascular events both in subjects with known
cardiovascular disease (CVD),2 and in apparently healthy
individuals.3 Moreover, the incidence of CVD is increased
in patients with chronic systemic inflammatory diseases
such as rheumatoid arthritis (RA),4,5 systemic lupus ery-
thematosus (SLE),6 psoriasis,7 chronic obstructive pulmo-
nary disease (COPD),8 and polymyalgia rheumatica
(PMR).9 The mechanism by which inflammation leads to
increased CV risk remains unclear and numerous potential
mechanisms have been proposed, including acceleration of
the atherosclerosis process, destabilization of plaques,
direct inflammation of the vasculature, endothelial
dysfunction, or premature stiffening of large arteries.

Arterial stiffness is regulated by numerous factors.
Traditionally, mean arterial pressure (MAP) and structural
changes in the components of arterial wall were thought to
be main determinants of arterial stiffness. With aging, the
neat arrangement of the elastin fibers within the media is
lost, the elastin fibers become thinner and fragmented, the
stiffer collagen fibers become the load bearing ones, and
arterial calcification occurs.10 Moreover, a disrupted bal-
ance between elastin synthesis and breakdown, the latter
mediated by matrix metalloproteinases (MMPs), contrib-
utes toward arterial stiffening.10 Arterial stiffness is also
regulated by smooth muscle tone, and endothelium-derived
mediators, such as NO and endothelin-1, contribute to the
functional regulation of arterial stiffness.11 More recently,
the role of inflammation in large arterial stiffening has been
recognized,12 possibly via changes in the composition of

the arterial wall, due to inflammatory cell infiltration or via
endothelial dysfunction.13

Arterial stiffness and low-grade
inflammation

Cross-sectional studies

The largest community-based cross-sectional study inves-
tigating the association between inflammatory markers and
aortic stiffness by Schnabel et al. demonstrated an associ-
ation between interleukin-6 (IL-6) and aortic pulse wave
velocity (PWV); importantly, this association remained
significant after adjusting for traditional CV risk factors.14

A number of studies in healthy individuals and in patients
with isolated systolic hypertension indicated an association
between arterial stiffness and serum levels of CRP,13,15e17

suggesting that inflammation plays a role in the regulation
of arterial stiffening. However, these studies do not provide
information about the causality between inflammation and
CVD. By adapting Koch’s “Postulates” and using surrogate
markers of CV risk, this could be done by answering the
following questions; (1) Does inflammation cause arterial
stiffening? (2) Does a reduction in inflammation reduce
arterial stiffness?

Prospective studies

There have only been very few prospective studies assessing
the association between inflammatory markers and arterial
stiffness, and data from these studies are conflicting. Data
from the Caerphilly Prospective Study showed that both
current CRP and CRP at the beginning of the 20-year follow-
up period were strongly associated with aortic PWV.12

Likewise, The Whitehall study demonstrated that baseline
inflammatory markers CRP, IL-6, and IL-1Ra predicted
aortic PWV measured at 10-year follow-up visit.18
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Taking another approach, Schumacher et al. investi-
gated the relationship between three single nucleotide
polymorphisms in the CRP gene and aortic PWV and found
no relationship between any of the CRP genotypes and
aortic stiffness, despite these genotypes having an impact
on CRP levels, suggesting that CRP is a simply a marker of
vascular damage/inflammation, rather than a causal mole-
cule.19 Furthermore, a large genome-wide association study
by Elliott et al. concluded that the lack of concordance
between the effect of CRP genotypes on coronary heart
disease risk and its effect on CRP levels argues against a
causal association of CRP with coronary heart disease.20

Experimental models of inflammation

Another approach to study the role of inflammation in
arterial stiffening is to induce inflammation in healthy
people, and study changes in arterial properties. In these
acute experimental models of inflammation, Salmonella
typhi vaccination was used to induce acute inflammation
and shown to lead to an increase in PWV.21,22 These
studies are hypothesis generating, and they suggest a causal
role of inflammation in the pathogenesis of large artery
stiffening. However, the limitation of this model is that it is
not known whether these acute changes reflect “a real-life”
situation. After all, healthy volunteers cannot be made
chronically inflamed; therefore, an alternative approach to
assess the role of inflammation in arterial stiffening is to
study patients with existing inflammatory conditions.

Arterial stiffness in patients with
primary vasculitides

Booth et al. conducted a series of studies in patients with
antibody-associated systemic vasculitis to establish the role
of systemic inflammation on arterial stiffness. These studies
demonstrated that patients with active disease had a
significantly higher carotid femoral pulse wave velocity
(CF-PWV) and augmentation index (AIx) than those in
remission or matched healthy control subjects.23 More
recently, Chanouzas et al. demonstrated that T-cell expan-
sion is independently associated with increased arterial
stiffness in ANCA-associated vasculitis. They showed that
the CD4þCD28null T-cell percentage was associated with
increased systolic blood pressure (rho ¼ 0.305, P ¼ .026),
pulse pressure (rho ¼ 0.428, P ¼ .001), and CF-PWV
(rho ¼ 0.371, P ¼ .006).24 A metaanalysis performed by
Upala et al. extracted data from four observational studies,
resulting in 303 subjects with Behçet’s disease. They found
that CF-PWV is significantly higher in patients with Beh-
çet’s disease compared with controls (MD ¼ 0.74; 95%,
CI: 0.28e1.20, P ¼ .002, I(2) ¼ 63%).25

Vasculitis is an interesting model of systemic inflam-
mation, but the use of this model also has a limitation; these
patients have a direct vascular disease, which complicates
the interpretation of the results, such that what is seen in
vasculitis patients may not necessarily reflect changes in
arterial stiffness seen in other conditions. Therefore, other
conditions with chronic, systemic inflammation may pro-
vide a better model to study the role of systemic inflam-
mation and the effect of circulating cytokines and acute
phase proteins in the process of arterial stiffening.

Arterial stiffness in chronic
inflammatory diseases

Chronic, systemic inflammatory diseases represent an ideal
model to study effect of inflammation on arterial stiffness,
especially as they are associated with increased CV mor-
tality, which cannot be fully explained by the traditional
CV risk factors.5 There are numerous studies in various
chronic systemic inflammatory conditions that demonstrate
that patients with these conditions exhibit increased arterial
stiffness.13

Perhaps the largest study to investigate the role of
inflammation in aortic stiffening was the study by Dre-
gan.26 This study tested the hypothesis that arterial stiffness
is elevated in inflammatory disorders in comparison to the
inflammation-free control group. In total, 171,125 adults
from the UK Biobank who did not have CVD and have had
arterial stiffness measurements performed were included in
the analysis. A total of 5976 (3%) participants diagnosed
with inflammatory disorders had data on arterial stiffness.
However, it is important to note that the stiffness as not
assessed using the gold standard measurement of large ar-
tery stiffness, (CF-PWV), but was based on waveform
analysis. Participants diagnosed with RA, SLE, Sjogren
syndrome, psoriasis, ankylosing spondylitis (AS), systemic
vasculitis, or inflammatory bowel disease (IBD) repre-
sented the exposed group. Participants free of these di-
agnoses represent the comparison group. Adjusted linear
regression analyses revealed 14% increase in mean arterial
stiffness for chronic inflammatory disorders (beta coeffi-
cient (b) 1.14, 95% CI 1.05 to 1.24, P ¼ .002) compared
with the control group. Moreover, the association appeared
to increase with the severity of chronic inflammation, as
assessed by leukocytes count and granulocytes count.26

Rheumatoid arthritis

Numerous small studies have concluded that patients with
RA27e29 exhibit increased aortic CF-PWV which corre-
lates, independently of blood pressure, age, and gender,
with the degree of active inflammation.27 A recent, large
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metaanalysis by Ambrosino et al. evaluated the relationship
between RA and arterial stiffness across 25 studies (1472
RA patients, 1583 controls). They demonstrated that RA
patients had a significantly higher CF-PWV in comparison
to controls with a mean difference (MD 1.32 m/s; 95% CI
0.77, 1.88; P < .00001); ankle-brachial-PWV (MD
198.42 cm/s; 95% CI 45.79, 342.76; P ¼ .01), AIx (MD
11.50%; 95% CI 5.15, 17.86; P ¼ .0004), and AIx@75
(MD 6.99%; 95% CI 4.92, 9.06; P < .00001) were also
increased in RA patients. Furthermore, this metaanalysis
demonstrated that there is an association between the
severity of inflammation and stiffness, and that increased
arterial stiffening is present even in early-stage disease.30

Inflammatory bowel disease

A recent metaanalysis by Zanoli et al. used data from four
cohorts in three countries, which included 151 patients with
ulcerative colitis, 159 with Crohn’s disease, and 227 con-
trol patients. The results demonstrated CF-PWV was
increased in patients with Crohn’s disease (mean difference
0.78 z-score; 95% confidence interval, 0.56e1.00 z-score,
P < .001) and ulcerative colitis (mean difference 0.75 z-
score; 95% confidence interval, 0.52e0.97 z-score,
P < .001).31

In a linear regression model adjusted for prespecified
confounders, aortic PWV was associated with disease
duration and white blood cell count but not with CRP and
erythrocyte sedimentation rate, cardiovascular risk factors,
or therapy.

Systemic lupus erythematosus

A metaanalysis of data from 14 studies in SLE patients was
performed by Wang et al. They used fixed-effect or
random-effect models to estimate the pooled standardized
mean difference (SMD) and 95% confidence intervals (CIs)
between patients and controls. This study demonstrated that
patients with SLE had significantly higher CF-PWV levels
than the control group (SMD ¼ 0.56; 95% CI: 0.30e0.82).
They also showed that body mass index and disease
duration were associated with increased CF-PWV.32

Systemic sclerosis

A large metaanalysis was performed comprising a total of
1292 patients with systemic sclerosis (SSc) from 35 indi-
vidual studies. Arterial stiffness, assessed by both CF-PWV
and ankle-augmentation index, was found to be higher in
SSc patients in comparison to controls. The SMD for CF-
PWV was 0.62 (95% CI: 0.35, 0.88, P < .001), whereas
the standardized difference for AIx was 0.96 (95%CI: 0.45,
1.47, P < .001).33

Chronic obstructive pulmonary disease

Despite being primarily a chronic lung condition, patients
with COPD exhibit an increased risk of CV events. A large
metaanalysis of 32 studies (3198 patients and 13867 con-
trols) reported that COPD patients had significantly higher
CF-PWV (SMD: 0.70; 95% CI: 0.52, 0.88; P < .0001),
AIx normalized to a heart rate (MD: 4.59%; 95% CI: 2.80,
6.38; P < .0001). Metaregression analysis revealed that the
severity of lung disease (as expressed by FEV1%predicted)
was associated with PWV. In the subgroup analysis, the
authors showed that COPD patients with even mild airway
obstruction had increased arterial compared with controls
subjects, suggesting that subclinical vascular changes occur
prematurely and increase with declining lung function.34

Human immunodeficiency virus infection

Whether patients with human immunodeficiency virus
(HIV) have increased arterial stiffness is contentious. A
recent review evaluated 18 observational studies which
compared individuals with HIV infection and controls, and
found that 55% of studies showed no difference in aortic
stiffness between HIVþ and age-matched HIV� control
groups. The main reported determinants of aortic stiffness
in the reviewed studies were age, blood pressure, smoking,
metabolic syndrome, and HIV-related variables, including
CD4/CD8 ratio, current T-CD4 count <200/mm3, and
nadir T-CD4þ count <200/mm3. These findings suggest
that HIV and associated immune dysfunction may be
associated with large artery stiffness.35 The impact of HIV
infection on arterial stiffness and hemodynamics will be
discussed in detail in Chapter 47.

Antiinflammatory treatment for arterial
stiffness

Numerous studies in both healthy individuals and in pa-
tients with inflammatory conditions have demonstrated that
inflammatory markers are independently associated with
arterial stiffening, suggesting that stiffening may be modi-
fiable by antiinflammatory treatments. This part of this
chapter aims to explore the studies investigating the effect
of antiinflammatory drugs for arterial stiffness reduction.

Only few relatively small studies have investigated the
effect of traditional antiinflammatory drugs on arterial
stiffness. Pieringer et al. demonstrated a reduction in AIx in
patients with PMR following corticosteroid treatment; from
28 � 9% to 25 � 10%, P ¼ .006.36 Schillaci et al.
demonstrated in patients with PMR that 4-week treatment
with prednisolone reduced aPWV (from 11.8 � 3 to
10.5 � 3 m/s, P ¼ .015) and AIx (from 34 � 7% to
29 � 8%, P ¼ .01). These changes were independent of BP
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and heart rate and the change in CF-PWV correlated with
change in plasma CRP (r ¼ 0.40, P ¼ .037).37 The results
of these studies are contradicted by a study by Wong et al.
who found that antiinflammatory therapy with cyclo-
oxygenase (COX) inhibitors indomethacin and rofecoxib
did not improve endothelial function or reduce arterial
stiffening.38 It is important to recognize that some of the
conventionally used antiinflammatory drugs may actually
increase CV risk. Corticosteroids cause dyslipidemia, hy-
pertension, impaired glucose tolerance, and imbalances in
thrombosis and fibrinolysis.39 Methotrexate use can lead to
hyperhomocysteinemia, which is an independent predictor
of CV events, although this problem can be overcome by
concomitant supplementation of folic acid.40 Selective
COX-2 inhibitors and also nonselective NSAIDs increase
mortality and CV events in numerous patient groups due to
an imbalance of thromboxane A2 and prostacyclin.41

However, these drugs may also have an ameliorating effect
on the vasculature by the reduction of inflammation and
hence oxidative stress.

Due to their high specificity, biological immunomodu-
latory drugs may represent a better pharmacological tool to
investigate the role of inflammation on stiffness. Maki-
Petaja et al. demonstrated in 17 RA patients that
following 8 weeks of antitumor necrosis factor-a (TNF-a)
therapy, CF-PWV was reduced from 9.09 � 1.77 m/s to
8.63 � 1.42 m/s (P ¼ .04). Also, aortic inflammation
assessed by tissue to background ratio of (18)F-
fluorodeoxyglucose uptake within the aortic wall
decreased from 2.02 � 0.22 to 1.90 � 0.29, which corre-
lated with the reduction of CF-PWV (R ¼ 0.60, P ¼ .01).28

Similarly, Angel at al. demonstrated in 55 patients in-
flammatory arthropathies that a 1-year treatment course
with anti-TNF-a therapy, but not placebo, led to a reduction
of CF-PWV (�0.54 � 0.79 m/s vs. 0.06 � 0.61 m/s,
respectively; P ¼ .004) and carotid intima-media thickness
(cIMT) progression was reduced in the treatment group in
comparison to the control group.42 Tam et al. demonstrated
in 40 RA patients that after a 6-month treatment period,
there was a significantly greater reduction in CF-PWV in
those patients receiving both methotrexate and the anti-
TNF-a agent, infliximab compared to those receiving
methotrexate only (�0.78 � 1.13 m/s vs. 0.18 � 1.59 m/s;
P ¼ .04), which was accompanied by significantly greater
reduction in CRP and disease activity.43 This suggested that
a greater reduction in inflammation and disease activity
may in turn lead to a greater reduction in PWV. Contrary to
the encouraging findings seen in RA patients with anti-
TNF-a agents, McInnes et al. found in a randomized
double blind phase III trial, that interleukin-6 receptor (IL-
6R) blocker tocilizumab was not beneficial in reducing CF-
PWV in 132 patients with RA.44 Opposing their

hypothesis, they found that reduction in CF-PWV was
greater in the placebo group in comparison to tocilizumab
group at 12 weeks posttreatment (adjusted mean difference
0.79 m/s; 95% CI 0.22 to 1.35; P ¼ .007). This could be
due to the observed increase in total cholesterol, LDL-
cholesterol, and triglyceride levels in tocilizumab re-
cipients. However, they demonstrated that tocilizumab led
to a reduction of lipoprotein(a), as well as inflammatory and
thrombotic markers. And as such the net effect of cardio-
vascular benefits and/or risks of tocilizumab remains
unclear.

Another recent study explored the effect of IL-12/23 in-
hibition with ustekinumab in patients with psoriasis. In this
study by Ikonomidis et al., 150 psoriasis patients were ran-
domized to receive ustekinumab, anti-TNF-a treatment
(etanercept), or cyclosporine, and CF-PWV, as well as a host
of left ventricular (LV) function tests and inflammatory
markers were assessed at baseline and 4 months posttreat-
ment. Data from all three treatment arms demonstrated an
improvement in global longitudinal strain, LV twisting, and
coronary flow reserve, as well as reduced inflammatory
markers, but the greatest improvements were seen in the
ustekinumab group. Interestingly, CF-PWV and central
augmentation index were only improved by ustekinumab.45

This could potentially be explained by the fact that IL-12
signaling plays integral part in the pathogenesis of psoria-
sis, and hence inhibition of IL-12 would had a greater benefit
in the vasculature in this particular patient cohort. Pina et al.
conducted a prospective study in 29 patientswithmoderate to
severe psoriasis to determine the effect of anti-TNF-a
monoclonal antibody adalimumab on endothelial function
and CF-PWV46. In contrast to the findings of Ikonomidis
et al. demonstrated 6-month treatmentwith anti-TNF-a agent
led to an improvement of endothelial function as measured
by flow-mediated dilatation (from 6.19 � 2.44% to
7.46 � 2.43%; P ¼ .008) and reduction of CF-PWV (from
6.28 � 1.04 m/s to 5.69 � 1.31 m/s; P ¼ .03).

A follow-up study by Zanoli et al. provided important
novel data on the longitudinal changes in CF-PWV by after
commencement of antiinflammatory therapy.47 Longitudinal
study changes inCF-PWVwere observed for 3.4 � 0.5 years
in IBD subjects receiving mixed antiinflammatory therapies:
14 were treated with salicylates; 11, with steroids and
azathioprine; 7, with anti-TNF-alpha and 30matched healthy
controls were also studied. Interestingly, the results showed
that CF-PWV increased during follow-up in both control and
IBD subjects treated with salicylates, whereas CF-PWV
remained unchanged in those treated with steroids and
azathioprine or anti-TNF-a therapy. Therefore, the annual
increase of CF-PWV was significantly higher in subjects
treated with salicylates than in those treated with steroids and
azathioprine or anti-TNF-alpha (P ¼ .004 and P ¼ .001,
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respectively). These data suggest that a better control of
inflammation by the use of more potent antiinflammatory
drugs may help to slow down aortic stiffening over time.

Although many studies have shown in numerous
different chronic inflammatory conditions that antiin-
flammatory treatments lead to a reduction of arterial stiff-
ening, this does not necessarily seem to be the case in
patients with AS. Capkin et al. showed in a prospective trial
of 28 AS patients that despite significant improvement in
markers of disease activity and inflammation, anti-TNF-a
therapy did not improve CF-PWV after 24 weeks of ther-
apy (7.9 � 1.3 m/s vs. 7.7 � 1.3 m/s; P ¼ .4).48 Mathieu
et al. came to very similar conclusions by demonstrating
that there were no changes in CF-PWV or central
augmentation index after 6 or 12 months following anti-
TNF-a therapy in 49 patients with AS, despite the treat-
ment leading to a significant reduction of inflammation and
disease activity.49 These somewhat unexpected results
could potentially be due to a low baseline CF-PWV in these
relatively young subjects; after all, number of studies have
shown that the greatest change in CF-PWV is seen in those
with highest baseline values.

Only very few studies have investigated the effect of
antiinflammatory drugs on arterial stiffness in healthy in-
dividuals. Vlachopoulos et al. used S. typhi vaccination to
induce acute inflammation healthy subjects.22 Interestingly,
they demonstrated that there was no change in CF-PWV
following the vaccination in those subjects that were ran-
domized to receive aspirin pretreatment, whereas CF-PWV
significantly increased in the placebo group. Using the
same model of acute inflammation, Wallace et al. similarly
demonstrated that pretreatment with Simvastatin also pre-
vents inflammation-induced aortic stiffening.21

Antilipidemic drugs

Numerous studies have reported so-called “pleiotropic ef-
fects” of HMG-CoA reductase inhibitors (statins). These
include improvements of endothelial function,54 increased
nitric oxide bioavailability,55,56 antioxidant57 and antiin-
flammatory58 or immunomodulatory effects.59 Therefore, it
comes as no surprise that numerous studies have investi-
gated statins as a means to reduce arterial stiffness.

In the late 1990s, Tomochika et al. first suggested in a
small prospective study that arterial stiffness, as measured
by Beta stiffness index, can be reduced with a strict
cholesterol-lowering therapy with pravastatin, probucol,
and diet.50 A year later, Muramatsu et al. demonstrated in
59 patients with hypercholesterolemia, that those patients
who had 15% or more reduction in total cholesterol
following pravastatin therapy also had a significant
decrease in CF-PWV and total peripheral resistance.51

Since these first two studies in the 1990s, numerous groups
have studied the effect of different statins in various patient
groups. Indeed, statins have now been shown to reduce
arterial stiffness in patients’ hypercholesterolemia, hyper-
tension, CVD, chronic kidney disease, diabetes, RA, and in
obese individuals.52

Mechanisms of inflammation-induced
arterial stiffening

Although there is plenty of evidence to demonstrate that
inflammation has a causal effect on arterial stiffening and
that treatment of inflammation leads to reductions in stiff-
ness, the mechanisms behind inflammation-induced stiff-
ness remain incompletely understood. Numerous potential
mechanisms have been suggested, some of which are dis-
cussed below.

Endothelial dysfunction

Endothelial function can regulate arterial stiffness via
changes in smooth muscle tone. Both basal and stimulated
nitric oxide (NO) production can regulate muscular artery
distensibility. There is also an inverse correlation between
endothelial function, as measured by flow-mediated dila-
tation response, and CF-PWV, which appears independent
of potential confounding factors, including age and MAP.53

Furthermore, local arterial distensibility is reduced by
blockade of endogenous NO synthesis with the NO syn-
thase inhibitor NG-monomethyl-L-arginine in the human
iliac artery.11 However, the role of nitric oxide in regulating
stiffness of the more elastic thoracic aorta remains contro-
versial. A detailed discussion of endothelial dysfunction
and its hemodynamic consequences can be found in
Chapter 23.

The association between acute and chronic inflamma-
tion and endothelial dysfunction has been demonstrated in
numerous studies.54 However, the mechanisms behind this
are incompletely understood. One possibility is that certain
cytokines induce expression of inducible nitric oxide syn-
thase (iNOS) leading to a production of reactive oxygen
species with subsequent uncoupling of endothelial NOS
(eNOS) and reduction in nitric oxide (NO) production.55

Moreover, the acute phase reactant CRP may also decrease
eNOS expression and thus reduce NO bioavailability
directly.56 Production of myeloperoxidase (MPO) is
another potential key mediator in inflammation-induced
endothelial dysfunction. MPO is released from activated
neutrophils during inflammation. MPO can catalytically
degrade NO, thus reducing NO bioavailability. Further-
more, MPO has the unique ability to produce hypochlorous
acid and subsequently lead to uncoupling of eNOS,57
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oxidation tetrabiopterin (BH4),
58 and further superoxide

(O2
- ) production. Tetrahydrobiopterin (BH4), a naturally

occurring essential co-factor for eNOS, is thought to play
an important role. Recent in vitro studies suggest that
activation of iNOS may lead to endothelial dysfunction by
depleting the bioavailability of BH4 from eNOS and sub-
sequently uncouple eNOS, resulting to production of su-
peroxide (O2

�) rather than NO.59 When O2
� reacts with NO

in vivo, peroxynitrite is formed, leading to oxidation of
BH4 and a reduction in the allosteric stability of eNOS,
further uncoupling of eNOS. Furthermore, increased levels
of adhesion molecules may damage endothelial cells and
lead to altered endothelial function.60 Activation of neu-
trophils by antineutrophil cytoplasm antibodies within the
vascular lumen may contribute to endothelial cell injury.61

Finally, oxidation of LDL promoted by inflammation may
lead to direct endothelial cell toxicity62 and disturbed eNOS
function.

Increased synthesis of matrix
metalloproteinases

Another mechanism that may contribute to arterial stiff-
ening during inflammation is an accelerated elastin break-
down by matrix MMPs. MMP synthesis is induced by
CRP, and the release of MMPs from the leukocytes can
degrade elastin within the media. Yasmin et al. demon-
strated in mixed cohort of 677 hypertensive and normo-
tensive subjects that MMP-9 levels are independently
associated with CF-PWV.63 In a further study, Yasmin
et al. demonstrated that aortic stiffness and elastase activity
are influenced by MMP-9 gene polymorphisms, suggesting
that the genetic variation in this protein may have a causal
role in the process of large artery stiffening.64 Although
elastin degradation may play an important role in arterial
stiffness over long periods of time, it is unlike to explain
more acute changes or how antiinflammatory therapies are
able to reduce stiffness. After all very little, if any, elastin is
synthesized beyond the first year of life.65

Calcification

Calcification is another potential mechanism behind
inflammation-induced arterial stiffness. Several mediators
of inflammation such as oxidation, carbonyl stress, CRP,
and cytokines may directly stimulate vascular calcifica-
tion.66 This can lead to a phenotypic transformation of
vascular smooth muscle cells (VSMCs), which increases
bioapatite formation and therefore calcification, as well as a
transformation of VSMCs to osteoblast-like cells. Also,

fetuin-A, an endogenous inhibitor of vascular calcification,
is downregulated during inflammation, and recently it has
been demonstrated that fetuin-A is an independent risk
factor for progressive arterial stiffness67 in patients with
chronic kidney disease. A study in children on dialysis,
demonstrated that fetuin-A and another physiological
inhibitor of calcification (osteoprotegerin) are associated
with increased aortic stiffness and calcification.68 The
role of inflammation on arterial stiffening and mechanisms
of aortic wall calcification will be further discussed in
Chapter 21.

Smooth muscle proliferation and changes in
the composition of extracellular matrix

The inflammatory response initiates an accumulation of
leukocytes into the vascular endothelium. This can lead to a
complex cascade of VSMC activation, migration, and
proliferation. The role of vascular smooth muscle
dysfunction on arterial stiffness will be discussed in detail
in Chapter 22. Activated VSMC can synthesize and secrete
biologically active mediators such as endothelin, angio-
tensin II, cytokines, proteases, collagen, and proteoglycans
(PGs) that regulate contraction, relaxation, inflammation,
proliferation, apoptosis, and matrix alterations69 and can
therefore subsequently lead to arterial stiffening. Alterna-
tively, inflammation can alter the extracellular matrix
(ECM).

ECM is a complex collection of fibrous proteins and
glycoproteins, which are embedded in a hydrated ground
substance of PGs, proteins with glycosaminoglycan (GAG)
chain attached to them.70 PGs have numerous specific roles
within the vascular ECM, such as hydration, filtration, and
regulation of various cellular activities as well as inflam-
matory processes.71 During atherosclerosis and inflamma-
tion arterial GAGs accumulate within the intima, and
inflammatory cytokines have the capacity to alter GAGs
both quantitatively and qualitatively.72 In intermediate and
advanced atherosclerotic lesions, GAGs such as decorin,
versican, biglycan, and hyaluronan (HA) are upregulated,
and alterations in HA metabolism, distribution, and func-
tion have been documented in various inflammatory disease
states.73 Tissue enriched with HA tends to trap water and
swell, forming a viscous hydrate gel which allows the ECM
to resist compression forces,73 making the wall stiffer. In
addition, overproduction of HA in the aorta results in
stiffening of the arterial wall by thinning of elastic lamellae
in animal models.74 In vitro findings indicate that upregu-
lation of hydrating GAGs leads to an increased water
content of the vessel wall.75
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Direct vascular inflammation

Aortic stiffness in chronic inflammatory conditions may,
at least in RA, be driven by direct vascular inflammation.
Although the prevalence of clinical vasculitis in RA is
low,76 the results of an autopsy series77 and histological
studies78 suggest that subclinical vasculitis in RA is may
be relatively common. However, it is rarely recognized in
clinical practice due to the difficulty in its noninvasive
diagnosis.79 A recent study in patients with severe RA, but
without clinically manifest CVD, demonstrated increased
aortic inflammation using 18F-FDG PET/CT imaging, in
comparison to subjects with established, stable CVD.28

Additionally, the study demonstrated a reduction in
inflammation along the whole aorta (Fig. 20.1A and B),
as well as in its most diseased segment following anti-
TNF-a therapy, and that the reduction in aortic inflam-
mation correlates with the reduction in CF-PWV.
Interestingly, RA patients exhibited a generalized increase
in aortic inflammation, rather than focal uptake, suggest-
ing that RA patients exhibit a subclinical vasculitis, rather
than increased atherosclerosis, which could provide a
potential mechanism for the increased CVD risk seen
in RA.80

Conclusion

Large number of studies have suggested that inflammation
plays a role in arterial stiffening; however, many of

these studies are observational studies in patients with
inflammatory conditions, whereas the cause‒effect studies
and placebo-control trials are not as numerous. There
are several potential mechanisms which may explain this
association, including endothelial dysfunction with
subsequent changes in smooth muscle tone, smooth
muscle proliferation and activation, changes in the compo-
sition of the ECM, and direct vascular inflammation, but
further studies are required to ascertain these mechanisms.

Similarly, the mechanisms by which antiinflammatory
therapies lead to a reduction of arterial stiffness are spec-
ulative at present (Fig. 20.2). Potentially, treatment with
antiinflammatory drugs, leading to reductions in cytokine
release, could lead to beneficial changes in the arterial wall
composition via improvement of endothelial function, or
via reductions of vascular inflammation, and hence, a
reduction of the number of inflammatory cells present
within the aortic wall. Other potential mechanisms include
inhibition of smooth muscle cell proliferation, changes in
glycosaminoglycan content of the ECM, reduction of
calcification, and inhibition of elastin degrading matrix
MMP synthesis. However, studies addressing these
possible mechanisms need to be done to ascertain the role
of these processes in inflammation-induced arterial stiff-
ening, and large randomized placebo-controlled trials are
needed to establish the true effect of antiinflammatory
therapies on arterial stiffness, especially in healthy
individuals.
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FIGURE 20.1A Effect of anti-TNF-a therapy on 18F-FDG uptake: Tissue to background ratio (TBR) in the whole aorta. Bars represent means and 95%
confidence intervals of means. n ¼ 17 RA subjects and n ¼ 34 age-matched controls with stable CVD. From Mäki-Petäjä et al. Circulation 2012; 126:
2473e80.
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FIGURE 20.1B Typical 18F-FDG
PET/CT images before and after
anti-TNF-a therapy: Axial images of
ascending and descending aorta
from a typical RA patient. Left to
right: CT, 18F-FDG PET, and fused
PET/CT images. Baseline images
are shown on the top row and after
intervention on the bottom row.
From Mäki-Petäjä et al. Circulation
2012; 126: 2473e80.

FIGURE 20.2 Potential mechanisms by which antiinflammatory therapies could lead to a reduction of arterial stiffness and the risk of cardiovascular
disease.
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Chapter 21

Mechanisms of calcification in the aortic
wall and aortic valve
Livia Silva Araújo Passos, Dakota Becker-Greene and Elena Aikawa
The Center for Excellence in Vascular Biology, Brigham and Women’s Hospital, Harvard Medical School, Boston, MA, United States

Cardiovascular events associated with
calcification in the aortic wall and
aortic valve

Increased life expectancy over the past several decades has
caused a surge in the burden of cardiovascular diseases
(CVDs), leading to high mortality, morbidity, and overall
healthcare costs.1 The heart and vasculature undergo
numerous alterations during the aging process, primarily as
a result of deregulation of molecular longevity pathways,
causing impaired vascular structure and function.2 Age-
related CVDs include coronary heart disease, peripheral
arterial disease, valvular heart diseases, heart failure, stroke,
and vascular dementia.1,3 In general, the relationship be-
tween the average human lifespan and the occurrence of
CVDs can be related to two pathologic processes: athero-
sclerosis (which leads to atherothrombotic events,
including myocardial infarction) and large artery stiffening
(a general reduction of elasticity in large arteries over time),
which causes isolated systolic hypertension and contributes
to the development of heart failure, age-related cognitive
dysfunction, and chronic renal disease, among others. In
children and young adults, CVDs are uncommon due to
high tissue durability and elasticity; however, those become
weakened with age due to pathologic matrix remodeling,
which results in fibrosis and calcification.4,5 Epidemiolog-
ical studies have shown extensive age-associated vascular
changes that constitute a central etiologic component of
CVDs.5 Among these changes are an individual’s immune
response, genetic background, comorbidities, environ-
mental exposures, and overall lifestyle.6e8 These factors
can strongly influence the variability and severity of CVD.

Among CVDs, atherosclerosis, aortic wall calcification,
and calcific aortic valve disease (CAVD) remain the primary
contributors to mortality worldwide, with ectopic minerali-
zation as the central condition.9 Although these diseases

share several risk factors, they cannot be generalized as the
same disorder. Only w25%e50% of patients with CAVD
also present with significant coronary artery disease, sug-
gesting divergent pathological processes.10 Similarly, large
artery stiffening and calcification of the medial layer of the
aorta can occur in the absence of atherosclerosis. Aortic wall
calcification, CAVD, and large artery stiffening manifest
clinically in middle to late adulthood, with increasing
severity over time.11 Similar to many progressive disorders,
it has a long subclinical phase, hampering early diagnosis that
could reduce future complications.12

Advanced calcification in the intimal layer of athero-
sclerotic plaques has been associated with stable atheroma.13

However, the link between calcification and plaque rupture,
while predicted computationally, is still clinically unproved
and an ongoing topic of debate in the field. While macro-
calcification can act as a biomechanical stabilizer, micro-
calcifications have a predisposition of susceptibility to
rupture.14e16 Moreover, calcification reduces aortic wall
elasticity.17 Atherosclerotic plaque rupture can cause sub-
sequent acute events, such as myocardial infarction and
stroke.5Nonatherosclerotic calcification, common in chronic
kidney disease (CKD), affects the medial layer of the
ascending aorta and aortic arch; therefore, impacting the ef-
ficacy of aortic valve replacement and most treatments of
severe aortic stenosis.18,19

In aortic valves, calcification reduces leaflet compliance
and fails to maintain directionality of blood flow from the
left ventricle to systemic circulation.20e22 Additionally,
calcium deposits damage the structural integrity of aortic
leaflets, therefore, interfering with the biomechanical
functionality.23 As a risk factor, arterial calcification leads
to a fourfold increase in cardiovascular events.2,24 The size
and density of calcification reflects disease stage, since it
usually progresses from small calcium deposits to large and
dense calcific masses.25,26
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This chapter will outline the pathogenic mechanisms of
aortic wall and aortic valve stiffness. In addition, it will go
in depth into the role that calcification plays in these
mechanisms, as well as the important factors associated
with the role of hemodynamic shear stress throughout all
stages of disease. Furthermore, the synergistic effects of
risk factors in vascular endothelial dysfunction will be
delineated.

Calcification is a result of multiple
synergistic pathogenic processes

Several interconnected cellular and a cellular processes are
involved in the nucleation and crystallization of calcium/
phosphate, resulting in the formation of hydroxyapatite
within the cardiovascular system.22 As a multifaceted dis-
order, many factors play a role in disease manifestation and
calcification extent, thus influencing the overall clinical
outcome.27 Initial mechanisms of mineralization often
overlap among different types of cardiovascular calcifica-
tion, especially initial vascular endothelial injury caused by
mechanical alterations of blood flow. However, mecha-
nisms of pathogenesis secondary to hemodynamic abnor-
malities differ depending on the localization of ectopic
mineralization. In this section, we will first discuss the
pathological mechanisms of aortic wall calcification and
CAVD, followed by the role of hemodynamic shear stress
as an instigator and propagator of disease.

Atherosclerosis and intimal calcification of the
aortic wall

The endothelium is a major regulator of arterial vasculature
homeostasis, thereby, playing an important role in the
pathobiology of atherosclerosis.28 Many of the risk factors
that predispose patients to atherosclerosis cause endothelial
damage, which is an early marker of disease.17,29 Endo-
thelial cell dysfunction in lesion-prone areas leads to al-
terations in vascular tone, redox balance, and permeability,
therefore, trapping low-density cholesterol in the sub-
endothelial space. Endothelial dysfunction will be further
discussed in the following topic.

Leukocytes are recruited into the intimal and medial
layers of the vessel wall (Fig. 21.1). Circulating monocytes
differentiate into macrophages, which internalize modified
lipoprotein and become foam cells (lipid-laden macro-
phages).30 The breakdown of local homeostasis modifies
cytokines, chemokines, and growth factor production,
thereby, fueling the recruitment of circulating cells and
neighboring vascular smooth muscle cells (SMCs) into
arterial wall layers (Fig. 21.1).31,32 Vascular SMCs are
nonstriated, nonvoluntary, contractile cells that are essential

for maintaining the blood pressure of vessels through
contraction and relaxation in opposition to the heart.33 In
addition, SMCs participate in remodeling the extracellular
matrix (ECM).34

Inflammatory milieu favors structural remodeling
through synthesis and degradation of ECM components
and cell proliferation.35,36 Progressive tissue remodeling
results in the formation of a fibrous cap, rich in oxidized
lipids, cholesterol crystals, and cellular debris, referred to as
the necrotic core. Other immune cell types, including
dendritic cells, T cells, and natural killer T-cells, are also
abundant in fibroadipose plaques, where they contribute to
a proinflammatory environment and production of pro-
teases.22 Foam cells release proinflammatory cytokines,
such as TNF-a, that contribute to arterial calcification
(Fig. 21.1).37 TNF-a induces SMC differentiation into an
osteogenic phenotype, which releases calcifying extracel-
lular vesicles (EVs).32 Furthermore, TNF-a upregulates
endothelial cell production of bone morphogenetic protein
(BMP), a soluble factor associated with the formation of
bone and cartilage.38 An abundance of proinflammatory
macrophages was associated with the presence of calcifi-
cation in the arterial wall.26,39

SMC phenotype differentiation in atherosclerosis in-
volves downregulation of contractile proteins, increased
proliferation, and ECM remodeling capacity to facilitate
migration of the cells to sites within tissue.32 Calcific
vascular SMC phenotypes include osteogenic, chondrocytic,
and osteoclastic. An osteo/chondrogenic phenotype is char-
acterized by the ability to release calcifying vesicles and the
gain of osteochondrogenic markers, such as RUNX2,
osteopontin (OP), osteocalcin (OC), and alkaline phospha-
tase (ALP).40,41 In addition, SMCs can assume adipogenic
and macrophagic phenotypes.42 Therefore, arterial plaque
calcification is best conceptualized as a convergence of
vascular inflammatory pathobiology and bone biology.

Arterial wall calcification demonstrates bone-like or-
ganization with lamellar structure.43 Intimal calcification
leads to arterial obstruction and plaque rupture, while
medial calcification is linked to vessel stiffness, systolic
hypertension, and increased pulse wave velocity favoring
left ventricular hypertrophy and multiple other cardiovas-
cular disorders (as discussed in Chapter 10).44 Micro-
calcifications (<15 mm particles) are observed throughout
the lesion, but become harmful when located within the
fibrous cap, whereas macrocalcifications are found in the
deep intima adjacent to the internal elastic lamella and
tunica media. While macrocalcification contributes to
vessel stiffness and potentially to plaque stabilization, it can
also lead to devastating organ dysfunction depending on its
location and extent, which can culminate in myocardial
infarction, stroke, and valve incompetence.45

328 Textbook of Arterial Stiffness and Pulsatile Hemodynamics in Health and Disease



Nonatherosclerotic medial aortic wall
calcification

Calcification can occur independently of atherosclerosis,
thereby, affecting the medial layer of the arterial media in
the ascending aorta and aortic arch, often affecting patients
with CKD and diabetes.46,47 In those cases, hydroxyapatite
crystals deposit in the media along elastin fibers directly
neighboring SMCs in the absence of cholesterol deposits.48

Elastin degradation is mediated by metalloproteinases
(MMPs) and serves as an initiation nidus for medial
calcification (Fig. 21.1).47 In addition, it is possible for
elastic lamellae to create a barrier between SMCs, limiting
calcification in the medial layer.49 While a strong inflam-
matory component is sufficient to create the conditions for
nucleating calcium phosphates in the absence of hypo-
phosphatemia in atherosclerosis and CAVD, a localized

inflammatory response has not been observed in medial
calcification.39 In this type of calcification both intra- and
extracellular calcium deposits are present. Intracellular de-
posits are located in SMCs and extracellular deposits are
largely associated with damaged elastic fibers embedded
within the ECM46 and other ECM components, including
collagen. Even though atherosclerotic and medial calcifi-
cation might be two separate entities, their pathogenesis
have considerable overlap.

As medial calcification has been frequently associated
with type 2 diabetes, end-stage renal disease, and is
commonly associated with osteoporosis, demonstrating the
central role of mineral metabolism in the pathogenesis of
this disorder,50e52 this disorder is considered a process of
metabolite-induced vascular changes. However, the patho-
physiological mechanisms contributing to the formation of
medial calcification are not fully understood. Experimental

FIGURE 21.1 Mechanisms of different types of aortic calcification: intimal atherosclerotic calcification versus medial nonatherosclerotic calcification.
(A) Intimal calcification. Endothelial injury initiates the transport of monocytes and low-density lipoprotein (LDL) into the intima, as well as the migration
and proliferation of vascular smooth muscle cells (SMCs) from the media to the intima. Additionally, calcifying extracellular vesicles (EVs) contribute to
fatty streak formation. Layers of foam cells and activated SMCs form fatty streaks in the intima. Intermediate lesions contain scattered collections of lipid
droplets with damaged SMCs that experience phenotype trans differentiation. As this process progresses, elastin and cell degradation, along with MMPs
and cathepsins, acts as a scaffold for mineral deposition and inflammation that may elevate extracellular calcium (Ca2þ) and phosphate (PO4

3�), followed
by intimal calcification. SMCs and intimal macrophages produce many calcification-regulating proteins commonly found in bone, such as osteopontin
(OP), osteocalcin (OC), osteonectin (ON), matrix Gla protein (MGP), alkaline phosphatase (ALP), and bone morphogenetic protein 2 (BMP-2). (B)
Medial calcification. Uremia induces a change in a number of bone-associated proteins not normally expressed in the vessel wall, including ALP, bone
sialoprotein (BSP), and BMP-2. There is also evidence of downregulation of MGP bone Gla protein (BGP), which is known to inhibit medial calcification.
Apoptotic bodies derived from dying SMCs and calcifying extracellular vesicles (EVs) released from SMCs are also essential contributors. Both of these
cause phenotypic changes in smooth muscle cells (SMCs) forming osteoblasts, which lead to medial calcification. Separately, elastin acts as a scaffold for
mineral nucleation, ultimately leading to medial calcification.
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models are widely used to study medial calcification. The
rabbit model of CKD shows early morphologic changes in
the aortic media with rupture of elastic lamellae and
increased ECM in the absence of a high-cholesterol diet.
After 3 months of follow-up in these animals, they maintain
media degeneration with calcification, but not in the in-
tima.53 Arteries taken from humans with CKD show
calcification of the arterial media, but not the intima, even
in patients with a moderate increase of serum creatinine.48

Additionally, no lipid or cholesterol deposits were observed
in the vicinity of the medial calcification in these patients.48

In type 2 diabetes, patients’ medial calcification is the most
common form of vascular calcification, mostly affecting the
media of peripheral arteries and is more severe in hemo-
dialysis patients.54,55 Elastin degradation occurs because of
SMC proliferation, leading to collagen becoming the
principal ECM component of the arterial wall. Collagen can
be glycated in patients with diabetes, thereby, promoting
arterial wall stiffening.56,57

Alterations in mineral metabolism and vascular
inflammation induce phenotypic changes of SMCs into
osteoblasts in the medial layer (Fig. 21.1). Transformed
osteoblasts produce bone-associated proteins, such as ALP,
bone sialoprotein (BSP), and BMP-2.49,58 Apoptotic bodies
and EVs from SMCs also contribute to medial calcification
by facilitating mineral nucleation.59

Aside from CKD, mediastinal radiation can cause
medial and intimal calcification in the aortic wall.60,61 The
cumulative incidence of radiation that leads to heart disease
is between 10% and 30% and occurs on average 5e
10 years after initial treatment.62 Current radiotherapy
techniques, such as those used to treat breast cancer, have
measures in place that protect the heart and ascending aorta
in order to minimize cardiac and aortic damage.

Medial calcification induces stiffening of the vessel,
increased pulse pressure, and left ventricular hypertrophy,
which can result in heart failure. The differentiation be-
tween intimal (atherosclerotic) and medial (non-
atherosclerotic) calcification may have clinical
implications, especially because it can complicate surgical
aortic valve replacement and treatment of severe aortic
stenosis since it is accessed via the ascending aorta.18,19

Furthermore, large calcification in the medial layer may
induce secondary changes in the intima. Medial calcifica-
tion in the ascending aorta and aortic arch interferes with
aortic cannulation, clamping, aortotomy, and central coro-
nary bypass anastomosis.63 Therefore, medial calcification
increases the morbidity and mortality, especially as a result
of increased operative risk. Vascular stiffness of the aorta
may lead to congestive heart failure, left ventricular hy-
pertrophy, elevated pulse pressure, coronary ischemia, or
sudden death resulting from arrhythmia.

Arterial medial calcification is commonly diagnosed by
manual palpation performed after sternotomy and exposure

of the aorta at the time of cardiac surgery. Chest X-ray and
fluoroscopy during coronary angiography might reveal a
calcific outline of the ascending aorta. However, there is no
accurate imaging modality to differentiate intimal and
medial calcification or assess its extent.

Calcific aortic valve disease

Despite the similarities in the mechanisms of intimal and
aortic valve calcification, fewer than 50% of patients
develop calcification of both atherosclerotic plaques and
aortic valve, indicating that those disorders involve
different pathogenic mechanisms.64 The normal aortic
valve maintains unidirectional blood flow from the left
ventricle into the aorta. In CAVD, the leaflets become
thick, stiff, scarred, and calcified, leading to decreased
pliability and narrowing of the valve orifice.65 Early disease
is characterized by aortic sclerosis, where ventricular
outflow remains intact and progresses to aortic stenosis,
which includes ventricular outflow obstruction.66 Calcium
nodular deposits develop within the fibrosa layer at the base
of the leaflet.67 For decades, this disease was thought to be
a passive process in which the valve degenerates with
age.27 It is a fact that CAVD has a higher prevalence in the
elderly population; however, is not exclusively a “senile” or
“degenerative” disorder, suggesting pathological influences
other than age play a role.66

As with atherosclerosis, valve endothelial cells (VECs)
play a key role in the initiation of tissue injury, since they
are positioned to sense hemodynamic forces and encounter
circulating factors.68 Oxidative stress is also an early dis-
ease event associated with inactivation of endothelial nitric
oxide synthase (eNOS), contributing to an abnormal
oxidative state.69 Levels of superoxide and hydrogen
peroxide are markedly increased in calcified stenotic human
valves.70

VECs are phenotypically different from other vascular
endothelial cells.71 The role of hemodynamic forces in
valvular endothelial dysfunction and its impact on cardio-
vascular calcification will be discussed further in the
following topic. Located below the endothelium, VICs are
the most abundant and diverse valve resident cells,
responsible for synthesis of the ECM and expression of
matrix degrading enzymes.72 VECs interact with VICs to
maintain the integrity of valve tissue, therefore, this
connection may mediate disease.

Endothelium damage favors infiltration of inflammatory
cells, lipid oxidation, and deposition on the valve surface.23

Studies have shown that among VICs, there are a small
number of circulating progenitors and mesenchymal
progenitor-like cells, which likely form after transitioning
from endothelial cells.73,74 The local cytokine environment
promotes the activation of VICs, which are a very plastic
population that can differentiate into several phenotypes. In
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pathological circumstances, VICs shift from quiescent
resting fibroblasts to a variety of activated cell types,
including myofibroblasts and osteoblasts.75 Valve myofi-
broblasts express alpha-smooth muscle actin, leading to an
increase in proliferative and ECM remodeling capacity.75

Additionally, valve myofibroblasts migrate to injured sites
and develop angiogenic activity.76 VICs expressing an
osteoblast-like phenotype secrete ALP, OC, OP, BMP-2, 4,
and BSP (Fig. 21.2).66 Different VIC phenotypes may
exhibit plasticity and convert from one form to another.
In vitro VICs undergo osteoblastic differentiation in the
presence of TGF-b and BMPs.77

Matrix Gla protein (MGP), a g-carboxyglutamic
aciderich and vitamin K-dependent protein, is a well-
known ectopic calcification inhibitor.78,79 MGP is a small
secretory protein produced by chondrocytes and SMCs.
Studies show that MGP antagonizes BMP-2 and protects
against vascular calcification.80 Treatment of VICs isolated
from CAVD patients with TNF-a induces calcification and

increases BMP-2 expression, accompanied by a strong
decrease of MGP.81 Experimental mouse models of MGP
deficiency show early valve calcification, whereas trans-
genic mice that overexpress MGP are protected.82 The
MGP pathway is also implicated in atherosclerosis.80

Human histological studies have shown that CAVD
specimens demonstrate rich lymphocytic infiltrates that are
composed of macrophages, B cells, and T cells found near
osteoblast-like cells and calcified areas.23,83 Previously,
Aikawa E. et al. showed an association between macro-
phage burden and osteogenesis in experimental early-stage
CAVD and atherosclerosis by using near-infrared optical
fluorescence molecular imaging. Those findings reinforce
the inflammation-dependent mechanisms of calcification
and identified the stages of disease progression.25,26,39

Immune cells secrete inflammatory cytokines, including IL-
2, IL-6, IL-1b, TNF-a, and MMPs, which promote the
expression of genes involved in osteogenesis by VICs.22,84

Altogether, it is a consensus in the field that many

FIGURE 21.2 Major pathogenic events underlying the mechanisms of calcification in intimal, medial, and aortic valve calcification. Altered shear stress
leads to endothelial dysfunction denoted by increased expression of adhesion molecules, ICAM-1, VCAM-1, and E-Selectin, as well as trapping of low-
density lipoprotein (LDL) cholesterol. The recruited LDL takes up reactive oxygen species (ROS), becoming oxidized-LDL (ox-LDL). In turn, ox-LDL
binds to macrophages binding high levels of BMP-1, and become foam cells. Foam cells increase TNFa expression, releasing cytokines. Activation of
quiescent VICs (qVICs) occurs through T cells overexpressing IL-1b, IL-2, TGFb1, RANKL, OPG, and releasing MMPs. In addition, macrophages
overexpressing TNFa and TRAIL contribute to qVIC activation. Taken together, these changes stimulate the differentiation of VICs and SMCs into an
osteogenic phenotype, identified primarily by overexpression of RUNX2, osteopontin (OP), and osteocalcin (OC). These osteoblast-like cells release
active vesicles capable of nucleating hydroxyapatite. The inflammatory process is associated with extensive remodeling of the ECM. Calcification causes a
positive feedback loop of changes in the tissue affecting its architecture, cell biology, and hemodynamic parameters, which maintain a self-perpetuating
pathogenic cycle.
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pathogenic factors are centered on an inflammatory process
affecting the valve and leading to calcification, supporting
that CAVD is an inflammatory disease. Overall, recent
studies support the notion that inflammation occurs
secondarily in injured tissue, and CAVD is a manifestation
of an inflammatory disease.

The role of hemodynamic shear stress in
vascular calcification

One of the most discussed and intriguing questions in the
field of vascular calcification is how the promoters of
pathological cascade culminate in fibrosis and mineraliza-
tion within the cardiovascular system. As a multifaceted
disorder of unclear etiology, it is a very difficult question to
be answered. Several studies have shown that shear stress
alterations trigger vascular endothelial lesions that ulti-
mately calcify.85e88 Changes in tissue biology and
architecture associated with calcium deposition sustain a
self-perpetuating vicious cycle, as this worsens mechanical
stress.89

The flow of blood, by virtue of viscosity, exerts force on
the luminal vessel wall and endothelial surface per unit
area, known as hemodynamic shear stress.29 Physiologic,
laminar shear stress is crucial for normal vascular function,
as it regulates vascular caliber, acts as a protective barrier,
and inhibits proliferation, thrombosis, and inflammation of
the vessel wall.89 In pathological conditions, blood flow is
disturbed and/or is nonlaminar, creating force that is me-
chanically transduced into a biochemical signal that
changes vascular behavior.88 Systemic hypertension and
stiffness of the aortic root associated with aging processes
may cause abnormal mechanical stress, a common de-
nominator of several vascular pathologies.3 Cohort studies
have demonstrated that systolic blood pressure is related to
the risk of atherosclerosis and aortic stenosis, supporting
the causality of hypertension and cardiovascular calcifica-
tion.90,91 Initial endothelial vascular injury has a distinctive,
nonrandom pattern, which matches with points of altered
hemodynamics.68

In the aorta, arterial branch ostia and bifurcations are
prone to lesion development, since this curvature slows
blood flow, creating low or oscillatory shear stress. In
contrast, vessel regions that are exposed to steady blood
flow generally do not develop disease.89 Decreased shear
stress leads to the reduction of eNOS production by
vascular endothelial cells, therefore, impacting vasodilata-
tion and endothelial cell repair, accompanied by an increase
of reactive oxygen species (ROS).68 In vivo studies show
that vascular SMCs are also responsive to shear stress.92

Furthermore, the level of shear stress is inversely correlated
with intimal SMC density, whereas exposure to physiologic
flow did not influence cell density.92 It is likely that shear
stress acts through the endothelium to modulate SMC gene

expression. Moreover, oxidized low-density lipoprotein
(LDL) uptake in the intimal layer is favored during
decreased flow conditions.93

Large DNA array-based genomic analysis studies in
endothelial cells have shown gene sets regulated in
response to either physiological or mechanical altered
blood flow.87,94 Furthermore, many of the shear-regulated
factors fall into functional classes directly related to endo-
thelial cell biology, including nitric oxide (NO) and TGF-b.
It was also shown that altered shear stress can prime
endothelial cells through the proinflammatory transcription
factor, NF-kB.95 Decreased shear on endothelial cells
enhance adhesion molecules’ expression, such as ICAM-1,
VCAM-1, MCP-1, and E-selectin, thereby, promoting
leukocyte recruitment into the aortic wall.88

Endothelial-to-mesenchymal transition (EndMT) is
another important pathogenic mechanism in atherosclerosis
and is observed in abnormal shear stress.85 It is also well
described in valve pathology, specifically in mitral
valves.96e98 In this biological process, endothelial cells
lose cell polarity, gain increased migratory capability
through disruption of intercellular junctions, in addition to
having higher proliferative capacity.99 Furthermore, these
cells migrate to intimal and medial aortic wall layers, where
the cells become highly proinflammatory, releasing high
levels of cytokines and growth factors.

Endothelial damage resulting from altered shear stress
also contributes to triggering events of CAVD, as in aortic
wall calcification. Pulsatile hemodynamic shear stress af-
fects VICs through VEC mechanical transduction.100 In
normal conditions, shear stress contributes to endothelial
cell alignment and homeostasis by regulating valvular
biosynthetic activity.100 However, it remains unknown the
amount of disturbance needed to trigger pathological
events. Valves and vasculature are different in gross
morphology and cellular structure; therefore, they demon-
strate specific particularities in their pathogenic processes.
The cardiac cycle involves both systole and diastole, which
impart different forces on the leaflets.101 Aortic valve shear
stress occurs on the ventricularis layer of the valve when
blood flows past the leaflets during systole and on the
fibrosa when blood pools into the sinuses during diastole.
Blood flow is unidirectional and pulsatile on the ven-
tricularis, while bidirectional and oscillatory on the
fibrosa.102 VICs are found to respond to shear stress by
altering their biosynthesis of ECM components, including
collagen and collagen-processing enzymes, such as lysyl
oxidase and prolyl 4-hydroxylase.103,104 The amount of
collagen deposition is dependent on the degree and duration
of mechanical stress.104

Among the three cusps, noncoronary leaflets experience
more oscillatory shear forces than the coronary leaflets,
which experience more laminar shear stress. Therefore,
noncoronary leaflets are more prone to develop
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calcification.105 Additionally, noncoronary VICs have
shown increased expression of calcific markers and
mineralization potential. Another example indicating the
influence of hemodynamic factors on calcification are pa-
tients with a bicuspid aortic valve, the most common
congenital heart anomaly, which is found in 0.5%e1.4% of
the US population.106 The bicuspid aortic valve has more
rapid progression of stenosis and calcification than in the
tricuspid aortic valve.106

Endothelial cells that are exposed to oscillatory shear
stress in vitro are more prone to increased EndMT and
inflammatory capacity, as gauged by high expression of
aSMA and NFKb1, respectively.107 Altered shear stress in
the early stages of disease and increased expression of
adhesion molecules (VCAM-1, ICAM1) stimulate leuko-
cyte recruitment. This can lead to endothelial rupture,
facilitating even more inflammatory cell infiltration.23,108

Alignment and juxtaposition of endothelial cells worsen in
later stages of the disease due to increased local stiffness
associated with fibrosis and calcification.109 Furthermore,
endothelial disruption allows calcium from the blood to get
into the tissue. Similar to atherosclerosis, altered shear
stress propagates lipid infiltration, especially LDL that be-
comes oxidized by ROS action (Fig. 21.2).110 Inflammatory
infiltrate releases factors that differentiate VICs to an
osteogenic phenotype.66 Endothelial damage, followed by
VIC activation, leads to calcium deposition in CAVD
(Fig. 21.2).111 Trilayered leaflet structures become indis-
tinguishable in the end stage of disease and are associated
with intense collagen deposition. Leaflet structure has a
very important role in tissue biomechanics and, once
calcified, cannot be dissipated evenly across the leaflets,
thereby, worsening mechanical stress and propagating
pathogenic stimuli.112

Mechanical stress and subsequent endothelial injury are
early common events of aortic wall calcification and
CAVD. Then, secondary downstream events promote
activation of vascular SMCs and VICs, which have a
central role in aortic wall calcification and CAVD,
respectively (Fig. 21.2).32,39,66 Crosstalk between inflam-
matory infiltrates and SMCs or VICs culminates in
mineralization. Calcium deposits cause tissue stiffening,
aortic valve stenosis, and narrowing of the aorta lumen.
This, in turn, may cause even greater mechanical stress,
thereby, causing disease propagation.

The major cellular events underlying aortic wall and
aortic valve calcification are represented in Fig. 21.2.

Synergistic effects of risk factors in vascular
endothelial dysfunction

As presented in previous topics, the vascular endothelium is
a dynamically mutable interface responsive to a variety of

stimuli, both biomechanical and/or biochemical and local
and/or systemic. Phenotypic modulation of endothelial cells
constitutes the major risk factor for vascular diseases.
While the exact causes of vascular calcification are still not
well understood, certain conditions and lifestyles may raise
someone’s likelihood of obtaining either disease through
synergistic effects with endothelial shear stress.

Systemic risk factors, such as hypercholesterolemia with
increased LDL serum levels, have motivated researchers to
find the mechanistic link with cardiovascular calcification.
In vivo studies conductedwith a porcinemodel demonstrated
how hyperlipidemic swine that had intense hypercholester-
olemia favored rapid atheroma progression.113 In addition, a
hyperlipidemic environment increases transcytosis of
cholesterol to the subendothelial matrix and reduces its efflux
from the vessel wall.114,115 Lipid accumulation in sub-
endothelium alters structure and functionality of endothelial
cells.115 Patients who have the diagnosis of familial hyper-
cholesterolemia have a higher probability to develop
atherosclerosis and CAVD, as well as peripheral vascular
disease and coronary artery disease.116,117

Diabetes is defined by hyperglycemia condition and can
predispose atherosclerosis and aortic valve calcifica-
tion.118,119 Both diabetes type 1 and 2 show similar im-
plications in CVD development; however, type 2 diabetes
demonstrates enhanced atherosclerotic plaque burden when
compared to type 1 diabetes.120 Because type 2 diabetes
involves several aspects of metabolic syndrome, the iso-
lated role of hyperglycemia on atherosclerotic plaque for-
mation and calcification development is difficult to
determine. In type 1 diabetes, the postmortem study of
young patients and children shows enhanced fatty streak
formation in the absence of dyslipidemia, suggesting that
hyperglycemia is an independent risk factor for early pla-
que development.121 Moreover, children with type 1 dia-
betes show enhanced carotid intimalemedial thickness
compared to nondiabetics.122 The mechanism through
which a hyperglycemic environment affects endothelial
function was determined in vitro by exposing endothelial
cells to high glucose cell culture media, which led to a
decrease in NO production. In turn, this gave rise to the
activation of NF-kB transcriptional activity, thereby,
increasing inflammatory gene expression and leukocyte
recruitment.123e125 Kawakami et al. recently demonstrated
that human primary macrophages stimulated with S100A9
in culture conditions mimicking diabetes release calcifying
EVs contributing to the formation of microcalcifications.126

Similar phenomenon has been previously demonstrated in
mouse macrophages triggered with high levels of Ca/P,
recapitulating environment of CKD.15 CKD often results
from hypertension and diabetes. Dysmetabolic patients
with CKD have both intimal and medial calcification as a
common pathological process.127
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CAVD occurs in up to 45% of patients with type 2
diabetes and is associated with an increased cardiovascular
mortality, independently of other established risk factors.128

High glucose induces enhanced monocyte adhesion to
VECs through the increase of cell adhesion molecules:
ICAM-1, VCAM-1, and CD18.129 A study evaluating
VECs and VICs exposed to high glucose medium showed
induction of BMP-2 and 4 expression in VECs and other
osteogenic markers, RUNX2 and OP were expressed in
VICs.130 In addition, this same study showed that TGF-b
and BMP-2 signaling pathways are triggered by high
glucose levels and contribute to bone formation in valve
calcification.130 VICs exposed to high glucose cell culture
media increased expression of ECM proteins and
MMPs.130

Since unhealthy diet and lack of physical activity
directly influence cholesterol and glucose serum levels,
those also constitute risk factors for the development of
cardiovascular calcification. In patients with obesity,
adipocyte hypertrophy is accompanied by changes in its
derived cytokines and adipokines, leading to a systemic
proinflammatory state that can disturb the vascular endo-
thelium.131 This constitutes an additional mechanism of
vascular endothelial damage, apart from cholesterol path-
ways. Increase of proinflammatory cytokine secretion by
adipocytes is considered to be the link between obesity-
induced inflammation and endothelial dysfunction.131

Moreover, a high-fat diet can alter human gut microbiota,
leading to gut dysbiosis. An inflamed gastrointestinal tract
can impact endothelial dysfunction by systemically
releasing inflammatory mediators.132

As mentioned in previous topics, hypertension is an
age-associated disorder that shows higher prevalence in
patients with obesity.133 This disorder is not commonly a
cited risk factor for calcification; however, the majority of
patients with atherosclerosis and CAVD have hypertension
as a clinical manifestation.134,135 High blood pressure
generates hemodynamic disturbances, impacting vascular
endothelium function.136

Smoking represents another risk factor for CVD.
Because cigarette smoke contains roughly 4000 different
chemicals, it is the least understood risk factor.137 Vascular
dysfunction induced by smoking is initiated by reduced NO
bioavailability and increased expression of adhesion mol-
ecules, leading to endothelial dysfunction.138 Numerous
studies have shown that exposure to cigarette smoke acti-
vates platelets, stimulates the coagulation cascade, and re-
duces fibrinolysis.139 Additionally, a study showed a
positive correlation between smoking and increased total
serum cholesterol, veryelow-density lipoprotein, LDL, and
triglyceride serum concentrations.140 Effects of smoking in
CAVD and atherosclerosis are well documented throughout
the literature.141e144

Sex differences represent important health disparities.
Those differences result from a complex interaction among
genetic and hormonal factors and impacts CVDs morbidity
and mortality.144 The vascular endothelium expresses es-
trogen receptors (ERa and ERb), progesterone receptors,
androgen receptors, and aromatase, therefore, making it
susceptible to hormonal regulation.145 Atherosclerosis and
CAVD have a much higher prevalence in males.146,147

More men die from atherosclerosis than women and at a
younger age.148 On the other hand, women develop
atherosclerosis more frequently after menopause, suggest-
ing hormones play an important role in cardiovascular
calcification. However, this mechanism is better explained
by differences in immune responsive cells themselves than
the hormone direct effects on vascular endothelium.146

Additionally, women who are diagnosed with an autoim-
mune disease (e.g., systemic lupus erythematous, rheuma-
toid arthritis, and systemic sclerosis) have a higher risk for
atherosclerosis development.146,149 Therefore, differences
in the immune response between males and females are
linked to differences in CVD disease phenotype. Risk
factors can promote endothelial dysfunction since they
modify vascular microenvironment. Mutual influence of
risk factors and endothelial cells constitute synergistic
interrelationship that feed disease onset. The endothelial
response to aggressive factors is gradual and dependent on
its intensity.

Experimental approaches in
cardiovascular calcification

There are many challenges with creating models to study
cardiovascular calcification. Because atherosclerosis and
CAVD are multifaceted disorders, experimental designs
reproducing them, both in vitro and in vivo, are very
difficult. Interpreting data obtained from those studies is
complex and hinders its translation into clinic. New
experimental methods and new tools of analysis are crucial
for scientific advances in this field.

Ex vivo assays using explanted aortic tissue from pa-
tients with vascular calcification bring important
pathological aspects of natural context of disease. However,
end-stage disease specimens may not provide accurate in-
formation about early disease processes, thereby, present-
ing a large biological variability and interindividual
confounding risk factors. Calcification can be induced us-
ing in vitro culture models through utilizing SMCs to study
atherosclerosis or VICs to investigate CAVD and culti-
vating them in cell culture media containing organic and/or
inorganic phosphate and/or other inducers, promoting
mineralization development.150,151

3D cell culture models have been used to produce
complex tissue-like structures of aortic valve leaflets,
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mimicking their layered structure.88,152e155 In vitro models
offer well-controlled conditions, allowing for a better un-
derstanding of the role of certain mediators and pathogenic
pathways of interest. Thus, these experiments offer data
with less complicating factors and variability, as compared
to in vivo assays. In vitro simulation of mechanical stress
has been used to replicate its role in the pathogenesis of
atherosclerosis and CAVD through the production of
physiologic and abnormal shear stresses.155,156 In vivo
models allow study initiation and progression of the disease
and also evaluate the effectiveness of therapeutic in-
terventions.126,157 The most common species used for
experimental atherosclerosis and CAVD are mice, rats,
rabbits, and swine.158 Calcification induction can be
accelerated by diet-induced hypercholesterolemia.159 Cost-
effectiveness and small size make mice the most used
model. In addition, greater ease of genetic manipulations
allows specific investigation of key molecular mediators of
calcification.158,160 Mice deficient in the LDL receptor
(Ldlr�/�) are often used. Ldlr�/� mice containing
apolipoprotein B (ApoB) (Ldlr�/�;Apob) spontaneously
develop hypercholesterolemia.159 However, mice do not
have the trilayer aortic valve tissue morphology character-
istic of humans; therefore, they are not ideal to study
CAVD.161 Different experimental approaches have
different limitations, and the choice of model varies
depending on the questions being answered in a given
study. More recently, multiomics approaches have been
applied in cardiovascular calcification studies using
different experimental models.162 A multiomics approach
includes techniques investigating genome, proteome, tran-
scriptome, epigenome, metabolome, that can be integrated,
generating a massive amount of information.2 Large data
sets can be analyzed through computational tools and
development of algorithms. Thus, more recently, artificial
intelligence and machine learning have been used as a
strategy for data processing, which would not be feasible
through a manual approach. These strategies broaden the
informative capacity of the data obtained in different
models, expanding the informative capacity and acceler-
ating research translation into the clinic.

Therapeutic target discovery in
cardiovascular calcification

While involving similar risk factors, both vascular and
valvular calcifications have sheer stress alteration and
subsequent endothelial dysfunction as a disease promoter.
However, atherosclerosis and CAVD pathogenesis seems
to be different.64 Treatments that help reduce inflammation
in vasculature have been shown to have no effect on

valvular calcification.111 Moreover, currently, no approved
drug has shown prophylactic or therapeutic effectiveness
on ectopic calcification. Therefore, cardiovascular system
mineralization provides an important field for drug dis-
covery.2 Similarly, as in the bone, calcification is subject to
remodeling and this can be explored in order to regress
already established injuries. Thus, finding therapeutic tar-
gets that inhibit or slow the progression of the disease may
guide research efforts in this field. Conventional diagnostic
imaging is currently the best method for detecting,
measuring, and assisting calcification progression and
therapeutic effects on it.25,163 This research strategy could
vastly improve therapeutic discovery; however, the for-
mation of microcalcification lay below the resolution of
current imaging modalities. Positron emission tomography
(PET) combined with computed tomography (CT) is a
noninvasive imaging technique that allows the identifica-
tion and quantification of calcium deposits and inflamma-
tion on aorta and carotid arteries.164 However, the common
PET/CT tracers usually cannot detect microcalcifications.25

18F-Flurodeoxyglucose is an alternative PET tracer that is
directly incorporated into exposed hydroxyapatite crystals
able to assess spotty cardiovascular calcification.164 Artifi-
cial intelligence and machine learning are great allies in
drug discovery for allowing the integration of image data
from human long-term studies with clinical information.

Final considerations

The lack of effective therapy to treat or prevent cardio-
vascular calcification reflects the complexity of the disease.
Influence of individual risk factors, genetic predisposition,
and lifestyle directly impact its outcome besides hindering
the pathogenic mechanisms. Cardiovascular calcification
implicates endothelial injury as an initiating point of the
disease, which in turns leads to VIC and SMC phenotypic
changes that culminate in fibrosis and calcification. He-
modynamic shear stress drives initial tissue injury and
continuously stimulates pathogenic processes. As demon-
strated in this review, cardiovascular calcification is the
result of a crosstalk between different signaling pathways
and pathologic processes that reciprocally affect each
other. Thus, once initiated, calcification causes a positive
feedback loop of changes in the tissue affecting its archi-
tecture, cell biology, and hemodynamic parameters, which
altogether sustains a self-perpetuating pathologic vicious
cycle.
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Arterial blood pressure was the last acquired hemodynamic
parameter in the evolution of the structure and functions of
the cardiovascular system, integrated into species’ evolu-
tion.1 This parameter is directly related to the frictional
forces which progressively appeared in the arterial part of
the circulation during species’ life on earth, as closed “in
parallel” circulations associated with cardiac septation and
arterial arborescence. These important frictional forces are
the fact of structural muscularization and functional tonic
contraction of the arterial wall (peripheral resistances),
which transfer kinetic energy generated by the beating heart
into potential energy. These relations were physically
defined by the HagenePoiseuille laws in which pressure is
proportional to the blood viscosity and inversely propor-
tional to the artery radius at power 4. The teleonomy of the
arterial system is to allow localized vasodilation directly
adapted to the specific biochemical energetic demand of
each functioning organ, by local inhibition of the systemic
arterial tone. This paradigm implies numerous bifurcations
for distribution, which modify the arterial geometries and
impede kinetic energy. Similarly to phylogenesis, vascular
development is characterized by the presence of limited
frictional forces during fetal life, which are considerably
enhanced by sympathetic activation at birth, leading to high
arterial pressure, in mammalian development, including
humans. Therefore, the arterial circulation in mammals
remains essentially a longitudinal conductance at high
pressure, but frictional forces also initiate both potential
energy dissipation within the wall (radial convection) and
kinetic energy transfer to reflection pressure waves, a
circulating cell wall colliding on arterial bifurcations.

An increase in arterial stiffening is an independent
predictor of all-cause mortality and affects the cardiovas-
cular system both globally and locally.2 Stiffening is
essentially a feature of large proximal conductance arteries,
whereas control of mean arterial pressure is a feature of
distal resistance arteries. Arterial stiffening has been
commonly attributed to changes in extracellular matrix
(ECM) proteins, mainly collagen accumulation and elastin
fragmentation.3 Beyond the cellular and molecular mech-
anisms that remain to be identified, one emerging concept is
that vascular smooth muscle cells (VSMCs) are major
contributors to arterial stiffness. Cells of the aortic wall are
exquisitely sensitive to their local environment including
mechanical forces, oxidative and proteolytic injuries, often
inducing changes in VSMC functional properties, particu-
larly mechanotransduction, vasomotricity, phagocytosis,
efferocytosis (the process by which apoptotic cells are
removed by phagocytic cells), proliferation, synthesis, and
other phenotypic switching (Table 22.1). In addition, the
contribution of VSMCs to arterial stiffening has been
extended from aortic stiffness to include the concept of
VSMC stiffness depending mainly on the architecture of
cytoskeletal proteins and focal contacts to the ECM. In this
chapter, we discuss molecular pathways pertaining to
VSMC tone, membrane and nuclear mechanotransduction,
endocytosis and phagocytosis abilities, differentiation, and
immunoinflammatory activation. Fig. 22.1 shows an inte-
grative view of signaling pathways in VSMCs underlying
arterial stiffening. Fig. 22.2 is a schematic of the in-
teractions among VSMCs, endothelial cells, platelets, and
immune cells. The increasing number of studies based on
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single-cell imaging and lineage tracing supports the crucial
role of VSMC plasticity at the interface between mecha-
notransduction and epigenetic mechanisms.

Contractile tone of vascular smooth
muscle cells

VSMCs are the stromal cells of the arterial wall, continually
exposed to mechanical signals, biochemical and cellular
components generated in the blood compartment.4 From
the aorta to distal muscular arteries, there is a progressive
reduction of the number of musculo-elastic complexes and
ECM together, with an increase in the density of VSMCs.
Elastic large arteries have a strong elastic potential whereas
small-size muscular arteries control vasomotor tone and
myogenic tone. VSMCs are involved in all the physiolog-
ical functions and the pathological changes taking place in
the vascular wall. Owing to their contractile tone, VSMCs
of resistance vessels (small-sized muscular arteries and
arterioles) participate in the regulation of blood pressure
and arterial diameter, thereby protecting the capillaries
from any acute increase in mechanical strength. Larger
nonresistance vessels also exhibit a baseline tone, which
may substantially impact pulsatile hemodynamics (such as
wave reflection phenomena) but have a much less promi-
nent role in resistance (given that resistance is strongly
dependent on vessel size). VSMC contractile tone is mainly
dependent on sympathetic nervous system signaling, which
is involved in regional blood flow changes in accordance
with organ-specific metabolic demands.

Vascular tone

Arterial tone in conductance arteries is an extrinsic level of
tension, mainly depending on sympathetic system
signaling, also defined as tensegrity (the internal tension of
VSMCs), generated within the cytoskeleton by actin/
myosin interactions, inducing arterial wall compaction by
binding to ECM via integrins. In contrast, abolition of
VSMC tone using potassium cyanide increases in situ ca-
rotid arterial compliance in rats. The spatial organization of
VSMCs is ensured by a change in their directions in the
media and by attachments to each other and to the ECM
microenvironment. Indeed, there is an optimal short-term
regulation of the distribution of mechanical stresses in the
wall that contributes to maintaining a permanent and
adapted state of tensional integrity. A stiff ECM material
produces a large postload to VSMC contraction. In the
longer term, functional regulation of arterial diameter re-
quires structural changes. Elastic arteries are characterized
by slow changes in contractile tone unlike muscular arteries
where rapid changes in contraction allow fine regulation of
regional blood flow.

Actin/myosin interactions in VSMCs are dependent on
ionized calcium (Ca2þ) mobilization in the cells. This entry
is dependent on both the initial release of Ca2þ from its
sarcoplasmic stores by inositol 3 phosphate and the opening
of calcium channels by membrane depolarization (extra- to
intracellular entry and plateau). This mobilization of cal-
cium is dependent on the interaction of extracellular ligands
(catecholamines, angiotensin II, serotonin, endothelin, etc.)
with G proteinecoupled receptors (GPCRs), able to

TABLE 22.1 Typical smooth muscle cell function-related markers.

Phenotype Triggers Markers

Contractile Transforming growth factor (TGF)-b signaling,
serum response factor (SRF)/myocardin

a-SMA, SMMHC, smoothelin, calponin-1,
caldesmon, desmin, transgelin, metavinculin,
a-tropomyosin, cofilin, actinin, SRF, myocardin

Synthetic and
proliferative

Platelet-derived growth factor (PDGF), interleukin
(IL)-1b, NADPH oxidases

Matrix metalloproteinases, calmodulin, connexin
43, cytokines (IL-6, TNF-a, MCP-1), S100 calcium
binding protein A4, osteopontin, UHRF1

Endocyticephagocytic Convection-enhanced deliveries of blood molecules
[modified low-density lipoprotein (LDL), zymogens],
collision of blood cells with the wall

Scavenger receptors (SR-AI/II, LOX1, CD36, LRP-1,
CD68), serpins (PN-1, plasminogen activator
inhibitor-1), tissue inhibitors of metalloproteinases

Osteoblastic Calcium phosphate crystals Runt-related transcription factor 2 (RUNX2), bone
morphogenetic protein 2 (BMP2), matrix Gla
protein,

Organizer of the
adventitial responses

Lipid-stimulated
Peroxisome proliferator-activated receptor-g (PPAR-
g), class II major histocompatibility complex (MHC)

VEGF, chemokines, antigen presentation, immune
adaptive response
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activate phospho lipase-C, and promote release of both
cytosolic soluble inositol triphosphate from the polar head
of membranous phospholipids and hydrophobic diacyl
glycerol (DAG) which remains membrane bound. Calcium
binds calmodulin and activates myosin light chain (MLC)
kinase. Phosphorylation of MLC promotes the binding of
myosin heavy chain to actin and shortening of the acto-
myosin complex. In contrast with myocardium, there is no
direct action of Ca2þ on the smooth muscle contractile
apparatus. All tonic contraction is directly linked to kinase-
dependent phosphorylation. In VSMC tonic contracting
biology, the time of contraction is largely longer than the
time of calcium mobilization. The sustained contraction is
the consequence of other kinases, involving protein kinase

C translocation to membranous DAG, and phosphorylation
of calponin and of caldesmon and the inhibition of MLC
phosphatase (MLCP).

The Ras protein superfamily, and in particular the RhoA
family of proteins, plays an essential role in the contraction
and ultimately in the regulation of blood pressure.5 Phos-
phorylation of MLC is a key event in contraction. MLC is
dephosphorylated by calcium-independent MLCP. Genetic
and pharmacological studies have shown that RhoA activa-
tion is involved in the pathophysiology of hypertension. This
involves the stimulation of its target, Rho kinase (ROCK)
which phosphorylates the myosin phosphatase target subunit
1 (MYPT1), a regulatory molecule of MLCP, and inhibit the
activity of MLCP. There are both fast and slow forms of
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FIGURE 22.1 Molecular signaling pathways involved in vascular smooth muscle cell (VSMC) functions. ➊ Contractile tone of VSMC: activation of G
proteinecoupled receptors (GPCRs) and downstream effectors, RhoA/Rho kinase (ROCK) increases actomyosin interaction and contraction. ➋ Endo-
cytosis and phagocytosis abilities of VSMCs: protease nexin-1 (PN-1) forms a complex with serine proteases such as plasmin, which is endocytosed via
the low-density lipoprotein receptor-related protein 1 (LRP-1). ➌ Integrin-mediated and nuclear mechanotransduction: the local mechanical environment
provided by the extracellular matrix (ECM) is transmitted via integrins, focal adhesion kinase (FAK), talin, and vinculin to the actin cytoskeleton. ➍
VSMC plasticity: platelet-derived growth factor (PDGF) induces VSMC phenotypic switching via its action on Krüppel-like factor 4 (KLF4), which
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response to oxidative stress, nuclear factor-erythroid-derived 2-related factor 2 (Nrf2) drives the expression of antioxidant genes. Toll-like receptors
(TLRs) activate the translocation of nuclear factor kB (NF-kB) into the nucleus, leading to the expression of proinflammatory genes such as interleukins
(ILs).
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these MLC and MYPT1 molecules that accelerate contrac-
tion or promote cyclic-dependent guanosine monophosphate
(GMP) relaxation. Exchange factors regulate the activation
of RhoA in response to vasoconstrictor agents via GPCRs
such as the angiotensin II receptor type 1 receptor. Activa-
tion of the RhoA/ROCK pathways sensitizes contractile
proteins to Ca2þ and produces muscle tone (Fig. 22.1). An
imbalance between vasoconstrictive agents, in particular
those of the renin-angiotensin-aldosterone system, and vas-
odilating agents, in particular nitric oxide (NO) released by
endothelial cells in response to flow-induced wall shear

stresses, is largely responsible for the increase in hemody-
namic resistance during hypertension.

Myogenic tone

Myogenic tone is an intrinsic property of smooth muscle in
resistance arteries that contracts in response to stretching
(elevated blood pressure) independently of any nervous or
humoral influence and contributes to dissipation of blood
flow and pressure mainly in small-sized muscular arteries
before the capillary system. It is only in the smallest arterioles
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of the order of 100 mm that myogenic tone can significantly
reduce arterial lumen in response to an increase in blood
pressure. Generation of myogenic tone involves different
mechanosensors which are cell membrane proteins (ion
channels, GPCRs), cell-ECM interactions via integrins con-
nected to the cytoskeleton, and intercellular junctions through
cadherin-catenin complexes. Nonselective stretch-activated
cation channels are key players of the myogenic response
via the opening of voltage-dependent calcium channels. In
VSMCs, stretch-activated cation channels opening is nega-
tively regulated by polycystin-2, which acts by binding to
filamin-A to induce actin cross-linking and to reduce the
tension applied on microdomains in the VSMC membrane
for a given level of blood pressure.6 Myogenic constriction
occurs mainly in small-size muscular arteries and is enhanced
by integrins avb3 and a5b1 and nicotinamide adenine dinu-
cleotide phosphate oxidase (NOX)-induced production of
reactive oxygen species (ROS) mainly from mitochondria
(Fig. 22.1). Alterations in myogenic response cause micro-
vascular disorders (mainly cerebral and coronary vaso-
spasms) and may be enhanced by ECM stiffening.

Chronic low-grade inflammation is an important cause
of remodeling at the macro- and microcirculatory levels,
particularly in hypertension, pertaining to vascular tone.
This relationship is highly dependent on activation of the
renin-angiotensin-aldosterone and endothelial systems.
Muscle artery remodeling is induced by increased oxidative
stress and the production of growth factors such as trans-
forming growth factor (TGF)-b, platelet-derived growth
factor (PDGF), and insulin-like growth factor. The syn-
thesis and activation of adhesion molecules leads to a
reorganization of cell-matrix interactions and phenotypic
changes in VSMCs. Communications between intravas-
cular cells (endothelial cells, VSMCs, and fibroblasts) and
circulating cells such as platelets, immune cells, and pro-
genitor cells play a key role in vascular remodeling.
Numerous inflammatory molecules such as cytokines
controlling both innate and adaptive immune responses
(monocytes, macrophages, lymphocytes, etc.) are involved
in this process (see below).

Inflammation is more correlated to the elasticity pa-
rameters of the large arteries than those of the muscular
arteries. It is considered to be one of the main causes of
remodeling of large arterial trunks. Arterial stiffness is
increased in many systemic inflammatory diseases such as
rheumatoid arthritis (RA), lupus erythematosus, vasculitis,
acquired immunodeficiency syndrome, and Crohn’s dis-
ease. A wide variety of mechanisms are involved such as
endothelial dysfunction, induction of metalloproteinases,
activation of the mineralocorticoid receptor, accumulation
of proteoglycans, and finally colonization of the media by
inflammatory cells from the vasa-vasorum of the
adventitia.

Vascular smooth muscle cell relaxation

VSMC relaxation is responsible for in vivo vasodilation.
The main physiological molecule able to induce relaxation
of VSMC is NO. NO is essentially produced by the
endothelial cells, in which NO synthase produces NO from
arginine. In large arteries, the endothelial release of NO is
under the control of shear stress (increasing flow velocity
increases shear stress) and Ca2þ entry in endothelial cells.
Coupling Ca2þ with calmodulin displaces caveolin from
NO synthase, promoting convection/diffusion of NO to
subjacent VSMCs where it activates soluble guanylate
cyclase, cyclic-GMP production (second messenger) and
G-kinase activation, which produce relaxation by targeting
numerous molecules able to inhibit all the contraction
pathways. In distal resistance arteries, the relaxation
mediator could also be cyclic adenosine monophosphate
(AMP), generated by adenosine triphosphate (ATP) meta-
bolism, adenosine, which interacts with its receptor, and
activates the production of cyclic AMP via adenylate
cyclase. Cyclic AMP (as cGMP) binds to G-kinase and
inhibits all the contraction pathways, coupling vasodilation
with the metabolic demand in particular in striated muscle.
Endothelial NO also acts in cerebral resistance arteries,
exactly coupling vasodilation with electric (depolarizing
wave) neuronal activity. In the wall of large arteries (mainly
aorta), VSMC relaxation is associated with increased
permeability to plasma components.

In summary, systemic contraction of VSMCs determines
frictional forces which define the arterial tone (peripheral
resistances) which transfers flow (kinetic energy) into po-
tential energy (arterial pressure). Local relaxation of
arterial VSMCs by inhibition of the arterial tone dynami-
cally defines the territorial tissue coupling between an
organ’s function and its metabolic support. Whatever the
functional sense, the long-term regulation of arterial
diameter requires structural changes.

Endocytosis and phagocytosis abilities
of vascular smooth muscle cells

Convection is a physiological outward hydraulic conduc-
tance from the blood through the wall, corresponding to
radial dissipation of potential energy (blood/adventitia
pressure gradient ¼ 100 mmHg, fluctuating within the
cardiac cycle). This conveys more or less all the soluble
components present in blood, including oxygen and
glucose, and microparticles suspended within the blood,
through the wall. Convection intensity is dependent on
physicochemical properties of the conveyed molecules,
arterial wall permeability, and arterial pressure. In the great
majority of tissues, metabolic support delivery is the fact of
diffusion from capillaries.7 Since convection enhances
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metabolic deliveries, a complete vasculature, involving
capillaries, is not mandatory for the arterial wall (except the
external part of the aorta in humans). The physiological
principle of convection-enhanced deliveries of blood mol-
ecules, potentially explains why the arterial wall tissue is
avascular. Since capillaries and venules are the privileged
site of leukocyte diapedesis, the avascular character of
arterial media explains also why the arterial wall is an
immune privileged site, in which the tissue penetration of
leukocytes is limited to the capillaries and venules-rich
adventitia.8

In laminar conditions of flow, the particulate compo-
nents of blood remain in the central axis, whereas the pe-
ripheral position of blood favors its interface with the wall.
In a laminar rheological environment, red blood cells
(RBCs) concentrate in the core of the stream, whereas small
platelets are expelled toward the periphery, close to the
endothelium. The “in parallel” evolution of the circulation,
and the numerous bifurcations of the arterial tree, cause
localized mechanical impairment of kinetic energy in
dissipation and transfer to potential energy. These changes
in arterial geometry induce collision of circulating cells
with the wall due to the loss of laminarity, microscopic
dissipation of circulating cells within the wall, and an in-
crease in internal entropy of the particulate part of the
blood. Collision of blood cells with the wall are mainly due
to the angulation of bifurcations or the presence of luminal
narrowing, but also depend on the rheology of the circu-
lating cells. Since RBCs and platelets are the most abundant
circulating cells, therefore they represent the main blood
particulate elements colliding with the arterial wall in re-
gions where biomechanical stress drives the formation of
intimal tears and of small intimal hematomas.9

Endocytosis

In regards to the physiological convection-enhanced de-
livery of blood components to the wall, VSMCs acquire the
capacity to endocytose or not these blood components.10

This endocytic ability is initiated by the convection, but is
also related to the ability of ECM or to cell membrane to
promote retention of these soluble molecular components
within the wall, at close proximity to VSMCs. For instance,
blood albumin or high-density lipoproteins are convected
through the wall as all soluble blood components but are
not retained by interactions with the wall. Therefore these
components could be used as tracers for measuring arterial
wall permeability11 and its dependency on numerous pa-
rameters: for instance, endothelial functional and structural
integrity, intraluminal pressure, elastic internal lamina
integrity and hydrophobicity.12 Wall retention requires
VSMC endocytosis of blood components.

The most classical example of this paradigm is physi-
ological convection-enhanced delivery of low-density

lipoproteins (LDL) to the arterial wall, their retention by
interaction with glycosaminoglycans synthetized by
VSMCs,13 their potential transformation including acety-
lation, oxidation, aggregation, and their endocytosis after
transformation, mainly by VSMCs,14 leading to foam cell
formation, containing lipid microvesicles in their cytosol.15

Lipids internalized by endocytosis are transported to late
endosomes/lysosomes, where lysosomal acid lipase digests
cholesteryl esters releasing free cholesterol. Free choles-
terol in turn is processed by acetyl-CoA acetyltransferase
that transforms cholesterol into cholesteryl esters. Free
cholesterol is exocytosed and partly recycled by ATP-
binding cassette transporter A116 in reverse transport.17

Convection-enhanced delivery to the arterial wall is not
limited to lipoproteins. All the blood molecules transit and
could be or not retained within the arterial wall. Circulating
zymogens are outwardly convected through the wall where
they can be activated. For instance plasminogen, which
circulates in the blood at a mmolar range is convected to the
wall and retained on lysine residues of several proteins of
the VSMC membrane, where it interacts with tissue and
urokinase plasminogen activators forming active plasmin.
Plasmin has numerous targets in the arterial wall, involving
proteolytic attack of pericellular adhesive proteins, such as
fibronectin and fibrillin provoking VSMC detachment and
death (a process named anoikis),18 activation of the
TGF�b release19 from its ECM storage sites, and matrix
metalloproteinase activation.20 But these proteolytic activ-
ities are challenged by the ability of VSMCs to synthetize
antiproteases, able to form protease/antiproteases com-
plexes. Due to its powerful proteolytic activities, plasmin
cannot be endocytosed by VSMCs, but the complex
plasmin/protease nexin-1 (PN-1, serpin E2, a tissue serpin,
highly expressed by VSMCs21) could be endocytosed, via
the low-density lipoprotein receptor-related protein 1 (LRP-
1) scavenger receptor (SR),22 which has the ability to bind
and to internalize protease/antiprotease complexes
(Fig. 22.1).23 VSMCs are rich in LRP-1 and antiproteases,
including tissue inhibitor of matrix metalloproteinases. The
formation of complexes and their ability to be endocytosed
by VSMCs represent the main defense system against the
proteolytic injury of the arterial wall. Other complexes such
as hemopexin/heme bind to LRP-1 are then internalized
and degraded in the lysosome, representing an important
defense system against hemolytic-dependent oxidation
within the arterial wall.24

Phagocytosis

Since Brown and Goldstein’s early work with macro-
phages, the phagocytic function in the arterial wall is
canonically assumed by professional phagocytes of
myeloid origin. The team of Martin Bennett was the first
to show that VSMCs could assume phagocytosis of
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homotypic apoptotic bodies in the arterial wall.25 A large
amount of data exists showing that the presence of
nonprofessional phagocytes (VSMCs in the arterial wall)
is a general feature in most tissues.26 This point is
important in pathophysiology because it suggests that
professional phagocytes, macrophages for instance, are
not mandatory for tissue debridement by efferocytosis.27

For instance, primary cultures of VSMCs are able to clear
(and metabolize) a load of 106 senescent RBCs in 5 days,
whereas fresh RBCs remain intact.28 Senescent RBCs are
characterized by phosphatidylserine exposure (Fig. 22.2).
Senescent RBCs are more prone to hemolysis and Fe2þ-
derived oxidative stress, both participating to the initial
stages of atheromata in the human aorta. This phagocytic
capacity is not limited to dying cell but also includes
crystals such as cholesterol crystals29 or hydroxyapatite
microcrystals. This ability was mainly tested on macro-
phages, and synoviocytes, but not yet in VSMCs. In this
context, crystal phagocytosis provokes inflammasome
activation, interleukin (IL)-1 release, neutrophil attraction,
and cell death.30

Scavenger receptors and eat me signaling

The first SR of modified LDL (but not native LDL) was
reported by Brown and Goldstein in 1979. They bind also
numerous other ligands, including polyanionic ligands,
such as high glycated proteins. An important consensus
review on SRs was published in 2017.31 This review
identifies 12 classes and more than 30 SR types in human
and mouse. These SRs are able to bind more or less diverse
ligands including lipids, phospholipids, sugar, micro-
vesicles, protease/antiprotease complexes, and pathogens.
These endocytic schemes are essentially explored in pro-
fessional phagocytes of myeloid origin, but far less in the
arterial physiology and its corresponding stromal cells
(endothelial cells and VSMCs). SR-AI/II are expressed by
VSMCs, and their expression is enhanced by oxidation and
oxidized (ox) LDL.14 CD36 is essentially expressed by
macrophages, but also in VSMCs in which its activity
could be stimulated by oxLDL and fatty acids, but this
effect is challenged by clinical epidemiology in humans.32

Similarly lectin-like oxLDL receptor-1 (LOX-1) expression
is upregulated in response to oxLDL exposure, oxidative
stress, activation of nuclear factor kB (NF-kB), and jun-
kinase pathways.33 Nevertheless, in our own experience,
LOX-1 is less expressed than other SRs in cultured human
VSMCs in response to oxLDL. In contrast, LRP-1 is more
expressed in cultured VSMCs in response to oxLDL and is
more specific for aggregated LDL.34 As cited above,
VSMC LRP-1 plays a major role in the VSMC defense
against proteolytic injury. In vivo, selective deletion of
LRP-1 in mouse VSMCs leads to aortic aneurysm devel-
opment, due to ECM degradation.23,35

Interesting enough is the story of CD68 and its mouse
ortholog macrosialin. CD68 is a transmembrane glycopro-
tein essentially associated with the endosomal/lysomal
compartment, through a lysosomal-associated membrane
protein domain.36 In bone-marrow leukopoiesis, CD68
expression is restricted to myeloid progenitors, but absent
of lymphoid development. CD68 is an SR for oxLDL,
exposed phosphatidylserine, and malaria sporozoite.37

CD68 was mainly used (and abused) as a monocyte/
macrophage lineage histochemical tracing in human
atherosclerosis, but CD68 is a functional marker of lyso-
somal and phagosomal activity whatever the cell lineage.
CD68 expression is highly regulated by powerful tran-
scription factors, E26 transformationespecific sequence-1
and friend leukemia integration-1, which upregulate its
expression in myeloid cells, whereas interferon (IFN)-reg-
ulatory factor 4 represses its expression in lymphoid line-
age.38 CD68 expression is also governed by a cell lineage
differential splicing, using alternative promoters related to
chromatin remodeling in the promoter region.39 This is
usually observed in arterial VSMCs forming foam cells in
mice.40 In VSMCs, expressed CD68 can quickly shuttle
from the cell membrane to the lysosome/phagosome.
Therefore, in VSMC foam cells, CD68 staining is essen-
tially intracellular, associated with lysosome/phagosome in
a-actin-positive vesicles, suggesting important interactions
with the cytoskeleton. Therefore, CD68 could participate in
the link between endo/phagocytosis, cytosolic micro-
vesiculation, and exosome release.

Exposed phosphatidylserine is the most frequent “eat
me” signal for phagocytosis. Some SRs are directly
involved in phosphatidylserine exposure. Other diverse
phagocytosis biological schemes have been described
including phosphatidylserine multiple ligand-mediated
engulfment of apoptotic bodies, senescent living cells, or
parts of the cell and extracellular vesicles (EVs).41 Recently
another paradigm was published concerning too large
biological objects such as large deposits of aggregated li-
poproteins (fatty streaks) or dead adipocytes. Contrasting
with engulfment, exophagy is characterized by a tight
contact with large targets, followed by release of lysosomal
acidic enzymes in the near environment of the target,
sharing similarities with osteoclastic process.42 Neverthe-
less, these biological procedures were experimentally
described always with macrophages. The activity or not of
such processes, associated with VSMC phagocytic activ-
ities remains to be explored in the cardiovascular tissues
and cells.

One important point is the direct link between these
intracellular inputs of endocytosed and/or phagocytosed
activities and the exosomal output releasing activity.
Schematically, there are two important pathways for the
biological waste metabolism, the lysosomal pathway lead-
ing to complete degradation and recycling of the waste
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input by lysosomal and phagosomal activity, and exosomal
activity, EV and exosome releases, protecting cells against
excessive intracellular stress.43 Because of the physiolog-
ical convection of blood components through the wall, as
described above, these endocytic activities of VSMCs are
mandatory for arterial tissue homeostasis. In pathological
conditions, these activities could be overloaded in
nonprofessional phagocytes, such as VSMCs, leading to
death or to an excessive vesiculation and exosomal activ-
ities, participating in the pathology through the ability of
exosomes to signal to the immune system, particularly to
adventitia,8 and/or to serve as phospholipids, phosphate-
rich substrates for calcifications (Fig. 22.2).

In summary, the role of VSMCs in all vascular diseases
cannot be interpreted independently of their endocytosis
and phagocytosis abilities, as a physiological consequence
of arterial blood pressure.

Integrin-mediated and nuclear
mechanotransduction in vascular
smooth muscle cells

VSMCematrix interactions are key molecular/cellular
mechanisms contributing to vascular stiffness and are
controlled by mechanotransduction and mechanosensing.44

Numerous cardiovascular complications where VSMC
dysfunction compromises cell-ECM homeostasis can thus
be envisioned as mechanotransduction disorders.

Membrane mechanotransduction

The biological responses of VSMCs to mechanical stimuli
include the transduction of the signal ensured by mechano-
sensitive molecules and the epigenetic control of genes
encoding structural components of the ECM (e.g., collagen,
fibronectin, fibrillin, and proteoglycans), chemokines
[e.g., monocyte chemoattractant protein (MCP)-1], cytokines
(e.g., TGF-b, cardiotrophin-1, and ILs), and proteases
(e.g., matrix metalloproteinases or serine proteinases) and their
inhibitors (e.g., tissue inhibitor of metalloproteinases and tissue
serpins). VSMCs sense their local mechanical environment
mainly through an ECM fibrillar componentsdintegrinsd
cytoskeletal axis. Integrins are ab-heterodimeric trans-
membrane receptors highly present on the surface of VSMCs in
an inactive folded conformation. Many constituents of the
ECM have motifs that are binding sites for different members
of the integrin family. The specificity of the binding depends on
both the motifs in the ECM protein sequence and the type of a
and b subunits of the integrin; as an example, integrin a1b1
preferentially binds collagen and integrin a5b1 binds fibro-
nectin. In this way, integrins enable cells to evaluate both the
mechanical state and the specific composition of the local
ECM.

Clustering of integrins at specific sites of the VSMC
membrane form focal adhesions (FAs) serving as hubs for
mechanotransduction. FA formation and turnover are highly
regulated in a dynamic way that can be divided into three
phases: assembly, stability, and disassembly. FAs provide
the bidirectional link between extracellular constituents and
intracellular actomyosin cytoskeleton through the integrin
receptors for the outside-in or inside-out transduction of
mechanical and biological signals (Fig. 22.1). Associated
integrin linker proteins [e.g., actinin, talin, vinculin, and
focal adhesion kinase (FAK)] are responsible for integrin
activation and the anchoring of actin filaments to the integrin
intracellular domains. Integrin activation and clustering is
triggered by ligand binding and recruitment of talin that
binds F-actin through actin-binding or vinculin-binding sites.
Talin-to-vinculin binding forms a so-called molecular clutch
which increases actin polymerization and promotes cell
sensing of its mechanical environment.

FA recruitment and strengthening ended by FA protein
recycling, defining their lifetime (from 10 s up to a few
minutes), depend on intracellular FAK phosphorylation
and matrix stiffness. On a compliant ECM, dynamic in-
teractions between integrins, talin, and actin are short-
lived and exhibit a slip-bond behavior that does not
require vinculin. In contrast, on a stiff ECM, low exchange
rates of FA proteins (high association and low dissociation
constants) reinforce vinculin-dependent binding of talin to
F-actin and activate catch bonds. Such catch bonds are
currently thought to be key actors of the stiffening of the
wall components. Lifetimes also depend on the direction
of the applied force (pointed endedirected and barbed
endedirected loads). In addition, levels of adhesion
exerted by FAs are spatially regulated with higher levels
in periphery at cell edges than near the nucleus.
Mechanical stresses enhance ROS production and
signaling, which can regulate FA turnover. Indeed,
increased expression of NOX4, a main source of ROS
localized to FAs and in mitochondria, fosters arterial
stiffness, at least in part, by increasing the number of
persistent FAs. Actin polymerization-depolymerization
and adhesive properties of FAs also contribute to cell
stiffness. The FAK/Src signaling network has been re-
ported to control VSMC stiffness.45 There is, therefore, a
need to elucidate the contribution of cellular stiffness to
vascular wall stiffening.

Increased arterial stiffness has been attributed to a coupling
between the integrin pathway and the mechanosensitive
pathways involving GPCRs and their effectors that trigger
VSMC contraction. GPCR activation and downstream
signaling via RhoA/ROCK pathways maintain a high degree
of phosphorylation of MLC by decreasing MLCP activity. In
support of a role of ROS on integrin activity, lysophosphatidic
acid has been shown to increase integrin-fibronectin adhesion
via activation of b1 and b3 integrins. This is mediated by
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GPCRs and the production of ROS, and controls the myogenic
tone in resistance vessels. Intermediate filaments also partici-
pate in force transmission between FAs and the actomyosin
network. It has been shown, for example, that genetic deletion
of vimentin in mice increases carotid stiffness through
increased FA turnover and VSMC contractility. It should thus
be anticipated that acting on FAs or G-proteinecoupled
contractility could modulate arterial stiffness.

Nuclear mechanotransduction

The mechanical environment of VSMCs not only impacts
the ECMdintegrindcytoskeletal axis but also the nuclear
membrane, which becomes physically linked to some FAs
through the cytoskeleton and can act as a mechanosensor.
The nuclear pore complex, which form a stable scaffold
embedded in the nuclear envelope where the inner and
outer membranes are fused and decorated with intermediate
filaments, serves as the primary gateway regulating the
macromolecular traffic between the nucleus and cytoplasm.
The linker of nucleoskeleton and cytoskeleton (LINC)
complex also couples actomyosin with the lamina scaffold.
These two networks ensure the nuclear transmission of the
tensile forces in the VSMC microenvironment, thereby
affecting gene expression by altering chromatin organization
and regulating epigenetic pathways via lamin A and emerin.
Highly compacted inactive chromatin (heterochromatin) is
associated closely with the lamina scaffold at the periphery
of the nucleus (inaccessibility of promoters of genes) while
the loosely compacted active chromatin (euchromatin) is
present at the center of the nucleus (increased accessibility).
In response to matrix stiffening, forces transmitted via
assembled actin filaments increase recruitment of FAs and
LINC complex proteins, and stabilization of lamin A. In
addition, it induces phosphorylation of emerin, which con-
tributes to reinforce the LINC complex. Taken together, this
balances outside and inside forces. In support of the key role
of lamin A, a mutation in the gene encoding lamin A is
responsible for HutchinsoneGilford progeria syndrome
(HGPS), a disease hallmarked by altered mechano-
transduction and the inability of the nucleus to respond
dynamically to mechanical stress together with disappear-
ance of VSMCs. The consequences are an acceleration of
vascular aging and arterial stiffening leading to premature
death. HGPS VMSCs exhibit increased phosphorylation of
histone H2A.X, which is required for activation of the DNA
damage response.

Recently, the Hippo pathway effectors Yes-associated
protein (YAP) and transcriptional coactivator with PDZ-
binding motif (TAZ) have been shown to act as down-
stream sensors of ECM stiffness to regulate FA assembly
following nuclear shuttling.46 YAP/TAZ nuclear localiza-
tion activates RhoA/ROCK signaling and increases the
expression of several FA genes (Fig. 22.1), including av

and b3 genes. YAP and TAZ drive VSMC migration and
proliferation, as well as cell renewal. The YAP/TAZ
pathway also regulates arterial stiffness as a target of Rac-
GTPase involved in TGF-b1einduced fibrotic signaling.

Epigenetic mechanisms are involved centrally in arterial
diseases. Classically, the dynamics of the epigenetic code
are mainly orchestrated by DNA damage and oxidative
stress, causing changes in chromatin regulatory elements
(DNA methylation and histone acetylation, methylation,
and phosphorylation) as well as in nonprotein-coding
RNAs (microRNAs and long noncoding RNAs). Hypo-
methylation of the promoter region of the integrin-binding
protein 2 gene has been reported to be associated with
decreased arterial stiffness in the TwinsUK cohort, thus
supporting the contribution of epigenetic regulation of
arterial stiffness. Hypomethylation of the microRNA-203
promoter induces decreased expression of FA proteins
and altered FAK signaling resulting in increased VSMC
stiffness.

In summary, mechanotransduction in VSMCs can be
resolved into extrinsic (hemodynamic dependent) and
intrinsic (actomyosin activation) mechanisms. Outside-in
transduction refers to the transmission of the initial
stretch of the ECM to the cytoskeleton and nuclear enve-
lope via integrins, FAK et GPCRs. This process drives
chromatin remodeling and changes in gene expression.
Inside-out transduction, which is initiated by the sliding of
myosin onto actin, leads to VSMC shortening and thus
compaction of the vascular wall. The effects on cell and
tissue physiology can be recapitulated as stretch versus
shortening and distension versus compaction.

Vascular smooth muscle cell plasticity

Despite being highly specialized, VSMCs retain the
remarkable capacity to modulate their phenotype in
response to changes in their environment. These pheno-
typic modulations drive the functional diversity of VSMCs
and their role in arterial physiology and vascular disease.
The plastic nature of VSMCs has been extensively studied
in vitro for the past 30 years.47,48 From these studies,
Gordon and Julie Campbell established the concept of
VSMC phenotypic switching, a model in which VSMCs
shift from a differentiated, contractile phenotype to a
dedifferentiated, “synthetic” phenotype (Table 22.1). Yet,
the investigation of VSMC phenotype and function in vivo
has been a decade long challenge in the field due to the
inner difficulty and ambiguity to identify dedifferentiated
VSMCs because of a strong repression of traditional
VSMC marker gene expression (e.g., MYH11, ACTA2, and
TAGLN).49 This major limitation motivated the develop-
ment of reliable in vivo fate mapping system, based on the
specific and stable labeling of medial VSMCs, first devel-
oped in the early 2000s by Robert Feil’s group.50e52
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VSMC fate mapping combined with immunofluorescent
staining and high-resolution confocal microscopy have
demonstrated the significant contribution of VSMCs in the
development and progression of vascular disease and their
remarkable phenotypic plasticity (For details, see the basic
concept box and Fig. 22.3).53

Unbiased analysis of the heterogeneity between VSMCs
within and between different healthy vascular beds was
enabled with the development of single-cell RNA-
sequencing combined with VSMC lineage tracing.54 For
example, such an approach has been used to track subsets
of cells expressing the mesenchymal stem cell marker Sca1
among distinct VSMC clusters (Myh11-lineage) identified
by single-cell RNA-sequencing on whole aorta and to
evaluate their potential contribution in atherosclerotic le-
sions.55,56 Thus, VSMC phenotypic characterization and
identification of a particular signature at the level of single-
cell profiling may provide insight into disease predisposi-
tion and response.

The age- or disease-related phenotypic modulation of
VSMCs often manifests as a change from a mature quiescent

contractile phenotype (differentiated) to a more migratory,
proliferative phenotype (dedifferentiated). Dedifferentiation
to synthetic and proliferative states leads to ECM accumu-
lation or hypertrophy of the vascular wall, which affects
directly arterial stiffness. The differentiated or intermediate
states of VSMCs are classically hallmarked by a repertoire of
markers including smooth muscle-specific contractile pro-
teins [e.g., a-smooth muscle actin (SMA), smooth muscle
myosin heavy chain (SM-MHC) and calponin], cytoskeletal
molecules (e.g., actin and actinin), transcription factors
[e.g., serum response factor (SRF) and ETS-like transcrip-
tion factor 1 (Elk-1)], inflammatory-related factors
[e.g., phospho-extracellular signal-regulated kinases (ERK)
1/2, intercellular adhesion molecule 1, TGF-b, and pro-
collagen 1], epigenetic factors [e.g., sirtuins (SIRTs)], and
ECM stiffness.

Environmental molecular changes drive a phenotypic
modulation characterized by reduced expression of SMC-
specific contractile proteins as well as increased cell pro-
liferation and production of proinflammatory cytokines.
These phenotypic changes contribute to intimal thickening
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FIGURE 22.3 Schematic showing strategies for lineage labeling of vascular smooth muscle cells (VSMCs) and single-cell RNA-sequencing. Tamoxifen
treatment activates Myh11-driven inducible Cre-recombinase resulting in VSMC-specific excision of the stop codon in the multicolor Confetti reporter
inserted into the Rosa26 locus. VSMC lineage cells, randomly labeled with one of four fluorescent proteins (GFP, YFP, RFP, and CFP), can be tracked in
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lineage label, transcriptional profiling is performed by scRNA-seq and principal component analysis.
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and calcifications. Additional phenotypic changes are
common in diseases, including differentiation of VSMCs
toward myofibroblast-like, macrophage-like, and mesen-
chymal stem cellelike cells, among others. Aberrant
phenotypic transitions are exemplified in arterial calcifica-
tion where VSMCs undergo an osteo/chondrocytic con-
version with active release of matrix vesicles triggering the
mineralization process. Another new concept is that of
progenitor cell transition. Differentiated VSMCs can
migrate from the outer media into the inner adventitia and
express progenitor cell markers on induction of the tran-
scription factor, Kruppel-like factor 4 (KLF4). Resident
SMC-derived progenitor cells contribute to medial repair
by differentiating into medial VSMCs.57 A key question is
to determine whether phenotypic modulation occurs in all
VSMCs (polyclonal hypothesis) or only in subsets of
VSMCs (monoclonal/oligoclonal hypothesis). Another
challenge is to develop an integrated dynamic analysis of
the early (reversible) and late (irreversible) pheno-
conversion of VSMCs, particularly in relation to arterial
stiffening development.

Regulation of vascular smooth muscle cell
differentiation by growth factors and
transcriptional factors

PDGF and TGF-b are master regulators of VSMC pheno-
typic plasticity. PDGF-BB and PDGF-DD promote down-
regulation of VSMC-specific contractile genes by
activation of their receptor PDGFR-b. Canonically, the
action of PGDF-BB depends on the transcription factors
KLF4 and Elk-1. Alternatively, PDGF-BB has been re-
ported to degrade contractile proteins by activation of
autophagy which also elicits cytoprotective effects through
removal of proteins damaged by increase in oxidative
stress. VSMC phenotypic modulation is hallmarked by the
inflammatory state of VSMCs. While both IL-1b and
PDGF-DD repress SMC differentiation marker genes and
upregulate proinflammatory genes, the transcription factor
NF-kB is a critical mediator of the effects of IL-1b. PDGF-
DD primarily induces downregulation of the proin-
flammatory chemokine (CeC motif) ligand 20 (CCL20)
and upregulation of the regulator of G-protein signaling 17
(RGS17) involved in cell proliferation and migration.

In contrast to PDGF, TGF-b promotes the contractile
phenotype through phosphorylation of Smad2/3 and
Smad1/5/8 signaling. This increases phosphoSmad2/3
binding to a-SMA, calponin, and SM22a promoters. The
opposite effects of PDGF and TGF-b on VSMC phenotype
switching is tightly regulated by microRNAs, in particular
microRNA-143/145, microRNA-221 and microRNA-222,
microRNA-21 and microRNA-24. In the context of
intimal proliferation, elevated TGF-b/Smad3 upregulates

canonical Wnt/b-catenin signaling thereby promoting
VSMC proliferation.

The SRF/myocardin-dependent control of VSMC plas-
ticity illustrates the role of transcriptional pathways.58

Binding of the trans-acting factor SRF to a DNA sequence
called the CArG box (cis-acting element) induces tran-
scription of VSMC marker genes of differentiation. Inter-
action of SRF with VSMC coactivators including
myocardin and myocardin-related transcription factors A
and B strongly enhances its affinity for the CArG elements
of specific contractile genes. In contrast, interaction with
members of the ternary complex factor family of Ets
domain proteins such as Elk-1 increases the expression of
immediate-early genes (e.g., c-fos) and VSMC dedifferen-
tiation. Stimulation of the mitogen-activated protein kinase
(MAPK) pathway by growth factors shifts the binding of
SRF toward Elk-1 and thereby represses VSMC gene
expression by disrupting myocardin-SRF interactions.
KLF4 has also been identified as a potent repressor of
contractile genes through interaction with phosphorylated
Elk-1, modifications of chromatin structure of CArG box-
containing promoters, sequestration of SRF, and reduc-
tion of myocardin expression (Fig. 22.1). VSMC stiffness
mechanisms occurring in hypertension depend on the
activation of SRF co-factors. An inhibitor of SRF activity
normalizes VSMC stiffness paralleled by an improvement
of aortic elasticity that precedes the reduction of blood
pressure in spontaneous hypertensive rats.

Exaggerated production of ROS and cell senescence are
hallmarks of vascular aging. The transcription factor, nu-
clear factor-erythroid-derived 2-related factor 2 (Nrf2) or-
chestrates the transcriptional response of cells to oxidative
stress by driving the expression of antioxidant genes via its
binding to antioxidant response elements in their promoters
(Fig. 22.1). Age-related downregulation of vascular Nrf2
expression as well as dysfunction of the nucleocytoplasmic
shuttling of Nrf2 sensitize VSMCs to oxidative stress-
induced damage.

Altogether, aging and hypertension are associated with
a shift toward VSMC dedifferentiation mainly orches-
trated by PDGF and SRF/Elk-1 in parallel with a lower
activity of the differentiation program triggered by SRF/
myocardin and TGF-b. Decrease in Nrf2 with aging acts
additionally by reducing the expression of antioxidant
genes leading to loss of VSMC plasticity and increased
senescence.

Epigenetic determinants of vascular smooth
muscle cell plasticity

While VSMC phenotypic switching appears as a causal
mechanism responsible for arterial stiffening, character-
ization of VSMC plasticity at the epigenetic level is a new
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area in this topic. Epigenetic regulation directly affects
expression of differentiation genes by modulating chro-
matin remodeling, DNA methylation or histone modifica-
tions, and noncoding RNAs.

SIRTs have emerged as the first epigenetic modifiers of
arterial stiffness. It has been demonstrated that SIRT-1, an
oxidized nicotinamide adenine dinucleotide (NADþ)-
dependent class III protein deacetylase, slows down the
development of arterial stiffness in the presence of neo-
intimal formation after vascular injury or diet-induced
obesity. The mechanisms are likely due to its anti-
inflammatory and antioxidant effects. SIRT-1 inhibition is
caused by disruption of zinc binding that is critical for the
enzymatic activity of SIRT-1. In nonhuman primates, the
SIRT-1 activator resveratrol prevents the increase in pulse
wave velocity in response to Western diet. Increased
peroxynitrite-mediated SIRT-1 inhibition in response to
nicotine contributes to arterial stiffness in mice. In further
support of this protective role, the decline in SIRT-1 protein
levels with age drives increased inflammation and prema-
ture VSMC senescence. The predominant localization of
SIRT-1 in the nucleus confers it the means to exert its ef-
fects through transcriptional mechanisms and epigenetic
pathways. For example, the antiinflammatory action has
been described to be dependent on casein kinase II-
mediated phosphorylation of SIRT-1, which promotes its
deacetylase activity on the methyltransferase enhancer of
zeste homolog 2 (EZH2) and thereby suppresses the EZH2-
mediated H3K27 trimethylation of the SM22a promoter
region and subsequent gene silencing.

In addition, noncoding RNAs can control the expression
of epigenetic regulators. For example, the ubiquitin-like
containing PHD and RING finger domains 1 (UHRF1)
binds to promoters of genes that govern VSMC differen-
tiation (MYH11, ACTA2, and SM22) and inhibitors of the
cell cycle (CDKN1A and CDKN1B), leading to repression
of these genes via DNA and histone methylation (increase
in H3K27me3) (Fig. 22.1). In addition, microRNA-145,
upregulated by PDGF-BB and downregulated by TGF-b,
decreases UHRF1 expression. Inhibition of UHRF1 has
been seen to reduce aneurysm severity in experimental
models.59 Altogether, these mechanisms indicate that the
Hippo pathway YAP/TAZ as well as UHRF1 may be
positioned at the crossroads of nuclear mechano-
transduction and epigenetic regulation of arterial stiffness.
Finally, the maintenance of the progenitor phenotype
dependent on KLF4 and progenitor cells are characterized
by loss of the H4Ac chromatin mark and retention of the
H3K4Me2 mark. This demonstration suggests that this
physiological in situ VSMC reprogramming could be crit-
ical in determining the trajectories of vascular aging,
normal vascular aging, or early vascular aging.

Cell senescence

As described in detail in Chapter 23, cell senescence is a
durable, irreversible, cell cycle arrest of replication with
cells which remain metabolically active and become resis-
tant to apoptosis due to the upregulation of antiapoptotic
proteins.60 VSMC senescence with that of endothelial cells
is one of the common and early mechanisms that produce
reduced vasodilation and increased vasoconstriction,
oxidative stress and inflammatory cytokine production in
vascular aging.61 The most highly expressed markers are
senescence-associated b-galactosidase (SabG), a lysosomal
enzyme present in endothelial cells, VSMCs and fibro-
blasts, and the senescence-associated secretory phenotype
(SASP) cytokines: IL-6, tumor necrosis factor (TNF)-a,
and MCP-1. The presence of telomere-associated DNA
damage foci (markers of double stranded DNA breaks)
consecutive to SASP appears to be a more specific marker
than SAbG because it provides information on the senes-
cent cell and its environment. Indeed, persistent activation
of DNA damage and ROS production via the SASP impact
adjacent cells, leading to an increased senescence burden.
The others, also nonspecific, are those related to irreversible
growth arrest with telomere shortening, loss of proliferation
markers, and of specific microRNA or proteins, such as
lamin B1, CDKN2A (p16), CDKN1A (p21), and TP53
(p53). Leukocyte telomere length, a marker of cell senes-
cence, is inversely correlated with increased arterial
stiffness.62

The change in expression of a marker in VSMCs in
physiopathology is also difficult to interpret because the
markers are not lineage specific. Cell senescence is also
dependent of epigenetic regulation. Therefore, the combi-
nation of markers of the epigenetic signature of VSMCs
(dimethylation and acetylation of promoters of the smooth
muscle-specific genes, e.g., SM-MHC gene) with classical
senescence markers is of major interest to determine the
origin of the different cells and the stage of progress of
vascular senescence. For example, replicative senescence
of VSMCs is linked with their propensity to undergo
transdifferentiation toward an osteochondrogenic or
macrophagic lineage. The age-induced decline in SIRT1, a
key epigenetic regulator of TP53 which induces its degra-
dation via deacetylation, reinforces age-related VSMC
phenotypic changes. Recent work also indicates that non-
coding RNAs play a key role in SASP cytokine release at
the interface between cell senescence and vascular aging.63

In summary, phenotypic regulation governs the func-
tional diversity of VSMCs and their role in cellular stiffness
and arterial stiffness. Changes in their local mechanical
environment regulate their gene expression through tran-
scriptional regulatory pathways and epigenetic program-
ming. VSMC senescence can lead to arterial stiffening but
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ECM stiffening can also lead to VSMC senescence. In view
of the multiple roles of VSMCs and feedback controls,
computational models can be used to build protein net-
works in relation to epigenetic factors.

Participation of inflammation and
immunity in vascular smooth muscle
cell functions

Increased systemic inflammation, as seen in e.g. in RA,
systemic lupus erythematosus, systemic vasculitis, human
immunodeficiency virus, and inflammatory bowel disease,
is associated with an elevated cardiovascular risk and also
with increased arterial stiffness,64 even in the absence of
prevalent cardiovascular comorbidities.65 Since a longer
disease duration of RA is an independent predictor of
vascular stiffness, the notion emerges that exposure to
chronic inflammation may be causally linked to arterial
stiffening. This is further supported when considering that
each year of life with RA contributes to a higher rate of
vascular stiffening than a patient’s year of life without RA.

Arterial stiffening goes hand in hand with chronic
inflammation promoting the interactions of different innate
and adaptive immune cells and platelets with the vessel
wall. This contributes to the immunoinflammatory response
by multifactorial mechanisms, including endowing the
vascular wall with a proinflammatory phenotype, fostering
leukocyte recruitment and infiltration, promoting alterations
in intracellular metabolic pathways, and amplifying close
interplay between macrophages and VSMCs. Increased
proliferation and migration, production of proinflammatory
mediators and loss of contractile phenotype hallmark
VSMC changes in an inflammatory environment.

Cytokines et chemokines

VSMCs express toll-like receptors that play a critical role in
the production of components of the inflammasome associ-
ated with the innate immune response (e.g., IL-1b. IL-6, and
IL-18) (Fig. 22.1). Angiotensin II acts on T-helper lym-
phocytes to produce IL-2, TNF-a, and IFN-g, and Th2
lymphocytes for the cytokines IL-4, IL-5, IL-6, and IL-10. In
this context, IL-6 produced by adaptive immune cells and
VSMCs contributes to angiotensin II-induced hypertension
through the phosphorylation of Janus kinase 2 and signal
transducer and activator of transcription 3. Accumulation of
IL-17 in the medial layer in thoracic aorta causes vascular
dysfunction. The mechanisms involve a synergistic effect
with TNF-a to trigger the expression of VSMC proin-
flammatory genes. IL-18 enhances the angiotensin-II-
induced NOX1-dependent VSMC proliferation and migra-
tion. Disruption of IL-1b signaling induces a change in cell
composition in atherosclerosis characterized by a reduction

of VSMCs and an increased proliferation of resident mac-
rophages. Recently, the long noncoding RNA H19, which is
located in VSMCs and infiltrating aortic macrophages has
been shown to increase IL-6 expression in VSMCs via
competition with let-7a target gene IL-6, thus promoting
vascular inflammation and cell senescence.

Increased adhesiveness of platelets at the vessel wall and
vascular leukocyte infiltration elicit an endothelial dysfunc-
tion (Fig. 22.2). This results in a loss of anticoagulant role of
endothelial cells together with the expression of the pro-
thrombotic properties of VSMCs that express high levels of
tissue factor, which in turn generates various proteases,
including activated factor X (factor Xa) and thrombin. Factor
Xa acts on protease-activated receptor (PAR)1 to control
VSMC proliferation and migration while thrombin-mediated
mitogenic effects on VSMCs were found to be dependent on
integrin avb3 via activation of FAs. Activation of PARs by
thrombin also promote the proinflammatory phenotype of
VSMCs by enhancing the synthesis and release of cytokines
and chemokines (e.g., IL-6, C-X-C motif chemokine ligand
8) via activation of MAPK pathways.

Innate immunity and extracellular vesicles

Infiltrating macrophages, EVs, and neutrophil extracellular
traps (NETs) are key mediators of vascular inflammation
(Fig. 22.2). Activated macrophages exhibit increased
glycolysis enhancing cytokine production. Changes in
metabolism control macrophage polarization. While several
intermediate phenotypes exist that modulate the innate im-
munity, enhanced glycolysis and tricarboxylic acid cycle
activity hallmark proinflammatory M1 macrophage activa-
tion while antiinflammatory M2 macrophages show
enhanced oxidative phosphorylation, including fatty acid
b-oxidation. It has become increasingly evident that EVs
mediate cellecell interactions and could stimulate immune
responses. Macrophage-derived EVs have been reported to
transport a5 and b1 integrins to the surface of VSMCs, which
in turn activates the ERK and Akt pathways and fosters
VSMC adhesion and migration. VSMC reprogramming has
also been found to initiate inflammation. Expression of
progenitor cell markers by VSMC migrating into the
adventitia, a process regulated by KLF4, potentially results
in differentiation into macrophages. NETs are histone-DNA
components of dying cells involved in the defense of the
host against pathogens. Excessive release of NETs can cause
vascular tissue lesions and triggers thrombotic events,
particularly in systemic autoimmune diseases.66 In addition,
the release of NETs induces endothelial cell death leading to
infiltration of neutrophils and VSMC lysis in atheroma.

Among the potential candidates acting as amplifiers of
the innate immune response, the triggering receptor
expressed on myeloid cells (TREM)-1 appears to play a
central role.67 TREM-1 is expressed by neutrophils,
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macrophages, and mature monocytes (CD14high), as well
as by hypoxic dendritic cells, platelets, endothelial cells,
and VSMCs. The cytoplasmic tail of TREM-1 associates
with the adaptor molecule DNAX activation protein of
12 kDa (DAP12), which becomes phosphorylated and
thereby provides a docking site for the spleen tyrosine ki-
nase that promotes signal transduction via several pathways
including NF-kB (Fig. 22.2). The engagement of TREM-1
with agonist monoclonal antibodies has been shown to
stimulate the production of proinflammatory cytokines and
chemokines such as IL-8, MCP-1, MCP-3, and macrophage
inflammatory protein-1a, along with rapid neutrophil
degranulation and oxidative burst. The activation of
TREM-1 in presence of toll-like receptor-2, -4, or nod-like
receptors ligands amplifies the production of proin-
flammatory cytokines (TNF-a, IL-1b, granulocyte-
macrophage colonyestimulating factor), as well as the in-
hibition of IL-10 release. In response to inflammatory
stimuli, the expression of TREM-1 is increased, and this
mediates proliferation and migration, and shift toward a
proinflammatory phenotype of VSMCs.

Failure in the resolution of inflammation

Inflammation is a recognized risk factor and therapeutic
target in cardiovascular disease.68 Chronic cardiovascular
inflammation results from both a continuous immune acti-
vation and a failure in the resolution of inflammation.69

Lowering LDL cholesterol decreases inflammatory markers
such as C-reactive protein, emphasizing the close interplay
between lipids and inflammation.70 Furthermore, direct
antiinflammatory treatments have shown additional bene-
ficial effects in studies of secondary prevention in high risk
patients. As an alternative to inhibiting proinflammatory
signaling, cardiovascular inflammation could potentially be
disrupted by actively promoting an effective resolution of
inflammation.69 Importantly, omega-3 fatty acidederived
lipid mediators called resolvins promote the resolution of
inflammation.71 In addition to their effects on immune cells
(Fig. 22.2), resolvin receptors are expressed on VSMCs72

and may contribute to slow down arterial aging.58 For
example, resolvins, and other specialized proresolving
mediators, decrease proliferation, collagen deposition, and
phosphate-induced calcification in VSMCs in vitro.73

These direct inhibitory actions of resolvins on VSMC
maladaptive responses indicate potential beneficial effects
on vascular stiffness from actively promoting the resolution
of chronic vascular inflammation.

Present at the physiological level in the resolution of
inflammation, the interactions between blood components
with matrix and/or cellular elements associated with me-
chanical stress are main determinants in the early phase of
vascular diseases for atheroma development. In addition to
this, the vascularization of the adventitia (capillary- and

postcapillary venules) in the aorta allows the lymphocytes
diapedesis able to promote locally adaptive immunity and
endothelial cell sprouting to form neoangiogenesis in the
media. The neovessels formed are partly immature and
thus highly susceptible to foster rupture and intraplaque
hemorrhage.

Inhibition of immunoinflammatory signaling without
immune-suppressive side effects is thus clearly warranted
in vascular pathologies. Tailored disruption of intercellular
communications or targeting of immune checkpoint pro-
teins [e.g., cluster of differentiation 40 (CD40) and CD40
ligand, TNF receptor superfamily member 18 (TNFRSF18)
and TNF ligand superfamily member 18 (TNFSF18)]
expressed by VSMCs could be a promising approach.74

In summary, infiltration of inflammatory molecules and
immune cells in the vascular wall can cause VSMC
migration and proliferation as well as the induction of
oxidative stress. Other cellular mechanisms more involved
in the resolution of inflammation at the VSMC level in
addition to other cells may also play a key role in vascular
disease priming.

Conclusion

The emergence of VSMCs in the understanding of cellular
and molecular mechanisms of vascular diseases highlights
the role of hemodynamics factors and the links between
VSMCs and ECM in which they reside and also that of
other specific cells in the arterial wall including endo-
thelial cells, inflammatory and immune cells, fibroblasts,
and progenitor cells. It appears difficult to discriminate
atherosclerosis and accelerated arterial aging since they
evolve in parallel with hemodynamic changes, calcifica-
tion, and arterial stiffening, all involving VSMC plasticity.
Hemodynamics, structural factors, and signaling pathways
are now considered in a single complex biology network
(mechanobiology) where the interactions between the
different compounds are ordered according to highly
variable dynamics of action over time.75 This field has
benefited from new methodologies, in particular lineage
tracing, single-cell RNA-sequencing associated with
single-cell genome-wide DNA methylation, and high-
precision microscopic techniques such as atomic force
microscopy or velocity protein mapping, which allows to
visualize in real time the location of individual proteins in
the assembly and disassembly processes of FAs in relation
with actomyosin coupling.

A new direction will also be to correlate these
fundamental results with those of genetics, for example,
how rare or common variants of certain genes or loci
interfere with the differentiation of VSMCs or the
viscoelastic response of the arterial wall, and to integrate
epigenetic markers and the effects of noncoding RNAs.
At a more clinical level, the prevention or treatment of
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arterial stiffness requires the transfer of information from
cell-matrix interactions and genetics into biomarkers of
vascular remodeling and tissue homeostasis. The multi-
plicity of regulatory or counter-regulatory loops makes
this biomarker search difficult. In this sense, proteomic
analyses offer new possibilities. The development of
biobanks open to the entire scientific community and the
constitution of large, perfectly targeted populations
strengthen the research continuum in this field. Finally, in
addition to VSMC markers (mainly senescence markers
and inflammatory molecules) that are measurable in
blood, human-induced pluripotent stem cells as a source
of well-controlled VSMCs or for creating models of
mechanotransduction have therapeutic promise in the
dynamics of vascular aging and diseases.

Basic concept boxdSMC lineage tracing and single-
cell RNA-sequencing

Genetically modified mouse models to fate map VSMCs

should combine (1) the efficient and definitive labeling

of VSMCs and their progeny with reporter systems

(e.g., fluorescent proteins, LacZ); (2) its conditional

expression with high specificity for the VSMC lineage;

and (3) an inducible system permitting activation of the

tracking system in mature VSMCs at a given time upon

treatment with tamoxifen.50e52 Recent VSMC lineage

tracing studies have employed tamoxifen-inducible

Myh11-CreERT2 mouse model crossed with loxP-

STOP-loxP-reporter mouse models to track the fate

and phenotype of VSMCs expressing smooth muscle

myosin heavy chain (SM-MHC).76e78 The R26R-

Confetti mouse (LoxP site in the Rosa26 locus) shows

a stochastic recombination of four fluorescent markers

(nuclear GFP, cytoplasmic YFP or RFP, or membrane

CFP) upon Cre activation (Fig. 22.3).

These conditional and inducible Cre recombinase sys-

tems allow for the labeling of mature VSMCs (single-cell

resolution by Z-stack confocal analysis or multiphoton

microscopy) prior to injury or development of vascular

disease and the ability to follow their fate independently

of marker gene expression while critically avoiding the

labeling of cells acquiring the expression of these

marker genes during disease or injury.

Cell isolation (enzymatic digestion followed by sorting

based on lineage label) leads to the selection of VSMC

clusters by single-cell RNA-sequencing. Principal

component (PC) analysis allows the identification of

differential gene expression between clusters (Fig. 22.3).
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Introduction

The prevalence of chronic, noncommunicable diseases,
including atherosclerosis, diabetes, heart failure, dementia,
and kidney dysfunction, increases with aging, and these
diseases tend to cluster in older individuals.1 The diseases
shorten the healthy lifespan and increase the burden on
healthcare systems in many societies.2,3 Geriatric syn-
dromes, including frailty, immobility, and cognitive
impairment, also increase with aging and reduce quality of
life by limiting daily activities. Aging is a physiological
biological process and not pathogenic itself, however, it is
closely connected to pathologies in age-related diseases,
and our understanding of the respective processes remains
limited.

Back in the 1960s, Hayflick et al. demonstrated that
fibroblasts have limited potential to replicate.4 This finding
indicated that aging also occurs at the cellular level, a
process that is currently described as “cellular senescence.”
Interestingly, most of the molecules involved in aging
phenotypes also regulate cellular senescence, suggesting a
causative link between the two. In age-related disorders and
chronological aging, senescent cells have central roles for
the development and progression of tissue remodeling.
Several studies reported that senescent cells accumulate in
atherosclerotic arteries5 and in adipose tissue in diabetes
and age-related metabolic dysfunction.6e8 In mouse ex-
periments, transplantation of senescent cells reduced ac-
tivity levels and lifespan.9 Recent studies in a transgenic
mice system revealed that elimination of senescent cellsda

process called senolysisdcan alleviate multiple phenotypes
in progeroid mice, naturally aged mice, and mice with age-
related diseases, such as atherosclerosis.8,10e12 Thomas
Sydenham, a 17th century physician, wrote that “Man is as
old as his arteries,” and evidence has accumulated for an
involvement in endothelial cell (EC) senescence not only in
vascular dysfunction and atherosclerosis but also in dia-
betes, obesity, and heart failure. In this review article, we
introduce pathological aspects of EC senescence and
discuss therapies for vascular diseases that target senescent
ECs.

In vivo evidence of cellular senescence
in age-related diseases

Aging is a major risk factor for many diseases,13 including
cardiovascular disease,14 dementia,15 cancer,16 type 2 dia-
betes,17 and idiopathic pulmonary fibrosis.18 Since the dis-
covery of replicative senescence by Hayflick and Moorhead
in the early 1960s (4), studies have indicated a close
connection between cellular senescence and aging (4).
However, identifying and isolating senescent cells in vivo
remains challenging because of the lack of specific markers
for senescent cells. Increased senescence-associated
b-galactosidase (SA-b-gal) activity and elevated levels of
p16Ink4a and p53/p21 are representative markers for cellular
senescence, but the lack or presence of these markers does
not necessarily indicate that cells are actually senescent in
the classical meaning of the term. Similar to primary
cultured cells undergoing cellular senescence, vascular cells
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in human atherosclerotic coronary arteries were previously
shown to have strong staining for SA-b-gal.19 These cells
are predominately localized at the luminal surface of the
plaque and have been identified as ECs. Interestingly, in the
same patients, SA-b-galepositive cells were not detected in
the internal mammary arteries that were exhibiting minimal
atherosclerotic changes.19

Senescent cells have been found in various organs of
animal models, as well as in elderly humans and in-
dividuals with age-related disorders. In addition to adipose
tissues in type 2 diabetes and age-related metabolic
dysfunction, as mentioned above, cells expressing markers
for cellular senescence are also found in the aorta in aged or
atherosclerotic animals,10 and in lung in idiopathic pul-
monary fibrosis.12 These findings suggest the presence of
cellular senescence in aging and age-related diseases
in vivo. Senescent cells themselves are dysfunctional cells,
and by acquiring the senescence-associated secretory
phenotype (SASP) phenotype, they induce chronic
inflammation and vascular remodeling. For this reason,
senescent cells are now well recognized to have causal roles
for the progression of vascular disorders.19

Molecular mechanism of cellular
senescence

Since the initial identification of cellular senescence, sig-
nificant progress has been made in our understanding of
this biological process. Cellular senescence is triggered
primarily in response to damage and becomes a defense
system for suppressing uncontrolled proliferation and
expansion of dysfunctional cells. Cell cycle arrest in the G1

phase develops when DNA is damaged and is thought to
give cells sufficient time for DNA repair, thereby avoiding
the proliferation of abnormal cells. This process is the first
defense mechanism against tumorigenesis. The cell cycle
resumes once the damage has been repaired; however, if the
damage is extensive the cell will undergo apoptosis as a
second defense. In the third defense system, cells that did
not undergo apoptosis eventually enter a state of irrevers-
ible growth arrest termed cellular senescence. Cellular
senescence is indeed a well-designed, ingenious system for
tumor suppression. However, senescent cells acquire the
SASP phenotype and become antiapoptotic, so they
contribute to the development of chronic sterile inflam-
mation and tissue remodeling, making animals or humans
prone to cardiovascular-metabolic diseases.

One widely accepted driver of cellular senescence is
telomere attrition.20 Telomeres are non-nucleosomal DNA-
protein complexes located at the end of chromosomes.
They serve as protective caps and contribute to stabilizing
chromatin structure. In somatic cells, the telomeres are
shortened as a result of cell replication; once this shortening
has reached a critical level, it is recognized as DNA dam-
age, which initiates replicative cellular senescence. Another
type of cellular senescence is described as stress-induced
premature senescence; it develops in response to various
stress stimuli, such as DNA damage induced by irradiation;
reagents, including DNA synthesis inhibitors; exposure to
high levels of reactive oxygen species (ROS); and onco-
genic and metabolic stress. Although various stimuli can
induce cellular senescence, it is mediated mainly by either
the p53/p21 or p16Ink4a/pRb(rRb; retinoblastoma) pathway,
depending on the species or type of cells.

Mechanism of cell cycle arrest in senescent cells

The basic mechanisms for the induction of senescence cell cycle arrest have been well documented.21 The eukaryotic cell cycle

consists of four distinct phases: G1, S (synthesis), G2, and M (mitosis and cytokinesis); phases G1, S, and G2 are collectively

known as the interphase (Fig. 23.1). Cell cycle events are monitored at cell cycle checkpoints that occur at the G1/S boundary, in

the S phase, and during the G2/M phases. These checkpoints are a series of control systems that enable proliferation only in the

presence of stimulatory signals, such as growth factors. The checkpoints are also activated by DNA damage stimuli; this activation

stops growth, allowing the cell to repair the damage. In mammalian cells, the p53/p21 or p16Ink4a/Rb pathways are activated by

DNA damage and induce cell cycle arrest, which is mediated by cyclin-dependent kinase inhibitors (CDKI), the cyclin-dependent

kinase (CDK) interacting protein/kinase inhibitory protein (KIP/CIP) family CDKI (p21Cip1, p27Kip1, and p57KipII), and the inhibitor

of CDK4 (INK4) family CDKI (p16Ink4a, p15Ink4b, p18Ink4c, and p19Ink4d).22 In proliferating cells, CDKI expression is low; however,

in response to DNA damage, p21Cip1 and p16Ink4a gene expression significantly increases and the cell cycle is arrested.23,24 In the

case of persistent DNA damage, such as telomere shortening, p21Cip1and p16Ink4a expression are simultaneously upregulated and

all CDKs, including CDK2, CDK4, and CDK6, are inactivated. Both p53/p21 and p16Ink4a/Rb play a critical role in tumor sup-

pression and cellular senescence.
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Endothelial cell senescence in age-
related disorders

Senescent ECs exhibit various functional abnormalities,
such as decreased expression of endothelial nitric oxide
(NO) synthase; incremental production of ROS; and
increased expression of proinflammatory molecules,
including intercellular adhesion molecule-1,19,25e27 IL-1,28

IL-6,29 IL-8,30 MCP-1.30 These abnormalities lead to
decreased bioavailability of NO and increased formation of
peroxynitrite.31 Furthermore, production of prostacyclin
(prostaglandin I2; PGI2) is significantly decreased, whereas
production of thromboxane A2 and endothelin-1 is signif-
icantly increased.32e34 Senescent vascular ECs also show
an upregulation of plasminogen activator inhibitor-1.28,35,36

All of these changes are likely to be involved in both the
impaired endothelium-dependent vasodilation and the
increased trend for thrombogenesis that occur in human
atherosclerosis (Fig. 23.2). As described above, a number
of studies reported that many of the changes in senescent
vascular cells are consistent with those seen in human
atherosclerosis and vascular dysfunction, suggesting a
critical role of cellular senescence in vascular disorders.
Both NO production and endothelial NO synthase (eNOS)
activity were reduced in senescent human vascular ECs.19

Interaction between monocytes and vascular ECs promotes
atherogenesis, and this interaction is also enhanced by EC

senescence.37 This process appears to be mediated by
upregulation of adhesion molecules and proinflammatory
cytokines and decreased production of NO and prostacyclin
by senescent ECs.6,26,29 Senescent ECs have been reported
to show diminished capacity for angiogenesis. In addition
to the impaired capacity of senescent ECs to form capil-
laries, bone marrowederived circulating endothelial pro-
genitor cells (EPCs) show reduced growth and ability to
form capillaries in vitro.38 EPCs are known to participate in
postnatal neovascularization and vascular repair.39e41

Indeed, the function, proliferation capacity, and telomere
length of EPCs show a negative correlation with various
risk factors for coronary atherosclerosis, including age and
circulating vascular ECs, resulting in decreased neo-
vascularization and vascular homeostasis.42,43

As described above, EC senescence is induced by a
range of factors. A number of studies indicated that telo-
mere shortening occurs also in human vessels and may be
related to age-associated vascular diseases. Telomere length
in ECs from abdominal aorta and iliac arteries was previ-
ously reported to show a strong inverse correlation with
age.44,45 Telomere shortening develops faster in ECs of
iliac arteries than in those of internal mammary arteries,
suggesting that exposure to higher hemodynamic stress
may enhance the rate of EC turnover and induce cellular
senescence. Telomere attrition is also more advanced in
ECs from coronary arteries in patients with ischemic heart

FIGURE 23.1 Phases of the
eukaryotic cell cycle.
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disease than in ECs from healthy individuals.46 Loss of
telomere function induces EC dysfunctions in aged arteries,
and inhibition of telomere shortening suppresses these
senescence-driven alterations in vitro.19

The length of telomeres in white blood cells from
healthy people showed an inverse correlation with pulse
pressure, and this correlation was independent of the per-
son’s chronological age.47 Telomere shortening in white
blood cells may increase adhesion or proinflammatory
molecules in senescent ECs.47

Both premature EC senescence induced by metabolic
stress and telomere shortening were also found in lifestyle-
related diseases.25,46,48,49 Insulin/insulin-like growth factor-
1/phosphatidylinositol 3-kinase (PI3K)/Akt signaling is
preserved in organisms ranging from yeast to mammals.
This signaling is well described to regulate the longevity
pathway. Genetic studies demonstrated that loss-of-func-
tion mutants of this signaling extended the lifespan of
Caenorhabditis elegans.50 In contrast, treatment with high-
dose insulin resulted in increased Akt phosphorylation and
p53/p21 expression, which reduced the lifespan of human
ECs, suggesting that insulin/Akt signaling induces EC
senescence.25 Conversely, restriction of calorie intake is
known to extend longevity and prevent various age-
dependent changes, including atherosclerosis, a decline of
immunity, and an increase of inflammatory
parameters.50e52 The plasma level of glucose, insulin, and
insulin-like growth factor-1 decreases with calorie restric-
tion, which may contribute to extend the lifespan.51

Oxidative stress is the chief driving force for human aging
and cellular senescence.53 Oxidized low-density lipoprotein
was shown to inactivate telomerase by suppressing the
PI3K/Akt pathway in vascular ECs5 and to induce prema-
ture senescence.29

Lifestyle-related diseases, including hypertension,
diabetes, and dyslipidemia, synergistically enhance the
accumulation of senescent cells in systemic organs. The
angiotensin II (Ang II) signaling cascade increases with
aging and contributes to the pathogenesis of

atherosclerosis. Inhibition of Ang II activity has been
demonstrated to improve morbidity and mortality in car-
diovascular disease.54 Recently, Ang II was reported to
induce premature senescence in human vascular smooth
muscle cells via the p53/p21-dependent pathway.55 Inhi-
bition of this signaling effectively ameliorated the prema-
ture senescence and proinflammatory cytokine production
caused by Ang II.

Antisenescence therapy

Studies have indicated the critical role of EC senescence in
aging and various age-related diseases, and antisenescence
therapy is now emerging as a novel strategy for the treat-
ment of such diseases, including atherosclerosis, diabetes,
and heart failure. Currently, three approaches are available
for antisenescence therapy: (1) inhibition of cellular
senescence; (2) suppression of SASP; and (3) elimination
of senescent cells (senolysis). These approaches are
discussed below.

Inhibition of cellular senescence

Activation of p53 has been observed in aged vessels and
failing hearts and has been implicated in atherosclerosis and
heart failure.56 Furthermore, in mice excessive calorie
intake caused p53-induced inflammation in adipose tissue,
leading to systemic insulin resistance. Suppression of
cellular senescence in adipose tissue in adipocyte-specific
p53 knockout mice markedly ameliorated the senescence-
like phenotypes and improved insulin resistance and
glucose tolerance in obese mice.6 A murine left ventricular
pressure overload model exhibited p53-induced chronic
sterile inflammation in visceral fat, which enhanced sys-
temic metabolic dysfunction.57 Inhibiting p53 in adipose
tissue suppressed inflammatory processes in visceral fat and
ameliorated systemic insulin resistance and cardiac
dysfunction.57 These data indicate that the p53/p21
pathway has a crucial role in age-related diseases and that

DNA damage (Telomere shortening etc)
metabolic stress (Insulin, Angiotensin, Glucose etc)
ROS

SASP

NO 
PGI2

TXA2 
ET-1
PAI1 

Endothelial Cells

Vascular Smooth
Muscle Cells

chronic inflammation

adhesion molecules

compliance 

thrombosis

angiogenesis

FIGURE 23.2 Endothelial senescence.
Various stimuli that cause DNA damage such as
metabolic stress promote endothelial cell
senescence. Senescent endothelial cells exhibit
functional abnormalities such as decreased
production of nitric oxide and increased
expression of inflammatory molecules (senes-
cence-associated secretory phenotype [SASP]
factors), both of which could accelerate
atherogenesis.
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inhibition of cellular senescence targeting these pathways
could become a novel therapy for age-related disorders.

Studies in EC-specific p53 KO (EC-p53 KO) mice
revealed that endothelial senescence is involved in the
pathophysiology of aging and age-related diseases.58,59 In
the diabetic state, endothelial-p53 expression was signifi-
cantly upregulated and endothelium-dependent vasodilata-
tion was impaired in wild-type mice, whereas
eNOS-mediated vasodilatation was markedly improved in
EC-p53 KO mice. In addition, inhibition of EC senescence
by targeting p53 also significantly enhanced angiogenesis
in a hind limb ischemia model. Conversely, activation of
endothelial p53 reduced both endothelium-dependent
vasodilatation and ischemia-induced angiogenesis. The
beneficial effect of EC-p53 inactivation on endothelial
function was abolished in eNOS-deficient EC-p53 KO
mice. These results indicate that EC-p53 negatively
regulates endothelium-dependent vasodilatation and
ischemia-induced angiogenesis, suggesting that inhibition
of endothelial p53 could be a novel therapeutic target in
patients with metabolic disorders.58

In another report, EC-p53 KO mice fed a high-calorie
diet showed improved insulin sensitivity and less fat
accumulation and vascular dysfunction. EC-p53 negatively
regulated glucose uptake into skeletal muscle by down-
regulating glucose transporter 1 expression. Conversely,
p53 activation ameliorated metabolic abnormalities. These
results indicate that inhibition of endothelial p53 could be a
novel therapeutic target to block the vicious cycle of
vascular dysfunction and metabolic abnormalities in
obesity.59

In addition, p53 signaling has been implicated in
mediating the pathogenesis of heart failure. In response to
pressure overload, the expression of p53 was upregulated in
cardiac ECs and bone marrow cells. This upregulation was
followed by an upregulation of both ICAM1 expression in
ECs and integrin expression in bone marrow cells. Inhibi-
tion of EC-p53 and bone marrow cells markedly down-
regulated ICAM1 and integrin expression, which
ameliorated cardiac inflammation and systolic dysfunction
during left ventricular pressure overload. Norepinephrine
markedly increased p53 expression in ECs and macro-
phages. Reducing b2-adrenergic receptor expression in ECs
or bone marrow cells attenuated cardiac inflammation and
systolic dysfunction during left ventricular pressure over-
load. These results suggest that activation of the sympa-
thetic nervous system induces cardiac inflammation by
upregulating ICAM1 and integrin expression via p53
signaling, thus promoting cardiac systolic dysfunction. In-
hibition of p53-induced inflammation could be a novel
therapeutic strategy for heart failure.60

These reports indicate that inhibition of EC senescence
by targeting p53 could improve age-related diseases such as
hypertension, atherosclerosis, diabetes, and heart failure.
p53 antagonists are available61; however, p53, p21, and
p16 systemic knockout mice have a high prevalence of

cancer and therefore a shorter lifespan than wild type
control mice. As already mentioned, cellular senescence is
an antitumorigenic system, so suppression of cellular
senescence will not become a first-line therapy.

Inhibition of senescence-associated secretory
phenotype

Because SASP has a crucial role in inducing chronic
inflammation and progression of age-related disorders, it
could become another target for antisenescence therapy.
Several reagents, including metformin, rapamycin, and
ruxolitinib (a JAK1/2 inhibitor), were reported to attenuate
SASP. Metformin ameliorated a series of age-related dis-
orders, including cardiovascular disease, cancer develop-
ment, cognitive dysfunction, and diabetes.62 It may even
increase five-year survival in elderly humans.63 Rapamycin
and related agents increased lifespan and delayed age-
related phenotypes, including frailty, heart failure, can-
cers, cognitive impairment, and immune dysfunction.64,65

Ruxolitinib alleviated age-related diseases, such as insulin
resistance, and stem cell dysfunction.8 These reports indi-
cate that SASP inhibitors suppress aging and cellular
senescence in humans (62e65). However, potential issues
related to the specificity of these inhibitors and off-target
effects could lead to serious side effects, so SASP in-
hibitors must have specific targets.

Elimination of senescent cells (senolysis)

In 2011, a breakthrough occurred in aging research: Baker
and colleagues reported that removal of senescent cells can
prevent or delay tissue dysfunction and extend the healthy
lifespan.11 As explained above, cellular senescence is a
state in which damaged and dysfunctional cells irreversibly
stop proliferating. The group hypothesized that eliminating
senescent cells, termed senolysis, would be a more prom-
ising approach for counteracting aging and treating age-
related diseases than suppressing cellular senescence
(Fig. 23.3). Furthermore, because senolysis eliminates
damaged cells, the risks for cancers would also diminish.
To establish proof of concept, the researchers made a ge-
netic mouse model with senolysis (INK-ATTAC), enabling
inducible elimination of p16Ink4a-positive senescent cells
upon administration of a drug. Elimination of senescent
cells alleviated multiple phenotypes in progeroid mice,
naturally aged mice, and mice with age-related
diseases.8,10e12 Another group showed by transplanting
senescent cells that senescent cells caused the aging
phenotype.9 Transplanting relatively small numbers of se-
nescent cells into young mice was sufficient to cause
persistent physical dysfunction. Under this condition, se-
nescent cells spread to host tissues, which then also showed
reduced survival. In contrast, the senolytic approach
improved the physical function of the mice in this im-
plantation model.9
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The finding that senescent cells are more resistant to
apoptosis than young cells indicated that senolytics could
be useful drugs.66 To find such drugs, Zhu et al. analyzed
senescent cells and revealed that they have increased
expression of prosurvival pathways, named senescent cell
antiapoptotic pathways (SCAPs). Studies with small inter-
fering RNAs showed that ephrins (EFNB1 or 3), the
phosphatidylinositol- 4,5-bisphosphate 3-kinase delta cat-
alytic subunit (PI3KCD), the cyclin-dependent kinase in-
hibitor 1A (p21), BCL-xL, and plasminogen-activated
inhibitor-2 could become candidates for SCAP suppres-
sion by mediating cell death in senescent cells.67 The
tyrosine kinase inhibitor dasatinib is also known to inhibit
EFNB-dependent suppression of apoptosis, and this inhi-
bition eliminated senescent human fat cell progenitors.68,69

Another compound, quercetin (a natural flavonoid that is
known to interfere with PI3K), induced cell death in se-
nescent ECs.67 A combination of dasatinib and quercetin
successfully reduced senescent cell burden in chronologi-
cally aged mice.67 Another group reported that navitoclax,
which targets components of the antiapoptotic molecule
Bcl-2, also exhibited senolytic ability and alleviated age-
related disorders.70 So far, several reagents have been
confirmed as senolytics, as follows: the specific BCL-XL
inhibitors A1331852 and A1155463,71 fisetin,72 piperlon-
gumine,73 and FOXO4-related peptide.74 Several reagents
are also effective at causing cell death in senescent ECs
(Table 23.1).

tumorigenesis

DNA damage
cellular senescence senolysis regeneration 

of proliferative cells

senolytics

inhibition 
of senescence

chronic inflammation

Age-related diseases

SASP

FIGURE 23.3 Scheme of antisenescence therapy. Cells with DNA damage develop tumors. Cellular senescence could protect against tumorigenesis,
but accumulation of senescent cells causes chronic inflammation that leads to the onset and progression of age-related diseases. Senolytic treatment
eliminates senescent cells and rejuvenate aged tissues.

TABLE 23.1 List of senolytics.

Senolytics Target molecules

Dasatinib Src kinase, tyrosine kinase, etc

Quercetin Bcl-2 family, p53/p21/serpine,
PI3K/AKT

Navitoclax (ABT-263) Bcl-2 family (Bcl-2, Bcl-xl, Bcl-w)

TW-37 Bcl-2 family (Bcl-2, Bcl-xl, Mcl-1)

ABT-737 Bcl-xl, Bcl-w

Fisetin PI3K/AKT

A1331852 Bcl-2 family (Bcl-xl)

A1155463 Bcl-2 family (Bcl-xl)

FOXO4-DRI FOXO-p53 interaction

Alvespimycin (17-DMAG) HSP90

Tanespimycin (17-AAG) HSP90

Geldanamycin HSP90

Piperlongumine p53/p21, Bcl-2 family (PUMA)

Panobinostat Histon deacetylase

UBX0101 p53-MDM2/p21

Ruxolitinib (INCB18424) Selective JAK1/2 inhibitor

CD153 vaccine CD153
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Transgenic and pharmacological approaches to elimi-
nate senescent cells improved atherosclerosis in low-
density lipoprotein receptor-deficient (LDL-R) knockout
mice. Navitoclax administration alleviated atherogenesis
and stabilized plaques in LDL-R knockout mice,75 and
dasatinib and quercetin led to clearance of senescent cells
from multiple tissues in apolipoprotein E knockout mice,
another model of atherosclerosis.10 Dasatinib and quercetin
also enhanced aortic vascular reactivity, i.e., they caused a
modest improvement in endothelium-dependent relaxation
elicited by acetylcholine and substantially improved
vascular smooth muscle cell relaxation in response to
nitroprusside in old mice.10 Senolytics could become a
promising next-generation therapy for atherosclerotic dis-
orders. It is well known that the process of arterial aging
involves elastase-mediated proteolysis, inflammation and
fibrosis, and senolytic treatment also could delay this
process.

Conclusion

This chapter summarizes the undesirable aspects of EC
senescence in aging and age-related diseases. In many so-
cieties, age-related diseases, including heart failure, dia-
betes, and atherosclerotic disorders, have become major
healthcare problems that reduce the healthy lifespan.
Accumulating evidence indicates that EC senescence has
central roles in the pathogenesis of these age-related dis-
orders. Senescent ECs have limited capacity to produce
vasculoprotective factors, including NO and PGI2; in
contrast, they produce vasoconstrictors and prooxidants and
promote prothrombotic properties, leading to chronic
inflammation and vascular remodeling. Three strategies are
suggested to target senescent cells: inhibition of cellular
senescence, suppression of SASP, and senolysis. Senolysis
is a promising strategy that aims to clear the burden
stemming from senescent cells, and several clinical studies
on senolytics are underway. In 2019, two pilot studies were
reported that showed that dasatinib and quercetin treatment
improved physical function in patients with idiopathic
pulmonary fibrosis76 and eliminated senescent cells from
adipose tissue and skin in patients with diabetic kidney
disease.77 Whether this approach will be useful in cardio-
vascular diseases in humans remains to be explored.
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Compliant blood vessels are a fundamental characteristic of
the cardiovascular system, enabling pulsatile synchronization
between blood ejected from the heart and the arterial tree.
Large elastic vessels, such as the aorta, are responsible for
dampening the pulsatile pressure caused by left ventricular
ejection (i.e.,Windkessel effect) andenable anterogradeblood
flow throughout the cardiac cycle.1 Large-artery stiffness is
gaining clinical recognition as an important measure for
patient risk stratification.2 Such stiffness can impair
ventricular-arterial coupling, increasing pulse pressure, ven-
tricular afterload, and downstream microvascular perfusion
pressure, which can facilitate end-organ damage,3,4 and
associate independently with major adverse cardiovascular
events and mortality in a range of patient cohorts.5

The autonomic nervous system maintains tonic and
reflex control of arterial pressure through parasympathetic
and sympathetic regulation of neural outflow to the heart
and circulation. In developed societies, elevations in
efferent sympathetic nerve activity and large-artery stiff-
ness occur with healthy aging and are amplified in many
cardiovascular disease states (e.g., hypertension and heart
failure).6e10 Whether these observations represent a causal
relationship or epiphenomenon has remained controversial.
A major reason for this uncertainty remains the inherent
difficulty of altering neural outflow independent of changes
in arterial pressure and thus the mechanical stress-strain
relationship of the vasculature. This chapter will discuss
the controversies stimulated by human cross-sectional data
and recent evidence supporting the concept that acute in-
creases in muscle sympathetic outflow can augment central
and peripheral arterial stiffness. The moderating effects of
neuroendocrine factors on arterial stiffness, including the

influence of sex hormones on the relationship between
sympathetic outflow and pulse wave characteristics, will
also be reviewed. Preference has been given to human work
unless such data are unavailable.

Autonomic control of the
cardiovascular system

Neural control of the cardiovascular system is mediated
primarily by parasympathetic innervation of the heart and
sympathetic innervation of the heart, kidneys, vasculature,
and adrenal medulla (Fig. 24.1).

Parasympathetic nervous system

Parasympathetic (vagal) projections to the heart innervate
the sinoatrial and atrioventricular node.11 Efferent vagal
discharge stimulates postsynaptic release of acetylcholine,
which binds to muscarinic (M2) receptors and ultimately
decreases sinoatrial membrane potential by altering ionic
flux via inhibitory G-proteinecoupled mechanisms.12,13

The resultant hyperpolarization decreases sinoatrial node
firing rates (i.e., heart rate) and atrioventricular node action
potential conduction velocity.14,15 Tonic sinoatrial para-
sympathetic activity produces a lower resting heart rate
compared to the intrinsic heart rate; blocking vagal activity
increases heart rate.16 A key feature of parasympathetic
modulation is its rapidity of onset and offset; heart rate
slows within milliseconds of vagal stimulation and rises a
few seconds after the onset of external stress or exercise
due to brisk parasympathetic withdrawal and acetyl-
cholinesterase kinetics.17 Parasympathetic neurons also
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innervate cardiac myocytes11 and when stimulated can
cause small reductions in cardiac contractility.18,19

Sympathetic nervous system

In the heart, postganglionic sympathetic neurons densely
innervate the sinoatrial and atrioventricular node, and
ventricular cardiac myocytes.20,21 Efferent sympathetic
outflow stimulates the translocation and release of norepi-
nephrine which binds to b-adrenergic receptors causing an
excitatory G-proteinecoupled increase in intracellular
cyclic adenosine monophosphate (cAMP). This increases
sinoatrial node membrane potential and ultimately firing
rate (i.e., heart rate) and atrioventricular node action
potential conduction velocity.13,14 Increased intracellular
cAMP also increases intracellular [Ca2þ] within cardiac
myocytes to enhance contractility.13,22

The sympathetic nervous system also innervates
vascular smooth muscle, where released norepinephrine
can bind to a1, a2, and b2 adrenergic receptors. Stimulation
of a1 and a2 adrenergic receptors initiates a signaling
cascade that increases intracellular [Ca2þ], which binds to
calmodulin (to create a Ca2þ-calmodulin complex) to
activate myosin light chain kinase.23,24 This in turn
increases myosin ATPase activity, initiating myosin power
strokes on actin to elicit vasoconstriction.23,24 Stimulation
of b2 adrenergic receptors activate cAMP, inhibiting
myosin light chain kinase causing vascular smooth muscle
vasodilation.25,26 Norepinephrine has a higher affinity for a

compared to b adrenergic receptors, and therefore the
net vasomotor response to sympathetic outflow is vaso-
constriction.27 Sympathetic nerve terminals also contain
presynaptic a2 adrenergic receptors which inhibit norepi-
nephrine by negative feedback.27 Sympathetic innervation
of the kidneys not only initiates a adrenergic-mediated
renal vasoconstriction28 but also b1 adrenergic-mediated
release of renin from juxtaglomerular cells29e31 and a
adrenergic-mediated sodium reabsorption at the renal
tubule.31e33 There is evidence, as well, for co-release of
both neuropeptide Y and ATP with norepinephrine under
conditions of intense sympathetic stimulation.34e38 The
importance of sympathetic outflow for maintaining tonic
vasoconstriction can be appreciated by the substantial
reductions in peripheral vascular resistance and arterial
pressure following ganglionic blockade.16 Lastly, sympa-
thetic innervation of the adrenal medulla is responsible for
the release of circulating catecholamines, primarily
epinephrine.39 As the principal endogenous ß2 agonist,
epinephrine induces vasodilation, but when administered
exogenously to achieve higher plasma concentrations it
elicits predominantly a2emediated vasoconstriction.27

Overall, the control of tonic and reflexparasympathetic and
sympathetic outflow directed to these end-organs are influ-
encedbya combinationof central rhythmgeneratorswithin the
brainstem, and input from higher order cortical regions and a
variety of peripheral afferents (e.g., baroreceptors, arterial and
muscle chemoreceptors, and muscle mechanoreceptors) to
govern cardiovascular homeostasis.8,40

FIGURE 24.1 Neurohumoral regulation of the cardiovascular system. Left side: Humoral regulation of resistance vessels. Norepinephrine possesses a
higher affinity for a adrenergic receptors causing vasoconstriction. The effects of epinephrine on vascular smooth muscle cell adrenergic receptors are
concentration dependent. At low concentrations, epinephrine possesses a higher affinity for b2 adrenergic receptors promoting vasodilation, while a high
concentrations epinephrine stimulates a adrenergic receptors causing vasoconstriction. Right side: Neural cardiovascular regulation. Schematic of the
sympathetic and parasympathetic divisions of the autonomic nervous system involved in the control of the heart and circulation. Parasympathetic outflow
is directed principally at the heart, whereas the sympathetic nervous system innervated the heart, kidney, adrenal medulla, and vascular smooth muscle.

370 Textbook of Arterial Stiffness and Pulsatile Hemodynamics in Health and Disease



Assessing autonomic modulation of
large-artery stiffness: methodological
considerations

The curvilinear nature of the stressestrain relationship implies
that arterial stiffness progressively increases at higher levels of
vascular deformation.41 For example, increased circumfer-
ential stress caused by higher arterial pressure alters vascular
loading patterns and increases arterial stiffness.42 In humans,
direct measurements of intra-arterial pressure and carotid-
femoral pulse wave velocity (PWV), the in vivo noninva-
sive gold standard assessment of arterial stiffness,43 have
demonstrated independent associations between static or
distending (i.e., mean arterial pressure) and pulsatile (i.e.,
pulse pressure) components of arterial pressure and large-
artery stiffness.44e47 It is also relevant to note that pacing-
induced elevations in heart rate can increase large-artery
stiffness in rats,48e50 independent of the sympathetic
nervous system.49 This may be caused by alterations in the
frequency dependence of the viscoelastic components of the
arterial wall and diminished time to recoil.48,51 The influence
of heart rate on aortic PWV is arterial pressureedependent in
rats, with the largest effects at higher levels of mean arterial
pressure.50 Similar findings in humans have found that atrial
pacing can increase carotid-femoral PWV,52,53 and decrease
radial and carotid artery distensibility54,55 and the augmenta-
tion index (AIx),

56 while ivabradine-mediated reductions in
heart rate can decrease carotid-femoral PWV.57 It should be
noted that carotid-femoral PWV possesses stronger associa-
tions with left ventricular contractility and ejection time than
heart rate.58 Nonetheless, given that the autonomic nervous
system is important to the beat-to-beat regulation of arterial
pressure, through the modulation of cardiac chronotropy and
inotropy, and vascular smooth muscle tone, this presents an
inherent challenge in determiningwhether the effects of neural
modulation on large-artery stiffness are the result of
hemodynamic changes or represent a pressure-independent
effect on mechanical elements of the vessel wall.

Parasympathetic modulation of large-
artery stiffness

There is currently no direct method for measuring para-
sympathetic activity in humans. Instead, tonic para-
sympathetic modulation is commonly estimated using heart
rate variability (See Basic Concept BoxdWhat is heart rate
variability?). This method involves the computation of

time- and frequency-domain indices based on the
variability in electrocardiogram-derived R-R intervals.59

Indirect assessments of reflex parasympathetic modulation
involve examining the changes in R-R interval for a given
change in systolic arterial pressure, also known as cardiac
baroreflex sensitivity.60,61 Both methods represent
sinoatrial parasympathetic modulation62 and have shown
the capacity to predict poor outcomes after myocardial
infarction.63e65

Several cross-sectional studies have evaluated the as-
sociation between heart rate variability measures associated
with sinoatrial parasympathetic modulation and large-artery
stiffness in healthy participants66e68 and patients with
cardiometabolic diseases.69e72 In healthy participants,
greater high frequency power (i.e., higher sinoatrial para-
sympathetic modulation) is correlated with a lower
brachial-ankle PWV66 and carotid-femoral PWV.67,68

However, in subsequent multiple linear regression analyses,
controlling for arterial pressure failed to identify high fre-
quency power as an independent predictor of PWV.66e68 In
this case, heart rate variability may act as a cardiovascular
marker and not a causal determinant of arterial stiffness.
For example, Mäki-Petäjä and colleagues68 observed that
participants in the highest tertile of high frequency power
also had the lowest resting mean arterial pressure. Addi-
tional studies in clinical populations have found
associations between heart rate variability and carotid artery
wall stiffness69 or carotid-femoral PWV72 but have mostly
failed to adjust for arterial pressure. An independent asso-
ciation between carotid-femoral PWV and high frequency
power was observed in patients with orthostatic intolerance
but explained only 1.5% of the variability in high frequency
power.71

Overall, it remains difficult to reconcile how differences
in sinoatrial parasympathetic modulation are causally related
to large-artery stiffness independent of changes in heart rate,
stroke volume, or arterial pressure. A more biologically
plausible hypothesis is that chronic changes in large-artery
stiffness modify mechanosensitive baroreceptive inputs
leadings to alterations in tonic parasympathetic modulation.
Such a hypothesis is supported by several cross-sectional
studies showing strong pressure-independent relationships
between carotid-femoral PWV and cardiac baroreflex
sensitivity,73e75 as well as, prospective work demonstrating
correlations between reductions in carotid-femoral PWV or
increases in carotid artery compliance and increased cardiac
baroreflex sensitivity following endurance exercise
training.75,76
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Basic concept boxdWhat is heart rate variability?

Heart rate variability represents a noninvasive method of indirectly assessing cardiac sympathetic and parasympathetic modulation

through the analysis of the spontaneous fluctuations in R-R interval from the electrocardiogram (typically 5e10 min [short-term] or

24 h [long-term] in recording length).59 The most common methods of assessing heart rate variability involve quantification of time

and frequency domain variables (Fig. 24.2), though nonlinear metrics have also been employed.77 In the time domain, common

assessments include the measurement of the standard deviation of normal R-R intervals, a measure of overall variability influenced

by both parasympathetic and sympathetic factors, and the root mean square of the successive differences between adjacent normal

R-R intervals, the primary time-domain index of sinoatrial parasympathetic modulation.77 In the frequency domain, a fast Fourier

transformation is applied to continuous recordings of spontaneous R-R intervals to calculate the spectral power within the very low

frequency (0.0033e0.04 Hz), low-frequency (0.04e0.15 Hz), and high-frequency (0.15e0.4 Hz) bands. In general, the high fre-

quency power spectrum is considered to reflect sinoatrial parasympathetic modulation,78,79 with data showing a positive correlation

with integrated vagal nerve activity in dogs.80 The low frequency power band is thought to reflect modulation by both the para-

sympathetic and sympathetic nervous systems81e83 and more recently has been suggested to reflect baroreflex control of neural

outputs.77,84 The ratio of low frequency to high frequency power has been frequently considered to represent an index of sym-

pathovagal balance,59 although the assumptions underlying this assertion have been proven false.85 The heart rate variability

spectrum incorporates also broad-band nonharmonic noise that exhibits fractal characteristics, with greatest spectral power within

the very low frequency range.86,87 In addition, the very low frequency band can be modulated by the renin-angiotensin system,

physical activity, thermoregulation, and endothelial factors77 and in healthy individuals attenuated markedly by parasympathetic

blockade with atropine sulfate.88 Despite its widespread adoption, heart rate variability has several limitations that preclude its

clinical application as a measure of sinoatrial autonomic modulation. These include its being affected by the mechanical effects of

atrial stretch, respiration, and the prevailing heart rate,85,89,90 which are often not controlled for when data are acquired, and the

lack of a precise understanding of the relative proportion of autonomic and nonautonomic contributions to frequency- or time-

domain indices of interest in health or specific disease states.
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FIGURE 24.2 Representative electrocardiographic (ECG) tracing showing beat-to-beat variability in heart period (Panel A). Heart rate variability
is commonly calculated across two different quantitative domains: the time domain (Panel B) and the frequency domain (Panel C). The principal
representations of physiological or clinical interest are high frequency (HF; 0.15e0.40 Hz) and low frequency (LF; 0.04e0.15 Hz) spectral power,
less so very low frequency power (<0.04 Hz). Credit: Authors’ original work.
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Sympathetic modulation of large-artery
stiffness

Several lines of evidence link sympathetic tone to arterial
stiffness. In vitro experiments show that cytoskeletal
proteins involved in contraction within vascular smooth
muscle cells stiffen in models of aging and hyperten-
sion.91,92 Canine and rabbit models have shown that
a-adrenergic vascular smooth muscle cell activation can
produce acute increases in descending thoracic aorta,
abdominal aorta, and carotid artery stiffness,51,93e97 while
in humans, altering the contractile state of vascular smooth
muscle cells using norepinephrine and nitroglycerin can
increase and decrease brachial artery stiffness,
respectively.98e101 The effects of a-adrenergic vascular
smooth muscle contraction on artery stiffness are lower in
the elastic thoracic aorta compared to more distal segments
(or conduit vessels),93 which would be considered more
muscular102 and densely innervated.103e106 This distinction
between elastic and muscular vessels is important as
carotid-femoral PWV predicts morbidity and mortality,5

whereas the stiffness of the brachial artery does not.107,108

Chronic sympathetic outflow can also alter muscular
and elastic artery stiffness through vascular smooth muscle
cell remodeling. In rats, sympathetic activity can increase
contractile protein expression within vascular smooth
muscle cells,109 while a adrenergic stimulation can upre-
gulate pathways associated with vascular smooth muscle
cell hypertrophy.110e112 In a porcine model, thoracic
sympathectomy decreased smooth muscle density in the
ascending aorta, arch, descending thoracic aorta, with
smaller changes in the abdominal aorta, in parallel with
increases in collagen and elastin. The result was an increase
in stiffness in the ascending aorta, arch, and descending
thoracic aorta at low and physiological stress levels.113 In
healthy humans, sympathetic activity is associated

positively (with the exception of premenopausal women)
with increased femoral114 and carotid115 intima-media
thickness. These data do not provide insight into whether
the changes are mediated by atherosclerotic changes in the
intima layer or physiological remodeling of the media
layer. However, relative wall thickness is inversely pro-
portional to the compliance of the vessel,41 and thus stiffer
arteries generally have increased intima-media thickness
and decreased compliance.43 Similar to measures of arterial
stiffness, carotid artery intima-media thickness is positively
associated with systolic arterial pressure.116 Finally, endo-
thelial cells are involved in regulating vascular smooth
muscle tone and extracellular matrix composition through
the release of nitric oxide.117e119 Increases in sympathetic
outflow to blood vessels can reduce endothelium-dependent
vasodilation.120e122 Collectively, these studies provide
evidence supporting the hypothesis that acute and chronic
changes in sympathetic activity can produce vascular
smooth muscle cell-mediated alterations in arterial stiffness.

Based on this knowledge, the majority of work has
examined associations between arterial stiffness and sym-
pathetic outflow directed toward skeletal muscle resistance
vessels (termed muscle sympathetic nerve activity
[MSNA]) (See Basic Concept BoxdWhat is muscle
sympathetic nerve activity?). The strengths of this method
are that nerve firing is highly reproducible within an indi-
vidual over time123,124 and that it permits instantaneous
detection and beat-by-beat quantitation of changes in nerve
firing in response to acute interventions designed to perturb
sympathetic activity. Although MSNA does not measure
the quanta of norepinephrine released from the nerve ter-
minal, correlations with plasma norepinephrine have been
reported at rest125,126 and during exercise.126 Other studies
report indirect measures of sympathetic activity, including
plasma norepinephrine, heart rate variability, and spectral
analysis of systolic blood pressure.68,127e130

Basic concept boxdWhat is muscle sympathetic nerve activity?

Using a technique called microneurography,131,132 a high impedance, finely tipped tungsten microelectrode is inserted percu-

taneously into a superficial peripheral nerve (typically the ulnar, radial, or fibular nerves), while a low impedance ground

microelectrode is placed 1e2 cm away (Fig. 24.3A and 24.3B). The raw MSNA neurogram is amplified (x75-100,000), bandpass

filtered (e.g., 0.7e2.0 kHz), rectified, and integrated using a 0.1-s time constant to produce “bursts” of multiunit MSNA

(Fig. 24.3C). Careful examination of the action potential discharge in response to a startling response, light skin stroking, and an

end-expiratory apnea are necessary to confirm the recording from postganglionic muscle sympathetic nerve fibers as opposed to

skin sympathetic fibers.131,132 The most distinctive feature of multiunit MSNA is its phase-locked nature to the cardiac cycle,

highlighting the strong regulatory influence of the arterial baroreflex (each sympathetic burst occurs w1.1e1.3 s after the

preceding R-wave of the electrocardiogram), and which ultimately limits the number of potential sympathetic bursts to the

prevailing heart rate.133 The multiunit signal is analyzed using a minimum 3:1 signal-to-noise ratio threshold for burst discrim-

ination. Bursts thus identified are then used to calculate MSNA burst frequency (number of bursts per minute), burst incidence

(number of bursts per 100 heartbeats), burst amplitude or area (most commonly normalized to an individual’s largest burst in order

to reduce the bias of electrode distance to the discharging fibers, and presented as a percent), and total MSNA (the product of

burst frequency and normalized burst amplitude or area).131,132,134,135 The majority of cross-sectional work relies solely on

measures of MSNA burst frequency and incidence as these are considered less biased by potential interindividual differences in

microelectrode placement.132 Within the present context, MSNA burst frequency is the principal variable of interest, in so far as

neurovascular transduction is proportionate to the quanta of norepinephrine released per unit of time.
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Relationships between sympathetic activity and
arterial stiffness: cross-sectional studies

A growing number of cross-sectional studies in healthy
cohorts have identified bivariate associations between resting
MSNA and measures of arterial stiffness, including carotid-
femoral PWV,129,136,137 carotid-brachial PWV,129 AIx,

138

AIx at a controlled heart rate of 75 bpm (AIx@75),139,140 or
carotid artery compliance.129,141 Similar bivariate relationships
have been found between MSNA and radial artery compli-
ance130 and augmentation pressure or AIx@75 in patients with
heart failure with reduced ejection fraction (Fig. 24.4),142

while in renal transplant patients, MSNA correlated negatively
with brachial but not carotid artery distensibility.143 In
contrast, MSNA was unrelated to central or peripheral PWV
in a cohort of premenopausal women with a history of healthy
or preeclamptic pregnancy.144 It is plausible that the
relationship between MSNA and arterial stiffness can be
modulated by the presence of sex hormones (discussed in
greater detail later in this chapter), as premenopausal women
demonstrate a negative association between MSNA and
AIx

139 compared to positive associations found in post-
menopausal women138 and men.139 However, arterial stiffness
is only one determinant of AIx,

10,43,145 and in the largest study
to date, the positive association between MSNA and carotid-
femoral PWV was similar in both men and women.129

One consideration of current cross-sectional work has
been the exclusivity of examining MSNA-arterial stiffness
associations using measures of MSNA burst occurrence

without deliberation of the contributions of burst strength.
This is relevant as both occurrence and strength can influ-
ence the quanta of norepinephrine release, and shown to be
regulated differently in older men and women.146 Several
cross-sectional studies employed multivariate analyses to
control for confounding factors, including arterial pressure,
and demonstrate MSNA to be an independent predictor of
carotid-femoral and carotid-brachial PWV,129,136 brachial
artery distensibility,143 and carotid artery compliance.129 For
example, the relationship between MSNA burst frequency
and carotid-femoral PWV was maintained following
adjustment for mean arterial pressure, heart rate, sex, and
the waist-to-hip ratio but lost once age was included in the
model (Fig. 24.5). The moderating effects of age in the
model are expected as MSNA and arterial stiffness both
increase over the lifespan.147e149 A similar finding has been
reported for 24 h urine norepinephrine content and carotid-
femoral PWV.150

It is necessary to highlight the reciprocal nature of
neuralevascular interactions, with increased carotid and
aortic stiffness being associated with reduced sensitivity of
arterial baroreflex control of MSNA.151 Thus, stiffer central
vessels permit less transduction of the mechanical stimulus
needed to evoke reflex changes in sympathetic outflow in
response to arterial pressure fluctuationsdsimilar to reports
involving cardiac baroreflex sensitivity.73e75

In contrast to the consistent relationships with MSNA,
the majority of studies have failed to detect a significant
correlation between plasma norepinephrine and arterial

FIGURE 24.3 Panel A: Representative image of a microneurography set-up involving a tungsten microelectrode inserted into the fibular nerve
(white flag) and a corresponding ground microelectrode (blue flag). Panel B: Schematic illustration of a tungsten microelectrode inserted into a
peripheral nerve and manipulated until positioned near clusters of postganglionic muscle sympathetic neurons. Panel C: Representative tracing of
heart rate, arterial pressure, and the raw and integrated muscle sympathetic nerve activity (MSNA) signals. Multiunit bursts are identified by red
dots within the integrated signal. Noteworthy, it can be observed that MSNA is decreased during periods with elevations in arterial pressure and
reflexively increased during falls in arterial pressure supporting strong arterial baroreflex regulation. Credit: (Panel B) Image used with permission
from Macefield VG. Handb Clin Neurol. 2013;117:353e364. doi: 10.1016/B978-0-444-53491-0.00028-6.
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stiffness,130,143 while those that have, display weaker as-
sociations than observed with MSNA.129 These findings are
unsurprising based on the knowledge that plasma norepi-
nephrine measurements exhibit lower reproducibility than
MSNA,123,152 can be influenced by norepinephrine reup-
take and clearance independent of release,153 and are not
specific to sympathetic outflow directed toward the skeletal
muscle vasculature.154 Urinary norepinephrine (but not
epinephrine) has been correlated with carotid-femoral
PWV,150,155 but this relationship is unlikely to have
causal relevance, since, relative to its plasma concentration,
a greater proportion of this catecholamine is of renal origin.

Can acute modulation of sympathetic activity
alter large-artery stiffness?

Studies aimed at addressing this question have utilized a
variety of well-known provocations to modify sympathetic
activity, including both sympathoexcitatory (lower body
negative pressure, cold stress, mental stress, isometric
handgrip exercise, lower leg venous occlusion, and adren-
ergic agonists) and sympathoinhibitory (ganglionic
blockade, anesthesia, and guided-breathing) maneuvers. As
mentioned earlier, it must be acknowledged that the
majority of these stressors produce changes in heart rate,

stroke volume, and arterial pressure which themselves
could be responsible for changes in large-artery stiffness.
Table 24.1 provides an overview of the effects of common
laboratory stressors on MSNA and hemodynamic
responses.

One sympathoexcitatory maneuver with the capacity to
overcome this limitation is lower body negative pressure.
This stimulus commonly involves sealing the lower body
up to the iliac crest in a custom-made chamber. Supine
exposure to a select negative pressure level (e.g., �10
to �60 mmHg) causes the translocation of blood from the
upper body compartment.156 The result is a graded reduc-
tion in central venous pressure, which can unload
mechanically sensitive baroreceptors located in the
cardiopulmonary and arterial circuits causing net reflex
activation of MSNA156,157 to maintain mean arterial pres-
sure. Low levels of lower body negative pressure
(e.g., �5 mmHg), simulating upright or standing posture,
can increase MSNA without decreasing arterial pressure,
while a greater lower body negative pressure stimulus
(e.g., � �15 mmHg) can increase MSNA and may also
decrease mean arterial pressure concurrently.156,158,159 The
subsequent sections will discuss the diverse experimental
models that have been utilized to evaluate the neural
contributions to muscular and elastic large-artery stiffness.

FIGURE 24.4 The relationship between muscle sympathetic nerve activity (MSNA) burst frequency and the augmentation pressure (AP; top panels) and
the augmentation index at a heart rate of 75 bpm (AIx@75; bottom panels) in healthy controls (left panels) and patients with heart failure with reduced
ejection fraction (HFrEF; right panels). Credit: Millar PJ, et al. J Card Fail. 2019;25(5):404e408. doi: 10.1016/j.cardfail.2019.03.005.
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Evidence from muscular arteries

Initial human work demonstrated that radial artery
compliance was reduced during sympathetic activation
using mental stress and the cold pressor test.160 Similarly,
both cigarette smoking and low-dose intravenous infusion
of the a1 adrenergic agonist phenylephrine were observed
to decrease radial artery compliance independent of

changes in arterial pressure.130 These results are consistent
with observations showing that �15 mmHg lower body
negative pressure or a cold pressor test can both
decrease brachial artery distensibility.161,162 More
recently, �30 mmHg lower body negative pressure was
also found to increase carotid-brachial PWV.129 Compli-
mentary work has examined the effects of acute sym-
pathoinhibition following brachial plexus or subarachnoid
anesthesia and found increased radial and femoral artery
compliance, respectively.130,163 In disagreement, cold
pressor stress was also shown to increase radial artery
compliance.164

Importantly, relative to elastic vessels, these arteries
contain a higher proportion of vascular smooth
muscle,46,165 exhibit denser adrenergic innervation,166,167

and are less subject to stiffening with age.148,168 When
specifically studied with lower body negative pressure, this
sympathoexcitatory stimulus did not alter the distensibility
of the elastomuscular proximal brachial artery.169

Evidence from elastic arteries

In contrast to brachial artery stiffness, which lacks prog-
nostic significance,107,108,170 carotid-femoral PWV is a
strong independent predictor of major adverse cardiovas-
cular events and mortality.5 The first studies examining
acute sympathetic modulation of elastic artery stiffness
reported that sympathoexcitation evoked by lower body
negative pressure did not alter compliance or distensibility
of the abdominal aorta171 or common carotid artery or
carotid arterial bulb172 (i.e., local stiffness). More recent
work demonstrated that isometric handgrip exercise and
lower body negative pressure, two sympathoexcitatory
stressors, produced divergent effects on AIx, timing of the
reflected wave, and pulse pressure amplification, caused by
underlying differences in heart rate and arterial pressure
responses rather than a direct effect of sympathetic
activation on vascular smooth muscle per se.173

In contrast, work relying on measures of carotid-
femoral PWV, a more global assessment of elastic large-
artery stiffness, has produced more consistent support for
a relationship with sympathetic vasoconstrictor drive. A
high (w�68 mmHg) but not moderate (w�34 mmHg)
lower body negative pressure stress was found to increase
carotid-femoral PWV in young healthy men.128 A strong
bivariate correlation was demonstrated between changes in
PWV and systolic blood pressure variability, an indirect
estimate of sympathetic vasomotor modulation;82 however,
it should be noted that substantial reductions in pulse
pressure and increases in heart rate and total peripheral
resistance were also noted during the severe hypo-
volemia.128 Subsequent studies using larger sample sizes
and more modest levels of lower body negative pressure
confirmed increases in MSNA and noted parallel rises in
carotid-femoral PWV without alteration of arterial pressure,
pulse pressure, or heart rate.129,174 In these studies, lower

FIGURE 24.5 The association between muscle sympathetic nerve
activity (MSNA) and carotid-femoral (Panel A) and carotid-brachial (Panel
B) pulse wave velocity (PWV) in 88 healthy normotensive participants.
Multiple linear regression analyses identified MSNA as an independent
predictor of PWV following inclusion of mean arterial pressure and heart
rate (model 1), model 1 plus sex and waist/hip ratio (model 2). The rela-
tionship between MSNA and PWV was abolished following the inclusion
of age (model 3). Credit: Holwerda SW, et al. Hypertension.
2019;73(5):1025e1035. doi: 10.1161/HYPERTENSIONAHA.118.12462.
Permission granted.
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body negative pressure at �7 mmHg, �15 mmHg,
and �30 mmHg increased carotid-femoral PWV by
Dþ0.3 m/s, Dþ0.8 m/s, and Dþ1.3 m/s, respectively, in
young healthy men and women (Fig. 24.6).129,174 A similar
dose-response pattern for carotid-femoral PWV was
observed in middle-aged/older healthy adults,
though �15 mmHg and �30 mmHg only reduced carotid
artery compliance in young adults.129 MSNA burst fre-
quency was also positively associated with carotid-femoral

PWV at baseline and during lower body negative pressure
stress.129 In another comparison of young versus older
healthy individuals, �20 mmHg lower body negative
pressure was associated with a Dþ0.3e0.5 m/s increase in
carotid-femoral PWV and a decrease in AIx despite a small
reduction in systolic arterial pressure.175 This study also
investigated responses to the cold pressor test, noting larger
increases in carotid-femoral PWV and AIx in young
individuals which were mediated by a greater pressor

TABLE 24.1 Neural and hemodynamic responses to sympathoexcitatory and sympathoinhibitory interventions.

MSNA MAP SV HR

Sympathoexcitatory interventions

Low-level lower body negative pressure [ 4 4 4

� �15 mmHg lower body negative pressure [ [ Y/4 Y [

Cold stress [ [ [ [ Y/4 [/4

Mental stress 4 [ [ 4 [

Isometric handgrip exercise [ [ [ [ 4 [ [

60� head-up tilt [ [/4/Y Y [

Lower-limb venous occlusion [ Y Y 4

Phenylephrine (a1 adrenergic agonist) Y Y [ [ [/4 Y Y

Sympathoinhibitory interventions

Ganglionic blockade Y Y Y Y Y Y [ [

þ10e20 mmHg lower body positive pressure Y [/4 4 4

6e10� head-down tilt Y 4 [ 4

Device-guided breathing Y Y [/4 Y/4

General responses in muscle sympathetic nerve activity (MSNA), mean arterial pressure (MAP), stroke volume (SV), and heart rate (HR) during commonly
used sympathoexcitatory and sympathoinhibitory laboratory interventions. Single arrows reflect mild responses, while double arrows reflect larger
responses. Note: the responsiveness of these variables can be influenced by the dose, duration, or intensity of the intervention. This table is meant to
highlight the difficulty in separating the neural sympathetic and hemodynamic actions during routine stressors.

FIGURE 24.6 Panel A: Representative tracings showing an increase in muscle sympathetic nerve activity (MSNA) during �7 mmHg lower body
negative pressure (LBNP). Panel B: Change in carotid-femoral pulse wave velocity (PWV) during acute elevations in MSNA using increasing levels of
LBNP in young and/or middle to older healthy individuals. NA, represents no data available for the middle to older age range at �7 mmHg LBNP. Credit:
Panel B. Re-drawn from Nardone M, et al. J Am Heart Assoc. 2018;7(3):e007971. doi: 10.1161/JAHA.117.007971 and Holwerda SW, et al. Hyper-
tension. 2019;73(5):1025e1035. doi: 10.1161/HYPERTENSIONAHA.118.12462.
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response.175 Isometric handgrip exercise was found to
increase carotid-femoral PWV, but the statistical signifi-
cance of this change was lost after adjusting for the rise in
mean arterial pressure.68 Head-up tilt, another sym-
pathoexcitatory stimulus, caused a reduction in mean arte-
rial pressure and carotid-femoral PWV in patients with
severe autonomic failure but an increase in carotid-femoral
PWV in healthy controls which was not explained by
changes in mean arterial pressure.176 In a large cohort of
hypertensive middle-aged men and women, administering
lower-limb venous distention, to reduce cardiac preload and
stimulate reflex sympathetic activation, caused an acute
increase in ultrasound-derived aortic PWV and tonometric
carotid-femoral PWV despite small reductions in mean
arterial pressure and pulse pressure.127 Collectively, these
studies support the capacity of acute sympathetic activation
to increase elastic large-artery PWV, independent of age.

An alternative approach has been to determine whether
acute suppression of sympathetic outflow leads to reductions
in large-artery stiffness. Bolus infusion of the ganglionic
blocker pentolinium in young adults failed to alter carotid-
femoral PWV.68 However, in these experiments, pentoli-
nium reduced heart rate variability but caused an
unexplained increase in mean arterial pressure,68 suggesting
incomplete blockade of ganglionic neurotransmission and
paradoxical pressor effects via other mechanisms. In
contrast, infusion of the ganglionic blocker trimethaphan
reduced central and peripheral arterial pressure and lowered
carotid-femoral PWV (D-1.3 m/s)dbut only in post-
menopausal, not premenopausal women.137 This discor-
dance may reflect the lower sympathetic firing rates of the
latter.147 However, subsequent analysis showed that the
differences in carotid-femoral PWV responses between pre-
and postmenopausal women were abolished after adjusting
for mean arterial pressure responses to trimethaphan.137

Postmenopausal women also exhibited reductions in
augmentation pressure and AIx@75; the change in
augmentation pressure correlated negatively with the change
in MSNA burst incidence.137 A single dose of clonidine, a
a2 adrenergic agonist which reduces central sympathetic
outflow, was associated with reductions in carotid-femoral
PWV, but the independence from parallel reductions in
arterial pressure was not tested in that study.177 Finally, a
recent study attempted to separate the neural and pressure-
mediated effects on large-artery stiffness by comparing the
effects of lower leg venous occlusion, device-guided
breathing, and device-guided breathing plus the calcium
channel blocker nifedipine (shown previously to increase
MSNA178) on carotid-femoral PWV.127 As shown in
Fig. 24.7, despite larger reductions in mean arterial pressure
with device-guided breathing plus nifedipine, the changes in

carotid-femoral PWV were smaller, coincident with eleva-
tions in the low frequency to high frequency ratio of spectral
heart rate variability, interpreted by these authors as indi-
cating sympathetic activation.127 Caveats acknowledged,85

such data are concordant with the concept that sympathetic
activation can impede pressure-mediated reductions in
elastic large-artery stiffness.

FIGURE 24.7 Change from baseline in mean arterial pressure (MAP,
A), heart rate variability (HRV, B) and carotid-femoral pulse wave velocity
(cfPWV, C) after lower-limb venous occlusion (LVO), device-guided
breathing (DGB), and nifedipine (10 mg). Used with permission from
Faconti L, et al. J Am Heart Assoc. 2019;8(15):e012601. doi: 10.1161/
JAHA.119.012601.
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Does chronic sympathetic modulation
contribute to large-artery stiffness?

The majority of clinical conditions associated with
exaggerated sympathetic outflow also possess increased
large-artery stiffness; these include healthy aging, hyper-
tension, heart failure with reduced ejection fraction, renal
failure, chronic obstructive pulmonary disease, obstructive
sleep apnea, and others.8e10,179 If sympathetic activation
contributes to the mechanical properties of the vasculature,
it would support treatments that specifically target central
sympathetic outflow for improving large-artery stiffness.

Evidence from muscular arteries

Radial artery distensibility was increased in two men
following hand transplantation and returned toward values
similar to the contralateral control hand afterwfour months
coincident with qualitative signs of neural reinnervation.180

Similarly, femoral artery distensibility was increased one
month following unilateral lumbar ganglionectomy (but
unchanged in the contralateral leg) in five patients with
peripheral artery disease.163 Thus, the stiffness of muscular
arteries appears to be mediated by tonic levels of sympa-
thetic outflow.

Evidence from elastic arteries

Patients suffering from pheochromocytoma, a condition
characterized by catecholamine-secreting tumors commonly
found in the adrenal medulla, exhibit chronic elevations in
plasma and urine norepinephrine.150,181 These patients
demonstrate elevated carotid-femoral PWV (but not AIx@75)
compared to age- and sex-matched controls, even following
the adjustment of heart rate, arterial pressure, and fasting
plasma glucose.150 Patients with the greatest catecholamine
excess also possess the highest brachial-ankle PWV.182 With
respect to the chronic implications, one year after successful
tumor resection, patients with pheochromocytoma demon-
strate similar 24-hr urine norepinephrine, arterial pressure,
heart rate, and carotid-femoral PWV compared to
controls.150 In patients with chronic obstructive pulmonary
disease, inhibiting the carotid chemoreceptors with dopa-
mine infusion reduced MSNA, mean arterial pressure, and
carotid-femoral and carotid-radial PWV, but the interde-
pendence of these changes were not evaluated.183

The recent development of device-based therapies to
target sympathetic overactivation has offered insight into
the potential relationships with large-artery stiffness,
though these interventions are tested on patient groups with
severe disease progression and likely vascular remodeling.
In a small cohort of patients with heart failure with reduced
ejection fraction, six months of chronic baroreflex activa-
tion using carotid sinus electrical stimulation decreased
MSNA by w30%184 but did not alter arterial pressure,
carotid-femoral PWV or AIx.

185 In contrast, an

uncontrolled trial in resistant hypertensives reported that six
months of chronic baroreflex activation reduced carotid-
femoral PWV and AIx.

186 Renal artery denervation in
resistant hypertensives has also been found to reduce
carotid-femoral PWV to a greater extent than predicted by
reductions in arterial pressure,187 while in another series
arterial pressure, MSNA and finger-derived AIx were
reduced concurrentlydbut the individual changes were not
related.188

Pharmacologically, several common antihypertensive
drugs, namely angiotensin converting enzyme (ACE) in-
hibitors and angiotensin receptor blockers, have been found
to reduce MSNA.189 These classes have also been shown to
decrease elastic large-artery stiffness despite similar
reductions in arterial pressure as other drug classes.190,191

One explanation for these interdrug discrepancies could
involve the potential for some antihypertensive medications
to cause reflex-mediated increases in MSNA,178,192 which
may attenuate pressure-mediated reductions in artery
stiffness.127 For example, concurrent angiotensin II recep-
tor blocker and diuretic (losartan-hydrochlorothiazide)
therapy produce larger reductions in arterial pressure than
losartan monotherapy, but similar magnitude changes in
AIx and the cardio-ankle vascular index.193 Losartan-
hydrochlorothiazide has been shown to cause reflex-
mediated increases in resting MSNA.192 Losartan can
produce greater reductions in carotid-femoral PWV and AIx
compared to hydrochlorothiazide despite similar blood
pressureelowering capacities.194 The mineralocorticoid
receptor antagonist spironolactone can reduce MSNA
and carotid-femoral PWV.189 Centrally acting sym-
pathoinhibitory medications, such as moxonidine, can
reduce large-artery stiffness when used concurrently with
the angiotensin II blocker valsartan,195 but eight week
moxonidine monotherapy, which lowered MSNA burst
frequency by w6 bursts/minute without changing arterial
pressure, did not alter carotid-radial PWV or AIx in obesity-
related hypertensives.196 In the latter study, moxonidine
also led to an increase in plasma aldosterone.196

Peripherally acting sympathoinhibitory medications such as
doxazosin can reduce carotid-femoral PWV197 and AIx

198

in hypertensive patients. Finally, lipophilic statins
(e.g., atorvastatin and simvastatin) have also been shown to
be capable of lowering MSNA199,200 and improving
carotid-femoral PWV.201

Neuroendocrine modulation of arterial
stiffness

Renin-angiotensin-aldosterone system

Experimental and human work consistently support an
association between activation of the renin-angiotensin-
aldosterone system (RAAS) and increased large-artery
stiffness.202,203 Recall that renal sympathetic activation
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promotes the release of renin29e31 (Fig. 24.1). Animal
studies have shown that upregulating ACE activity can
increase vascular smooth muscle hypertrophy,204 while
elevated angiotensin II can increase oxidative stress in
vascular smooth muscle cells205 and stimulate adverse
remodeling of the extracellular matrix and vascular smooth
muscle cells.206e208 Spontaneously hypertensive rats
treated with ACE inhibitors possess greater aortic elastin
density and lower aortic PWV than controls.209,210

Aldosterone has also been shown to increase carotid artery
hypertrophy and stiffness in aldosterone-salt treated rats.211

Importantly, the crosstalk between angiotensin II and
aldosterone can upregulate genomic and nongenomic
signaling cascades that synergistically increase vascular
smooth muscle proliferation, fibrosis, and inflammation.212

Local tissue RAAS systems are also likely to be involved in
mediating arterial stiffness.117,213

In normotensive humans, a higher aldosterone-to-renin
ratio was associated positively with carotid-femoral PWV
but not arterial pressure.214 Intravenous angiotensin II
infusion increases carotid-femoral PWV,215,216 which was
abolished following administration of the angiotensin re-
ceptor blocker valsartan.216 Subsequent analysis found that
blunting the angiotensin IIemediated arterial pressure rise
explained only 30% of the change in carotid-femoral PWV,
suggesting pressure-independent mechanisms are also
involved.216 Normotensive participants demonstrate
increased radial artery compliance following ACE inhibi-
tion,217 while in patients with hypertension, ACE in-
hibitors, angiotensin receptor blockers, and aldosterone
antagonists have consistently been shown to reduce
carotid-femoral PWV and the AIx.

190,191,202,218 The con-
current arterial pressure reductions with these drug thera-
pies play a large role in passively attenuating arterial
stiffness, though evidence suggests that reductions in
arterial stiffness following RAAS inhibition are in part
pressure-independent.219 In coronary artery disease pa-
tients, ACE inhibition decreased carotid-femoral PWV
independent of the change in mean arterial pressure.220

Treatment with hydrochlorothiazide or losartan produce
similar arterial pressure reductions in hypertensives, but
only losartan reduced carotid-femoral PWV and the AIx.

194

Captopril and valsartan produce similar reductions in
arterial pressure and carotid-femoral PWV, yet in combi-
nation they produce synergistic reductions in carotid-
femoral PWV after correction for arterial pressure.221

Lastly, spironolactone reduced both mean arterial pressure
and carotid-femoral PWV, while bendroflumetazide
decreased MAP but was unable to alter carotid-femoral
PWV in hypertensive patients.222 These studies highlight
that therapeutically targeting RAAS can reduce arterial

stiffness, including through mechanisms beyond the pas-
sive unloading of the arterial tree.

Lastly, animal work has highlighted that angiotensin II
plays a significant role in modulating central and peripheral
sympathetic outflow.223 It is plausible that RAAS-mediated
sympathoexcitation or inhibition can indirectly alter arterial
stiffness through neural mechanisms. However, the influ-
ence of activation or inhibition of RAAS components in
humans has yielded inconsistent findings regarding its
neuromodulatory role in healthy, hypertensive, or heart
failure populations.224e232 Therefore, future work is
required to delineate the role of RAAS-mediated sympa-
thetic modulation, and whether it can influence large-artery
stiffness.

Endothelin-1

Endothelin-1 is a potent endothelial-derived vasocon-
strictor.233 Its over-expression leads to increased collagen
deposition and arterial stiffening.234 Endothelin-1 can also
increase inflammation and reduce nitric oxide bioavail-
ability leading to stiffening.235 Endothelin-A receptor
antagonism in normotensive and hypertensives blunts the
baroreflex-mediated increase in MSNA to reductions in
arterial pressure activity,236 supporting the concept that
endothelin-1 is involved in regulating tonic sympathetic
vasoconstrictor activity. Cross-sectional work has shown a
pressure-independent association between endothelin-1 and
carotid-femoral PWV in young men,237 with a similar
bivariate relationship found in middle-aged patients with
coronary artery disease.238

Experimental work in anesthetized sheep found that intra-
arterial infusion of endothelin-1 increases iliac artery PWV
and endothelin-A receptor antagonism decreases iliac artery
PWV.239 Similar findings have been observed in young
healthy men, such that: (1) intravenous infusion of
endothelin-1 increases carotid-femoral PWV and the AIx; (2)
endothelin-A receptor antagonism decreases carotid-femoral
PWV and the AIx; and (3) arterial stiffness responses are
unchanged following co-infusion of endothelin-1 and
endothelin-A receptor antagonist.240 Carotid artery compli-
ance is also increased following endothelin-A/B receptor
blockade before, but not after, aerobic exercise training
suggesting a role of decreased ET-1 on exercise-mediated
changes in arterial stiffness.241 In patients with chronic kid-
ney disease, acute242 and chronic243 endothelin-A receptor
antagonism decreases carotid-femoral PWV. Although par-
allel changes in arterial pressure and arterial stiffness are
observed during infusion of endothelin-1 agonists or antag-
onists, these findings highlight a potential physiological role
for modulating elastic large-artery stiffness in humans.
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Insulin

Patients with type 1 and 2 diabetes demonstrate increased
arterial stiffness,244e246 while insulin sensitivity and
plasma insulin concentrations are independently associated
with markers of central and peripheral arterial
stiffness.247e254 In addition, euglycemic hyperinsulinemia
attenuates AIx in healthy humans,255e257 suggesting that
insulin can acutely reduce arterial stiffness. These
responses are mediated in part through insulin-mediated
endothelial-dependent vasodilation.258 Patients with type
2 diabetes have attenuated insulin-mediated reductions in
AIx,

257 likely driven by impaired insulin-mediated endo-
thelial nitric oxide production,259 and adverse remodeling
of vascular smooth muscle cells and extracellular matrix.260

Lastly, in healthy normoglycemic participants, euglycemic
hyperinsulinemia increases MSNA,261e264 highlighting a
sympathoexcitatory role of insulin. Indeed, type 2 diabetics
have elevated MSNA which is related positively to insulin
levels.265 Insulin-mediated sympathoexcitation may
contribute, in part, to the observations of increased arterial
stiffness in this population.

Testosterone

Cross-sectional and experimental work has highlighted that
sex hormones can modulate arterial stiffness. For example,
in healthy middle-aged and older men without cardiovas-
cular disease, serum testosterone was negatively correlated
with carotid-femoral PWV266,267 and carotid artery stiff-
ness,268 independent of mean arterial pressure and
age.267,268 Similar negative correlations have been reported
in men undergoing hemodialysis and may underlie the
relationship between low testosterone and cardiovascular
mortality.269 Participants with testosterone deficiencies also
demonstrate increased carotid-femoral PWV compared to
controls,267,270e272 while 90 days of testosterone replace-
ment therapy can decrease total systemic arterial compli-
ance.273 In conflict with human work, animal studies have
shown that testosterone can increase collagen protein
expression and increase arterial stiffness.274e276 The
mechanisms responsible for a testosterone-mediated benefit
to arterial stiffness are poorly understood but may relate
to its role as a vasodilator or atheroprotective and
antiinflammatory factor.277 It is unlikely that a neural
mechanism is involved given the positive relationship
between androgens and MSNA.278,279

Estrogen

Women demonstrate increased arterial stiffness compared
to men before menarche and after menopause suggesting a
vascular protective effect of sex hormones.45,280,281

Estrogen-mediated signaling cascades can inhibit cellular

processes that cause adverse remodeling of the extracellular
matrix282 and medial layer283 of the aorta. Incubating
human aortic cells with estrogen or progesterone increased
elastin and decreased collagen protein expression.274e276

Estrogen can increase nitric oxide bioavailability284 and
decrease oxidative stress,285 both of which can reduce
arterial stiffness.286 Temporal investigations across the
menstrual cycle have found higher radial arterial distensi-
bility,287 whole body arterial compliance,288 or carotid
compliance289 during ovulation (i.e., when estrogen is first
rising), while AIx@75 is lowest during the luteal phase
(i.e., when estrogen and progesterone are both
elevated).290,291 In contrast, a growing number of studies
have reported that carotid-femoral PWV,288,291e294

AIx,
293,295 carotid artery stiffness,294 or carotid and femoral

artery compliance296 are unchanged throughout the
menstrual cycle. A similar lack of responsiveness in elastic
large-artery stiffness has been reported across different
phases of oral contraceptive use,293,294 while active
hypoestrogenic premenopausal women with functional
hypothalamic amenorrhea have lower resting systolic
arterial pressure, pulse pressure, and AIx@75 compared to
fitness-matched eumenorrheic controls297 in spite of their
exaggerated MSNA responses to graded lower body
negative pressure.298 Numerous randomized controlled
trials have sought to determine prospectively the effects of
estrogen or combined hormone replacement therapy on
arterial stiffness in postmenopausal women. However, the
overall results have been equivocal.299

Do sex hormones modify the relationship
between muscle sympathetic nerve activity
and arterial stiffness?

Several lines of evidence suggest that female sex hormones
can modify the association between sympathetic vasocon-
strictor drive and large-artery stiffness. First, premeno-
pausal women have a smaller drop in arterial pressure
following ganglionic blockade supporting a reduced
reliance on sympathetic vasoconstrictor tone.300 This aligns
with data showing lower MSNA in premenopausal women
versus men147 and likely reflects the role of estrogen as a
central sympatholytic.301 Second, compared to men, pre-
menopausal women have attenuated reductions in periph-
eral vascular conductance during graded norepinephrine
infusions,302 which is the result of greater b2 adrenergic
vasodilation.26,302 The latter findings may explain the
positive relationship between MSNA and AIx in men and
postmenopausal women138,139 but negative association in
premenopausal women.139 However, the positive relation-
ships between MSNA and carotid-femoral PWV or carotid
artery compliance were similar in men and women129

suggesting that sex differences in pulse wave reflection are
likely caused downstream of the aorta.
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Summary

Greater conduit artery stiffness and central sympathetic
outflow have each been identified as an independent marker
of increased cardiovascular risk. There is accumulating
evidence from many, but not all studies in humans, for a
bidirectional relationship between these alterations, with
increased sympathetic outflow inducing acute or chronic
arterial stiffening and with decreased compliance, in turn,
diminishing stimulation by stretch of sympatho-inhibitory
arterial baroreceptors. There is, however, little evidence
thus far that therapeutic attenuation of sympathetic
discharge can reduce cardiovascular risk by improving
arterial elasticity. Trials of such interventions will be
required to affirm this concept.
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Introduction

Vascular aging is characterized by a gradual loss in
vascular integrity. The latter is characterized by a combi-
nation of structural and functional properties of the car-
diovascular system designed to meet the demands of blood
delivery to target organs at pressures that allow distribution
through the capillaries on metabolic demand. Accelerated
vascular aging is associated with an increased risk for
premature cardiovascular disease (CVD), the leading cause
of death worldwide.1 From a clinical point of view,
vascular aging can be defined as a gradually developing
process characterized by age-related alterations in both
quantitative and qualitative structural properties of passive
elements of the vascular wall accompanied by the decline
in endothelial-dependent dilatation resulting in an increased
vascular tone, the loss of arterial elasticity, and increased
arterial stiffness. Vascular aging is significantly exagger-
ated when accompanied by the presence of certain risk
factors and/or disease states, which are primarily related to
metabolic disorders, hormonal imbalance, uremic toxin
accumulation, nutritional characteristics, and/or obesity,
physical inactivity, smoking habits, cholesterol and glucose
levels, among other factors.2,3

Normal aging affects various organs and processes in
the body, including the vascular tree. Experimental animal
models and human studies have identified interconnected
processes driving aging, which primarily include genomic
instability, telomere attrition, epigenetic alterations, loss of
proteostasis, dysregulated nutrient-sensing, mitochondrial
dysfunction, cellular senescence, stem cell exhaustion, and
altered intercellular communication. Common factors

triggering the aforementioned processes include oxidative
stress, vascular inflammation, endothelial dysfunction, and
calcification. The processes described contribute to early
vascular aging (EVA), which is primarily characterized by
accelerated vascular remodeling, followed by functional
decline of target organs such as heart, brain, and kidney.4

Therefore, in some conditions (such as chronic kidney
disease (CKD), diabetes mellitus, obesity, etc.), the bio-
logical vascular age is discrepant from the chronological
age.5 Arterial aging processes launch early in the life course
and are either accelerated (regarded as EVA6,7), normal (so
called Healthy Vascular Aging),8 or slower than usual
(SUPER normal Vascular Aging).9 The latter is character-
ized by very low carotidefemoral pulse wave velocity
(cfPWV) for an individual’s chronological age and sex. As
reviewed in several other chapters of this book, accelerated
vascular aging has been related to CVD, cognitive
dysfunction and dementia, CKD, and adverse pregnancy
outcomes, such as preeclampsia.4,7

During aging, the arterial wall undergoes complex
structural changes that affect its hemodynamic function,
and in the presence of comorbidities and/or additional toxic
milieu (such as uremic toxins), those processes will be
gradually exaggerated. The structural changes are primarily
related to loss of wall elasticity with accumulation of
collagen, elastin fragmentation in the media, which result in
reduced arterial compliance and adverse pulsatile hemo-
dynamics.10 The importance of vascular aging as an indi-
cator of biological aging in humans is increasingly
recognized.5

Chapters 26 and 27 review the effect of aging on arterial
structure and hemodynamic function. This chapter deals
primarily with the fundamental cellular biologic processes
that contribute to aging of the arterial wall.
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Effects of aging on the arterial tree

Endothelial dysfunction

Endothelial dysfunction has been responsible for initiating
vascular remodeling. Endothelial cells sense the flow-
mediated shear stress or frictional force of tensile stress
and release vasodilating nitric oxide (NO) in addition to
other vasoactive factors to preserve vascular homeostasis
including vascular tone, coagulation, inflammation, and
proliferation of vascular smooth muscle cells (VSMCs). A
number of studies show that in the presence of conditions
that increase the risk of CVD, endothelial cells switch from
a protective to a proatherosclerotic phenotype with reduced
NO availability and increased release of other substances
important for arterial wall remodeling, including
endothelin-1, thromboxane A2, prostaglandin H2, and
reactive oxygen species (ROS).11 Thus, endothelial
dysfunction is seen as an early and major promoter for
arterial aging. Interestingly, endothelial function in vivo
can be assessed in muscular arteries by using flow-
mediated dilation or in the microcirculation using tech-
niques such as laser Doppler flowmetry.12 There are also
other available in vitro methods, such as endothelial cell
culture, isolated small artery bioassays to assess
endothelium-derived relaxing factors, and analysis of
circulating biomarkers related to endothelial dysfunction.
However, the lack of standardization limits the clinical
applicability of endothelial function assessments.12

Elastic arteries

As described in detail in Chapters 19e24, multiple mech-
anisms contribute to the changes in the structure and
function of the elastic arteries seen with aging and dis-
ease.13 Due to aging-induced imbalance between vaso-
constrictors and vasodilators, and changes in the quality
and quantity of passive elements of the vascular wall,
elastic arteries lose their “cushioning” function and slowly
become stiff, tortuous, and elongated. In addition to elastic
breakdown, collagen deposition in all layers of the artery
wall and decreased elastin-to-collagen ratio accompanied
by VSMCs phenotypical switching and increased stiff-
ness14 promote an adverse vascular remodeling pro-
cess.15,16 It has also been suggested that at some point
VSMCs become senescent17 and cell division of cells
residing at the arterial wall diminishes.16 In addition to the
adverse remodeling process, calcification in the media and
local calcification of plaques further contribute to increased
arterial stiffness.15

Accumulating evidence indicates the presence of
regional heterogeneity within the descending aorta18

determined during embryogenesis19 by the different
thoracic and abdominal aortic developmental origins, neu-
ral crest-derived precursor cells, and mesodermal ancestors,

respectively. Moreover, the thoracic aorta has more elastic
fibers compared to the abdominal aorta (especially the
infrarenal part, where a decrease in elastin relative to
collagen has been observed).20 Aortic remodeling gradually
starts in childhood and becomes more accelerated in middle
age,21 with more pronounced intimal thickening and slower
enlargement in diameter of the distal aorta compared to the
proximal aorta.22

Thoracic aortic aneurysms and dissections (TAADs) are
two highly lethal aortic disorders, originating from molec-
ular disorders that impair the aortic wall and which also
relate to arterial wall aging.23 The etiology of TAAD can be
divided into genetic, biomechanical, and inflammatory
subgroups. A genetic example is Marfan syndrome, where
a mutation in FBN1 leads to abnormal metabolism of
fibrillin1, a glycoprotein of the aortic medial wall extra-
cellular matrix (ECM).24,25 As an example for metabolic
disease origin, oxidative stress can affect telomere attrition.
Several studies showed that telomeres in endothelial cells
and VSMCs of patients with TAA or abdominal aorta an-
eurysms are shortened compared to endothelial cells and
VSMCs of cadaveric control aortas.26e28 Biomechanically,
the degeneration of arterial media ECM components like
collagen, fibronectin, and laminin and the pooling of gly-
cosaminoglycans leave the aorta predisposed to aneurysm
formation and dissection.29,30 Additionally, deficiency of
integrins, transmembrane proteins anchoring cells to the
ECM, leads to an overall reduction in contractile force and
resistance to injury.31

The underlying trigger for inflammatory pathophysi-
ology within the aorta is still debated, from autoimmunity
to antibody reactions against excess lipids. Nevertheless,
the immune reaction involves the presence of apoptotic
VSMCs and the consequential influx of lymphocytes and
macrophages to the tunica media via the adventitia.24,32

The aforementioned mechanisms predispose the arterial
wall of the aorta to development of aneurysms and dis-
sections, which until rupture are painless and unless not
readily detected.

Furthermore, physiological aortic aging is connected to
high aortic systolic and pulse pressures, early return of
wave reflections, decreased coronary perfusion pressure,
degeneration of the arterial wall through elastolysis,
increased cfPWV (i.e., arterial stiffening), and abnormal
microcirculation.33 As demonstrated through magnetic
resonance imaging, elongation and dilatation of the thoracic
aorta, especially the ascending aorta, changes the appear-
ance from a “candy-cane”-like shape in young adults
(<30 years) to an “ear”-like shape in senior adults
(>60 years).13 During systole, a healthy adult proximal
aorta alone stores about 60% of stroke volume, releasing it
through elastic recoil to more peripheral arteries during
diastole. Due to decreased elasticity and thus reduced aortic
compliance in an aged and stiffened aorta, a higher aortic
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pulse pressure in the ascending aorta has been shown to be
associated with eventual elongation and widening of the
descending aorta.34e36

Muscular arteries

Muscular arteries (e.g., common femoral artery, coronary
arteries, internal carotid artery, radial artery, etc.) have been
hypothesized to be less affected by aging.37 However,
muscular arteries are the main target of systemic calcifi-
cation (i.e., arteriosclerosis) mainly driven by VSMCs
switching from a contractile to synthetic phenotype by
transformation to osteoblast-like cells.38 The medial calci-
fication phenomenon is independent from atherosclerosis
and rarely results in narrowing of the arterial lumen39 as an
intramembranous ossification process.38 Interestingly,
intimal calcification (more prominent in elastic vessels) is
also prevalent in coronary arteries and mimics the charac-
teristics of endochondral bone formation. Medial sclerosis
has been attributed to CKD, aging, diabetes mellitus, and
obstructive sleep apnea.40 Calcium depositions are found in
both the intima and media. Calcification of tunica media in
coronary arteries is an independent predictor of cardio-
vascular morbidity and mortality.41

The measurement of muscular arterial stiffness
(e.g., carotid-radial PWV,6 femoral-ankle PWV,42 etc.) has
a limited application to assess vascular aging.43e45 A more
accepted index of vascular aging in muscular arteries is
carotid intima media thickness46 and coronary artery
calcification score, both of which are predictors of cardio-
vascular events and mortality.46e48

Small arteries

During aging, small arteries exhibit impaired endothelial
function. Aging is related to senescence-associated endo-
thelial damage as a result of increased apoptosis and
diminished regenerative capacity of the endothelium.49

Small arteries also undergo an increase in the wall-to-lumen
ratio, due to increased wall thickness with hypertrophic or
eutrophic remodeling. In animal models, aging is usually
accompanied with an outward hypertrophic remodeling
(i.e., expanded lumen diameter, increased wall cross-
sectional area, and an unaltered internal lumen to tunica
media ratio).50,51 On the other hand, in human hyperten-
sion, an inward eutrophic remodeling has been re-
ported.52,53 In secondary forms of hypertension, such as in
diabetes mellitus, an inward hypertrophic remodeling is
generally observed.54 When the lumen diameter decreases
and media thickness increases, the circumferential tension
decreases and reduces media stress, such that the artery
wall is protected from elevated blood pressure. Small re-
ductions in lumen diameter increase the resistance to blood

flow significantly.55 The myogenic response of VSMCs
also contributes to these processes, particularly due to
altered integrin expression.56 Integrin receptor subtype
forms complexes with fibronectin and therefore may play a
pivotal role in VSMCs adhesion to ECM and thus regu-
lating VSMCs tone.56

Aging also results in a loss of arteriolar density and a
central role of the microcirculation in aging has been pro-
posed57 (i.e., long-term defects in the microcirculation
resulting in ischemic tissue damage and target organ
damage). VSMCs may contribute to these processes due to
altered integrin expression, as, for example, integrin sub-
unit b1 is predominantly expressed on the surface of
VSMCs.58 In addition, integrin receptor subtype complexes
with fibronectin play a pivotal role in VSMCs adhesion to
ECM and thus regulating VSMC tone.56 Some available
methods for the evaluation of resistant arteries, not yet
applied in clinical practice, include measurements of retinal
pulse wave velocity,59 nailfold capillaroscopy,60 isolated
vessel analysis,61 laser speckle contrast imaging,62 and
plethysmographic techniques to assess microvascular dila-
tion in response to ischemia (such as cuff inflation).63e65

The role of the adventitia in vascular
remodeling

The role of the outer layer of the arteries, the adventitia, is
often forgotten. It contains fibroblasts, adipocytes, peri-
cytes, immune cells, vasa vasorum microvessels, lym-
phatics, and perivascular nerves. Whereas the separation
between media and adventitia is easily distinguishable in
elastic arteries, it is less distinct in small arteries.66

Collagen fibrils, synthesized by adventitial fibroblasts, are
one of the main components of the adventitia. In human
studies, the nanoscale elastic modulus of the adventitia in
the internal mammary artery correlated with arterial stiff-
ness measured as cfPWV, which may reflect shared
mechanisms of aortic wall and mammary artery adventitial
stiffening.67 Additionally, the adventitial inflammatory
response is responsible for atherosclerotic plaque instability
in coronary arteries.68

Furthermore, since the adventitia serves as a niche for
progenitor cells,69 it creates a dynamic environment of
interacting cell types that have a specific functional ca-
pacity for the control of vascular wall growth, remodeling,
and disease. Exhaustion of progenitor cells during the aging
process affects the biological function of vessels.70

Importantly, although it has been shown that compromised
function of highly proliferative endothelial progenitor cells
(EPCs) contributes to atherosclerosis,71 the role of EPCs in
the genesis of vascular aging phenotypes in humans is not
well understood and needs further investigation.
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Cellular and molecular mechanisms of
vascular aging

Arterial aging is described by age-related deterioration and
sclerosis of the media and intimal layers within the vascular
tree that will result in age-associated changes in functional
and structural properties. Research into aging at a cellular
level in vasculature has increased our understanding of
causes and consequences of aging at this level, particularly
in clinical conditions associated with increased cardiovas-
cular risk. It is now largely acknowledged that age-
associated cellular damage predominantly influences cell
membrane lipids, proteins involved in metabolic and
structural roles, nuclear and mitochondrial DNA, and
intracellular signaling processes. In the following para-
graphs, we summarize the pathophysiology and contrib-
uting factors that lead to vascular aging. In the final
paragraph, we present CKD, as a clinical model for studies
of EVA with following clinical implications for patients.

Vascular inflammation

It is well established that inflammation plays an important
role as a driving force for the development of EVA.
Experimental evidence indicates that chronic, low-grade
inflammation (“inflammaging”) is strongly associated
with the aging process. Activation of the inflammatory
process with aging plays a key role in micro- and macro-
vascular pathogenesis and dysfunction in a number of CVD
complications,72,73 in addition to other pathologies like
bloodebrain barrier disruption or Alzheimer’s disease.
Experimental rodent and primate studies have shown that
aging, particularly EVA, coincides with a proinflammatory
shift in the gene expression profile in both vascular endo-
thelial and smooth muscle cells, which involves multiple
cytokines such as tumor necrosis factor (TNF), interleukins
(IL-1b, IL-6), intracellular adhesion molecule 1 (ICAM1),
vascular cell adhesion protein 1 (VCAM1), chemokines,
and other proinflammatory mediators.74e76 In particular,
proinflammatory IL-6 has been shown to strongly associate
with age-related vascular disease.77 In middle age and in
elderly populations, C-reactive protein associates with
increased arterial stiffness.78 In addition, arteries from older
adults exhibit higher expression of monocyte chemo-
attractant protein-1 (MCP-1) and metalloproteinase in the
thickened intima layer compared with younger adults.75

The proinflammatory microenvironment of the vascular
wall ultimately leads to vascular malfunction79 and to the
pathogenesis of vascular diseases.80 In the aging vascula-
ture, the contribution of inflammation seems multifaceted.
The activation of transcription factor nuclear factor kappa
(NF-kB) in inflammation is considered as the master
regulator among inflammatory molecules including IL-1b,
IL-2, IL-6, TNF, chemokines, and enzymes iNOS and
COX-2.81 The increase in inflammatory markers is

independently associated with CVD risk factors with arte-
rial thickening and stiffness.82 Moreover, an increase of
inflammatory markers may also occur independently of
CVD risk factors independently of age.83

It is important to stress that in the aged vascular wall
there is a critical crosstalk between elevated oxidative stress
and inflammatory processes.84 For example, ROS activate
proinflammatory signaling pathways, including NF-kB,85

which has been suggested to be an important player for
endothelial cell maintenance and even production of
angiostatic agents and consequently expression of proin-
flammatory paracrine mediators that may promote athero-
genesis.86 Importantly endothelial and smooth muscle cells
in aging exhibit significant NF-kB activation85,87 and in-
hibition of NF-kB in the vasculature has been shown to
restore blood flow regulation, decrease systemic inflam-
mation, and exert beneficial metabolic effects.88 On the
other hand, inflammatory mediators may also act as potent
inducers of cellular oxidative stress.79

TNF acts as an important inflammatory mediator, as, for
example, aged coronary arteries are characterized by
increased expression of TNF gene expression profile
assessed in rats.80 In addition, application of external TNF
has been shown to increase oxidative stress via stimulation
of endothelial dysfunction, NADPH oxidase, endothelial
apoptosis, and stimulation of proatherogenic inflammatory
mediators.80,89 Administration of TNF upregulates super-
oxide production in human retinal endothelial cell mito-
chondria.90 Moreover, TNF antagonism improves the
endothelial-mediated dilatation in resistance arteries of
aged animals.91 Overall, it appears that prolonged TNF
exposure could have detrimental consequences to endo-
thelial cells by causing senescence and, therefore, chroni-
cally increased TNF levels might contribute to the
pathology of chronic inflammatory diseases by driving
premature endothelial senescence.92 The endothelium per-
forms a crucial role to maintain the vascular tone by pro-
ducing vasoconstrictor and vasodilator molecules, hence
regulating blood flow to vital organs. Studies have
demonstrated that senescence in human endothelial cells
may cause the impairment of shear stressemediated
vascular relaxation.93 In addition aging populations display
reduced endothelial-mediated dilation with decreased NO
generation.94 Hence, an aging-related proinflammatory
phenotype is likely to be associated with impaired endo-
thelial function.

Moreover, there is increasing evidence that senescence
in endothelium is linked with the release of a broad spec-
trum of inflammatory cytokines and chemokines,95 more
specifically the “senescence-associated secretory pheno-
type,” or SASP. Since senescent cells are an important
source of local, chronic, low-grade inflammation and pla-
que destabilization, they are a promising upstream thera-
peutic target. Developing evidence shows that in the aged
vasculature, senescence significantly contributes to trigger
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the inflammatory process.96 Targeting of senescent cells
and aging processes therefore holds unexplored potential to
ameliorate vascular aging.

The role of inflammation in arterial stiffening is dis-
cussed in detail in Chapter 20. Endothelial cell senescence
is discussed in detail in Chapter 23.

Oxidative stress

The formation of ROS is a normal part of cellular meta-
bolism, principally the oxidative phosphorylation that takes
place in mitochondria for the generation of ATP. Since
Harman suggested the free radical theory of aging in the
1950s,97 many studies have been published connecting
oxidative stress with vascular aging. It is now widely
appreciated that ROS accumulate with age, ultimately
resulting in oxidative damage of genomic DNA, cellular
components, and proteins.97 Specifically, there is a strong
indication that aging is associated with elevated production
of ROS by NAD(P)H oxidases98 and mitochondria,99,100

and those events are linked to endothelial dysfunction and
stiffening of elastic arteries as shown both in laboratory
animals85,101 and humans.102 While oxidative stress has the

capacity to affect numerous aspects of vascular function
during aging, such as induction of redox-sensitive tran-
scription factors or oxidation of vital proteins, one of its
most powerful impacts is related to the inactivation of
endothelium-derived NO.103 Defective bioavailability of
NO is responsible for the age-related decrease in
endothelium-dependent dilation, increased vasoconstric-
tion, and tissue perfusion dysregulation (Fig. 25.1).104e106

Several studies indicate that oxidative stress-mediated
endothelial dysfunction is responsible for defective dila-
tion of coronary arteries,107 stimulating myocardial
ischemia and neurovascular uncoupling, and diminishing
the moment-to-moment adjustment of cerebral blood
flow.108,109 NO plays potent antiinflammatory, antith-
rombotic, and antileukocyte adhesion effects; therefore, a
decrease in NO stimulates a proatherogenic vascular
phenotype in aging.110,111 Free oxygen radicals (lO�

2)
from increased ROS bind to NO and form highly reactive
and toxic peroxynitrite (ONOO�), which in turn penetrates
cell membranes and leads to DNA damage and protein
oxidation.112 Indeed, increased (ONOO�) staining has been
demonstrated in number of pathological conditions, all
associated with EVA.113,114

FIGURE 25.1 Proposed scheme for mechanisms involved in vascular aging. The model predicts that increased oxidative stress, inflammation,
senescence, and calcification accelerate vascular aging process through mediating reduced NO bioavailability due to an eNOS uncoupling event,
endothelial dysfunction, reduced vasodilation, and disrupting antioxidant mechanisms, i.e., Nrf2 and sirtuins. eNOS, nitric oxide synthase; NO, nitric
oxide; Nrf2, nuclear factor erythroid 2erelated factor 2.
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It has been suggested that mitochondria act as a seed for
aging.97 The mitochondria serve as a source for endogenous
oxidants. An increase in free radicals (i.e., lO�

2 or ONOO
�)

in mitochondria is positively associated with tissue
dysfunction.115 Molecular oxygen and electrons from the
respiratory chain can generate free radicals and ROS inside
mitochondria.116 Mitochondria are organized by heteroge-
neous flexible networks, which are highly sensitive to
metabolic changes (i.e., high glucose) and can react to boost
free ROS formation.116 During aging, mitochondrial physi-
ology and reactive free radical production is altered, which
in turns affects ATP synthesis via interrupting the enzymes
of the citric acid cycle, respiratory chain components, and
mutation of mitochondrial DNA leading to enhanced
apoptosis.115 Another major alteration of mitochondria in
aging includes decreased antioxidant capacity. A cytopro-
tective transcription factor nuclear factor-erythroid-2-related
factor 2 (Nrf2) acts as a defense against oxidative stress, as
discussed in the following section. Age-associated increased
formation of (lO�

2) and (ONOO-) triggers nuclear and
mitochondrial DNA damage,117 which could accelerate
mutation and dysfunction of respiratory chain segments,
leading to even more (lO�

2) and (ONOO�) generation and
vascular dysfunction.118 Increased generation of reactive
(lO�

2) and (ONOO�) are considered major contributors to
EVA and endothelial dysfunction.114,119

Adaptation to oxidative stresses: role of Nrf2
and sirtuins

Vascular aging is characterized by elevated ROS-mediated
chronic oxidative stress, which is accompanied by failure
to switch on antioxidant response elementsedriven gene
expression.120 Age-associated increases in oxidative stress
have been shown to inactivate antioxidative defense mech-
anisms, in particular Nrf2 and its associated pathways of
signaling. Redox homeostasis, comprising a balance be-
tween a prooxidative ROS generation and concomitant
antioxidant protection, is vital for protection against oxida-
tive stress.121 Nrf2 is a redox-sensitive transcription factor,
which regulates the antioxidant response, including upre-
gulation of enzymes that detoxify ROS and reconstruct
ROS-mediated macromolecular casualty.122 In various cell
types including vascular cells87,120 and cardiomyocytes,123

an impairment of Nrf2-dependent defense associates with
aging. Nrf2 adaptive homeostatic mechanisms are involved
in young organisms for the protection of vascular endothelial
and VSMCs against increased ROS generation. Growing
evidence demonstrates that Nrf2 is a key player in those
events and that modulation of its action could promote both
regulating the cellular redox homeostasis and physiological
homeostasis in pathways associated to the maintenance of
cardiovascular health.124e126

Aged and transcriptionally Nrf2-deficient mice show
similar imbalance of antioxidative activity in experimental
models,122 suggesting that Nrf2 could act as a key modu-
lator in the aging process. Apart from the role of Nrf2 as a
master controller of oxidative defense, this cytoprotective
transcription factor prevents upregulation of proin-
flammatory cytokine genes, regulating proteostasis and
metabolism.127,128 In addition, Calvert et al.129 have sug-
gested that hydrogen sulfide (H2S)-mediated Nrf2 upregu-
lation has cardioprotective effects. Moreover, TNF, IL-1b,
VCAM1, and MCP-1 expression was decreased in endo-
thelial cells when Nrf2 was overexpressed,130,131 support-
ing its antioxidant capacity. Nrf2 is also able to regulate and
ameliorate the inflammatory response. Diminished Nrf2
action leads to elevated expression of adhesion molecules
and proinflammatory chemokines in endothelial cells.132 In
addition, activation of Nrf2 counterbalances the effect of
ROS in T-lymphocytes and inhibits acutely induced kidney
injury.133 Boosting the Nrf2 antioxidant pathway decreases
oxidative stress and improves the renal function of mice.134

Several experimental approaches have evaluated the scope
of Nrf2 to increase the expression of oxidative stress pro-
tective genes and preserve vascular health.134,135

The pathophysiological significance of Nrf2 in aging
may go beyond maintaining the redox homeostasis. The
association between aging and cardiovascular events in-
dicates that the vasculature seems to be the prime target for
Nrf2-induced protection during aging. Importantly, Nrf2
conserves the functional endothelial phenotype.136 As ag-
ing and senescence may cause the deterioration of endo-
thelial function, the endothelium may develop both
proatherogenic and prothrombotic phenotypes.137 Hence, in
aging, Nrf2-mediated defense of endothelial cell dysfunc-
tion might be of particular importance. Since Nrf2 defi-
ciency or inactivation associates with hypertensive kidney
disease,138 renal fibrosis,139 atherosclerosis develop-
ment,140 and hypertension141 in experimental animals and
humans, this further supports a role of Nrf2 in prevention of
EVA. Moreover, during caloric restriction, the antiaging
effects are linked with induction of Nrf2-mediated path-
ways.99,142 Natural and dietary compounds, such as phy-
tosterols, resveratrol, polyphenols, and terpenoids, could be
used as physiological activators for Nrf2 to improve
vascular function143 and alleviate the actions of oxidative
stress and inflammation in preclinical models of CKD.144

However, the role and mode of action of Nrf2 within the
complicated vascular aging phenotype (i.e., EVA) is not
fully understood. How Nrf2 expression is regulated in re-
turn to the functional and structural distortion in the car-
diovascular system remains to be resolved.

Growing evidence suggests the role of sirtuins
(SIRT1e7) for the control of cellular homeostasis, espe-
cially against metabolism and inflammation, and reduced
action of SIRT1 possibly causes vascular inflammation in
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aging.145,146 Sirtuins are regulated by a preserved group of
the cofactor nicotinamide adenine dinucleotide (NAD)-
associated protein deacylases, that perform important roles
in response to environmental and nutritional factors,
e.g., oxidative stress, fasting, DNA damage. Primarily, their
activation prompts nuclear transcriptional preparations that
increase metabolic capability and boost oxidative meta-
bolism of mitochondria with an ultimate resistance to
oxidative stress.147 Sirtuins stimulate this resistance by
enhancing antioxidant processes promoting DNA damage
restoration by deacetylation of repair proteins.148

In general, SIRT1 plays a broad spectrum of biological
roles including antioxidative stress and antiinflammatory
responses, DNA repair, glucose and lipid metabolism.149

Oxidative stress can influence the activity of sirtuins in
several ways, including changes in SIRT gene expression,
NAD levels, proteineprotein interactions, and post-
translational modifications.150 Mild oxidative stress could be
beneficial by inducing the sirtuins as a compensatory system,
on the other hand, severe or chronic oxidative stress could
cause dysfunctional sirtuins by affecting its posttranslational
modification.151 The levels of NAD drop during the course
of aging and could be an Achilles’ heel, generating nuclear
and mitochondrial malfunction leading to many age-related
pathologies.152 Interestingly, pharmacological use of a
SIRT1 activator reduces vascular inflammation in an exper-
imental model of aged mice.153 In addition, elevating SIRT1,
particularly in dorsomedial and lateral hypothalamic areas of
the brain, lingers aging and prolongs life span in both male
and female mice.154 Promoting NAD activity by supple-
menting NAD intermediates could alleviate age-related
functional defects. Hence, stimulation of sirtuins and NAD
supplementation together may be an efficient antiaging
intervention. This remains to be proven in clinical trials.

Senescence

By definition, senescence is an antioncotic mechanism,
characterized as irreversible cellular arrest, although still
with metabolic activity. This specifically refers to SASP, a
phenotype of senescence whereby cells secrete a plethora of
proinflammatory cytokines, growth factors, and proteases.
In addition, senescent cells can initiate antiapoptotic path-
ways to protect themselves from their own SASP, thereby
not allowing effective removal by the immune system.
While senescent cell burden is associated with many age-
related pathologies (e.g., atherosclerosis, vascular calcifi-
cation (VC), type-2 diabetes, etc.), and often accumulates at
the site of etiology, senescence also plays a beneficial role
in physiological processes, such as embryogenesis and
wound healing. Therefore, therapeutically targeting senes-
cence to treat age-related diseases must be treated with
caution.155 In short, stressors activate either p53 (further
activating p21) or p16INK4a, which act to inhibit Rb, thus

inhibiting the cell’s ability to enter the S phase of the cell
cycle. The p53/p21 and p16 pathways can act synergisti-
cally or alone depending on the stressor.156

Senescence is often classified as stress/oncogene-
induced or acute/developmental senescence. Differences
relating to temporal regulation exist between classes: the
former is transiently present and effectively removed by
apoptosis, while restricted to predefined cell types in spe-
cific processes; the latter class accumulates in tissue over
time in an unprogrammed manner and can inflict similar
injury on neighboring cells through their SASP, a phe-
nomenon termed the “bystander effect.” Thus, senescence
is not a single static state, but rather a series of phenotyp-
ically different states, which reflects its diverse range of
functions both physiologically and pathophysiologically.157

Characteristics of stress-induced senescence includes, but is
not limited to, increased senescence associated beta-
galactosidase activity, telomere shortening, elevated
expression of p16/p21/p53, and SASP activity.158 Experi-
mental studies have demonstrated that SASP activity is
highly heterogeneous between different cell types, thereby
secreting different inflammatory components. However, IL-
1a/b, IL-6, IL-8, TGF-b, TNF, plasminogen activator in-
hibitor 1, and monocyte chemoattractant protein 1 are
among the best characterized.159

Since a single universal biomarker of senescence is not
available, a variety of techniques are implemented experi-
mentally to detect the presence of senescent cells.
Emerging evidence indicates that senescent cells accumu-
late in humans and animal models with age and persist at
sites of etiology in age-related diseases. Consequences of
aging include exposure to increased senescence stressors,
and reduced efficiency of senescent cell clearance, which
may partially explain why senescent cell burden is associ-
ated with age.160

Numerous stressors have been linked to triggering
senescence, most notably oxidative stress, cytotoxic stress,
and telomere shortening. However, discovery of the
bystander effect, genetic studies investigating the role of
senescence-associated aging processes, and interventional
studies in animal models demonstrate that senescent cell
burden can, in specific organs and under certain conditions,
drive disease. How senescence drives age-related disease is
unknown, but is likely to be largely heterogeneous, and
dependent on a plethora of factors including cell type, the
pathology (or cluster of pathologies) in question, and
stressors involved. Many SASP-related hypotheses have
been postulated: proteases from senescent cells disrupt
tissue structure and integrity, proinflammatory cytokines
and chemokines attract immune cells associated with
chronic tissue inflammation, such as macrophages and
lymphocytes, etc.157

In respect to arterial aging, senescent cells accumulate
in atherosclerotic plaques161 and in the medial layer of
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vessels such as heavily calcified uremic epigastric arteries,
implying a casual role in promoting VC and thus an
increase in vessel stiffness.162 This is associated with
depleted Nrf2, the master regulator of antioxidant genes;
however, the relationship between senescence and Nrf2
may be bidirectional and warrants further research.
Disease-specific stressors also promote VC, such as uremic
toxins (e.g., indoxyl sulfate, p-cresyl sulfate, TMAO, etc.)
in end-stage kidney disease (ESKD) patients.163 Furthermore,
endothelial cell senescence is a risk factor for age-associated
CVD, mediated through disturbances in renin angiotensine
aldosterone system, sirtuin 1 and FGF21 pathways; however,
these processes are not fully understood.164

By therapeutically earmarking processes which under-
pin aging, a cohort of age-related pathologies can be tar-
geted simultaneously, as opposed to treating each disease as
a single entity. Such a strategy may not only increase life
span but also health span.165 Since cellular senescence is a
hallmark of aging, targeting senescent cells has gained
much attention in recent years with the use of senolytic
agents, SASP inhibitors, or immunosurveillance agents. In
a landmark senolytic study, quercetin and dasatinib (in
combination) prolonged life span in mice by up to 36%.166

In addition, the same combination of senolytics attenuated
VC in the aorta of aged and hypercholesterolemic mice
when administered long term, and it improved endothelial
function.167 Furthermore, studies using genetic and phar-
macological approaches to eliminate senescent cells in
Ldlr�/� mice suggest that senescent cells promote athero-
genesis, contributing to plaque instability by increasing
vascular inflammation168 or upregulation of matrix metal-
loproteases,169 while irradiation-induced senescence in
mice affects neurovascular units associated with cerebral
microvascular dysfunction, resembling the aging
phenotype.170

These findings, along with other promising preclinical
studies, have led to the initiation of clinical trials using
agents to target senescent cells in different patient cohorts
in an attempt to exert athero-protective and antiaging ef-
fects, e.g., phase 1 study using quercetin and dasatinib
senolytic cocktail in diabetic nephropathy patients.171

However, many unknowns remain, including the required
dosage and duration of therapy, the long-term effects of
such treatment and whether targeting senescent cells hin-
ders the ability of acute senescent cells to carry out their
physiological functions.172

Chronic kidney disease as a model of
early vascular aging and role of
calcification

CKD is characterized by an allostatic overload due to
excessive oxidative stress, uremic inflammation, and
defective antiaging (e.g., decreased Klotho expression and
fetuin A) systems, resulting in a large discrepancy between

biological and chronological age in this patient
group.173,174 Indeed, as compared to the general popula-
tion, CKD patients exhibited accelerated aging-related
pathological clusters including multiple cardiovascular
complications, muscle wasting, osteoporosis, frailty,
depression, and cognitive decline, even before the onset of
ESKD necessitating renal replacement therapy.173e176

EVA is an evolving concept elaborating the abnormal and
premature vascular aging phenomenon, with arterial stiff-
ness as an intermediate end-point and independent predic-
tor of cardiovascular morbidity and mortality.4 EVA, as one
of the most evident premature aging phenotypes in
advanced CKD, contributes to the high risk of cardiovas-
cular morbidity and mortality in ESKD. While the exact
underlying mechanisms of EVA remain to be elucidated,
DNA damageeinduced cellular senescence and “inflam-
maging” seems to be fundamentally involved in its patho-
logical initiation and progression.159,177e180 Furthermore,
growing evidence indicates that repressed Nrf2 signaling
and vitamin K may play a critical role in the interplay be-
tween oxidative stress, DNA damage, senescence, and
“inflammaging,” whereby Nrf2 activation and vitamin K
supplementation may provide a novel treatment target for
EVA.180

Large-scale studies have demonstrated that coronary
atherosclerotic calcification increases with age.181 The
presence of calcified arteries, in addition to osteoporosis,
is typical in aged populations. Nevertheless, this condition
is exaggerated in CKD patients. In CKD, the predominant
EVA and arterial stiffness is largely characterized by
media VC, a cell-mediated process primarily driven by
VSMCs osteogenic differentiation due to excessive DNA
damage, and the extent of VC may be used as a measure of
the biological vascular age.38,39 Though VSMCs calcifi-
cation shares similarities with developmental osteogenesis
and chondrogenesis, it is an active and pathological
alteration rather than a physiological process.182 Under
normal physiological conditions, a profound defensive
pathway protects VSMCs from phenotypic differentiation
and ectopic calcification.183 The inhibitory defense sys-
tems in CKD are, however, overwhelmingly declined due
to excessive allostatic load resulting from oxidative stress,
inflammation, and retention of toxins in the uremic
milieu.174,182 Moreover, the common coexistence of
hyperphosphatemia, and hypercalcemia, in combination
with hyperparathyroidism, hypomagnesemia, and vitamin
K deficiency, further worsen the VC inhibitory mechanism
in CKD.184,185 For instance, fetuin-A, a circulating
glycoprotein produced by liver and adipose tissue, acts as
a potent inhibitor of VC through the binding of calcium
and phosphate into calciprotein particles (CPPs) prevent-
ing its crystallization.186,187 A recent study demonstrated
that decreased fetuin-A in extracellular vehicles and CPPs
from uremic serum could promote VC in vitro.188

Consequently, stressed VSMCs lose their capacity to se-
cret sufficient VC inhibitors (e.g., Matrix Gla protein
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(MGP) and are predisposed to undergo phenotypic dif-
ferentiation from a contractile to synthetic VSMCs
phenotype).189 Of note, MGP is a vitamin Kedependent
protein primarily synthesized by VSMCs.190 Evidence
from preclinical studies has established the role of vitamin
K in VC. This occurs mainly through the carboxylation of
MGP, whereby it can inhibit VC by directly binding the
hydroxyapatite in the arterial walls and by downregulating
the function of bone morphogenetic proteins (BMPs)
(Fig. 25.2).191,192 Another culprit of deficient anti-VC
system is Nrf2 signaling, which has been shown to be
critical in response to various inducers in phenotypic
remodeling of VSMCs. Recent studies have reported that
butylhydroquinone (a Nrf2 agonist) reduces high
phosphate-induced calcification of VSMCs via activation
of KEAP1/NRF2/P62 signaling and hydrogen sulfided
another Nrf2 agonistdreduces circulating CPP-induced
VSMCs calcification via NRF2/KEAP1 signaling and by
increasing NQO1 expression in vitro.193,194

Given the overwhelming proatherogenic milieu in
CKD, if the above-mentioned dysregulated signaling is not
compensated, the activation of essential osteogenic/chon-
drogenic transcription factors could further induce the
expression of osteogenic/chondrogenic proteins in VSMCs,
such as osteocalcin, BMP-2, and type I collagen, in the
context of high circulating levels of calcium and
phosphate, which would eventually promote uremic
VSMCs to undergo osteochondrocytic differentiation and
vessel ossification.195,196 In fact, even in the absence of
hyperphosphatemia and hypercalcemia, increased phosphate

and calcium load drive a calcification process in both CKD
and the general population.197 In patients with CKD, gut
dysbiosis could promote VC.198 In addition, a recent study
showed that protein-bound uremic toxins indoxyl sulfate
and p-cresyl sulfate could promote VC in the aorta and
peripheral vessels possibly via inflammatory and coagula-
tion pathways.199 For a detailed discussion regarding
mechanisms of arterial wall calcification, the reader is
referred to Chapter 21.

Summary

Aging affects the function and structure of the vasculature.
All layers of the arterial wall are affected during aging-
induced vascular remodeling. The aged tunica intima is
characterized by endothelial dysfunction, whereas the
tunica media is characterized by the presence of elastin
degradation, collagen accumulation, proteoglycan aggre-
gation, and the switching of the physiological contractile
phenotype of VSMCs toward a synthetic VSMC pheno-
type, which induces VC. Furthermore, the inflammatory
response of the outer adventitia that also serves as a niche
for progenitor cells plays an important role in atheroscle-
rosis. EVA develops when comorbidities emerge and a
combination of various factors such as oxidative stress,
inflammation, senescence, and calcification trigger exag-
gerated aging of the vasculature with ultimate development
of cardiovascular and/or renal disease. Imbalanced redox
homeostasis due to failure of master regulators of antioxi-
dant responses, such as Nrf2 or sirtuins, results in vascular

FIGURE 25.2 Matrix Gla protein (MGP) maturation. MGP maturation requires vitamin K, the inactive form of MGP (dephosphorylated-
uncarboxylated MGP, dp-ucMGP) undergoes serial posttranslational carboxylation and phosphorylation to form active pc-MGP. Carboxylation of
MGP is dependent upon the availability of vitamin K in the vascular wall. The active form of MGP inhibits bone morphogenetic protein-2-induced
osteogenic differentiation of VSMCs and calcification. BMP-2, bone morphogenetic protein 2; dpuc-MGP, dephosphorylated-uncarboxylated MGP;
MGP, Matrix Gla protein; pc-MGP, phosphorylated-carboxylated MGP; Vit-K, vitamin K; VSMC; vascular smooth muscle cells.
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damage and accelerated aging. Vascular aging causes a
systemic, progressive loss of endothelial function, due to
downregulation of vasodilator pathways and/or upregula-
tion of vasoconstrictor pathways. Elevated oxidative stress
and inflammation enhance the progression of cellular
senescence and apoptosis, and this further exaggerates age-
related deterioration of vascular health. In respect to arterial
aging, senescence may also promote VC and thus an in-
crease in vessel stiffness, in addition with depleted Nrf2
activity. All of the above-mentioned phenomena ultimately
lead to increased arterial stiffness, characterized by quan-
titative and qualitative alterations in passive and active el-
ements of the vascular wall. The changes in functional and
structural features of vascular wall ultimately affect blood
pressure and blood flow to target organs such as the brain,
heart, and kidney.

The EVA concept represents a process of accelerated
vascular aging. CKD may represent a suitable clinical
model of EVA, because CKD is characterized by chronic
inflammation and oxidative stress followed by progressive
intimal and medial VC. Accelerated EVA is a hallmark of
senescence and a strong predictor of cardiovascular
morbidity and mortality in CKD. The cellular and molec-
ular mechanisms that lead to arterial aging may serve as
targets for interventions to delay or counter the effects of
vascular aging on health and disease.
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The background and characteristics of early

vascular aging 421

Atherosclerosis versus arteriosclerosis 421

Structural components of arterial wall

aging 422

Cross-talk between the micro- and

macrocirculation 423

Vascular aging and target organ damage 423

Genetics and epigenetics 423

Low socioeconomic status and vascular aging 423

Intervention studies on vascular aging and

early vascular aging 424

The concept and usefulness of supernormal

vascular aging 424

Conclusion 425

Acknowledgments 425

References 426

Further reading 428

28. Ethnic differences in arterial
stiffness and central aortic
hemodynamics

J.K. Cruickshank, S.G. Anderson,
M. Strauss-Kruger, L. Gafane-Matemane,
R. Kruger, Y. Breet and A.E. Schutte

Is studying ethnic differences in vascular or

any physiological feature or disease useful? 429

Relationships to blood pressure 429

Arterial stiffness through the life-course

across different ethnic/geographic

groups 431

Fetal life, infancy, childhood, and

adolescence 431

Young adults 433

Retinal vessels 436

Pulse wave velocity measures in AORTIC

segments by Magnetic Resonance

Imaging (MRI) 438

HIV 438

Ethnicity and the menopausal transition 438

The elderly 439

Renal impairment/failure (end-stage renal

disease) 439

Summary and conclusions 440

References 441

29. Arterial stiffness and pulsatile
hemodynamics in systemic
hypertension
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Introduction 771

Low pulsatile hemodynamics in

continuous-flow left ventricular assist
device therapy 772

Effects of low pressure and flow pulsatility

on the macrocirculation 773

Sympathetic nerve activity, vascular

remodeling, and aortic stiffness 773

Endothelial dysfunction 774

Blood pressure 774

Consequences of low pressure and flow
pulsatility on the microcirculation 775

Right heart failure and respiratory

complications 776

Cerebrovascular complications 776

Gastrointestinal bleeding 776

Pharmacological decision-making in relation

to PP and PI in LVAD patients 777

Left ventricular assist device therapy and
exercise capacity 777

Conclusions 778

References 778

x Contents of Volume 2



Section V
Therapeutic approaches to improve
arterial stiffness and pulsatile
hemodynamics

49. Effects of common antihypertensive
treatments on pulsatile arterial
hemodynamics

Yi-Bang Cheng and Ji-Guang Wang

Introduction 783

Antihypertensive drug classes and their

mechanisms of action 783

Data acquisition, extraction, and analysis 784

Antihypertensive drugs versus placebo or

no-treatment 785

Renin-angiotensin-aldosterone inhibitors and

calcium-channel blockers versus diuretics,

b-blockers, and a-blockers 785

Vasodilating versus nonvasodilating

b-blockers 785

Angiotensin receptor neprilysin inhibitor
versus angiotensin receptor blocker 789

Organic and inorganic nitrates, soluble

guanylyl cyclase stimulators and cyclic

guanosine monophosphate (cGMP)-binding

phosphodiesterase (PDE5) inhibitors 789

Device-based antihypertensive therapy 789

Conclusions and perspectives 791

References 791

50. Pharmacologic approaches to
reduce arterial stiffness

Marina Cecelja and Phil Chowienczyk

Introduction 795

Potential therapeutic targets for arterial

destiffening: preclinical studies 795

Inflammation and oxidative stress 795

Vascular calcification 797

Elastase inhibitors and extracellular matrix

metalloproteases 799

Micro-RNAs 799

Mineralocorticoid receptor antagonism 799

Amyloid-b and arterial stiffness 800

Clinical studies on aortic and large artery

destiffening 800

Drugs inhibiting the renineangiotensine

aldosterone system and mineralocorticoid

antagonists 800

Statins and other lipid lowering therapy 800

Antioxidant vitamins and vitamin B12/folate

supplementation 801

Antidiabetic drugs and advanced

glycosylation end-product breakers 801

Antiinflammatory drugs 802

Drugs targeting arterial calcification and

bone mineral metabolism 802

Summary 802

Conclusion 802

References 802

51. Organic and dietary nitrates,
inorganic nitrite, nitric oxide
donors, and soluble guanylate
cyclase stimulation

Kevin O’Gallagher and Andrew James Webb

Part 1: introduction 807

Nitric oxide signaling in the vasculature and

vasodilatation 807

The effect of nitric oxide on cardiac function 809

Endothelial paracrine regulation of left

ventricular function 809

Effects of nitric oxide signaling at the
myocardial level 810

Interaction with phosphodiesterase 810

Part 2: organic nitrates 811

Pulsatile hemodynamic effects of organic

nitrates 811

Part 3: inorganic nitrite 812

Early pharmacological studies of nitrite on

arterial tension/waveform 812

Reevaluation of nitrite in the “nitric oxide

era” 813

Recent assessment of vascular effects of

nitrite 814

The effect of inorganic nitrite on the

cardiovascular systemdventricular

hemodynamics 816

Clinical applications of inorganic nitrite 816

Part 4: inorganic (dietary) nitrate 817

Discovery of the inorganic nitrate-nitrite-NO

pathway and its cardiovascular relevance 817

Dietary nitrate and blood pressure 817

Dietary nitrate and arterial stiffness/pulse

wave velocity 817

Inorganic nitrate and angina 820

Limitations of organic and dietary/inorganic
nitrates 820

Safety concerns regarding dietary nitrate and

inorganic nitrite 821

Part 5: nitric oxide donors 821

Sodium nitroprusside 821

Contents of Volume 2 xi



Part 6: soluble guanylate cyclase 821

The role of soluble guanylate cyclase in the
cardiovascular system 821

Dysfunctional soluble guanylate cyclase

signaling 822

Drugs that target soluble guanylate

cyclase 822

Soluble guanylate cyclase stimulators 822

Soluble guanylate cyclase activators 822

Nitroxyl 822

Conclusions and future directions 822

References 823

Further reading 828

52. Effect of exercise training and
weight loss on arterial stiffness and
pulsatile hemodynamics

Gary L. Pierce, Kevin S. Heffernan and
Kevin P. Davy

Introduction 829

Effect of high cardiorespiratory fitness and

habitual aerobic PA on central artery

stiffness and pulsatile hemodynamics with

aging 829

Effect of aerobic exercise interventions on

central artery stiffness and pulsatile

hemodynamics in young and MA/O adults
with and without hypertension 832

Effect of resistance exercise training on large

central artery stiffness and central pulsatile

hemodynamics 838

Effect of obesity, weight loss, and weight

gain on central arterial stiffness 841

References 844

53. Dietary salt and arterial stiffness

David G. Edwards and William B. Farquhar

Introduction 851

Dietary salt and blood pressure 851

Dietary salt and cardiovascular outcomes 852

Blood pressure independent effects of

dieatary salt 852

Heart 852

Inflammation 853

Arteries 853

Potential mechanisms of reduced

endothelial function by high salt 854

Brain and sympathetic outflow 855

Dietary salt and arterial stiffness 855

Potential mechanisms of increased arterial
stiffness by high salt 856

Dietary salt and pulsatile load 857

Lifestyle and dietary salt 858

Potassium 858

Exercise/physical activity 858

Conclusion 859

References 859

54. Role of arterial stiffness and central
hemodynamics in personalized
medicine in hypertension

Hao-Min Cheng, Shao-Yuan Chuang,
Shih-Hsien Sung and Chen-Huan Chen

Introduction 865

Isolated systolic hypertension in the elderly 866

Arterial stiffness and central pulsatile

hemodynamics in ISH in the elderly 866

Usefulness of noninvasive measurement of

arterial stiffness and central pulsatile

hemodynamics in the diagnosis of ISH in
the elderly 867

Usefulness of noninvasive measurement of

arterial stiffness and central pulsatile

hemodynamics in the treatment of ISH in

the elderly 868

Prognostic value of noninvasive measure-

ments of arterial stiffness and central

pulsatile hemodynamics in ISH in the
elderly 868

Isolated systolic hypertension in the young 868

Arterial stiffness and central pulsatile

hemodynamics in ISH in the young 869

Usefulness of noninvasive measurements of

arterial stiffness and central pulsatile

hemodynamics in the diagnosis of ISH

in the young 869

Usefulness of noninvasive measurements of

arterial stiffness and central pulsatile

hemodynamics in the treatment of ISH

in the young 870

Prognostic value of noninvasive

measurement of arterial stiffness and cen-

tral pulsatile hemodynamics in ISH in the

young 870

Isolated diastolic hypertension 870

Arterial stiffness and central pulsatile

hemodynamics in IDH 870

Usefulness of arterial stiffness and central

pulsatile hemodynamics in the diagnosis

of IDH 870

Usefulness of arterial stiffness and central

pulsatile hemodynamics in the treatment
of IDH 870

xii Contents of Volume 2



Prognostic value of arterial stiffness and

central pulsatile hemodynamics in IDH 870

Isolated central hypertension and isolated

brachial hypertension 870

Arterial stiffness and central pulsatile

hemodynamics in ICH and IBH 871

Usefulness of arterial stiffness and central

pulsatile hemodynamics in the diagnosis

of ICH and IBH 871

Usefulness of arterial stiffness and central
pulsatile hemodynamics in the treatment

of ICH and IBH 871

Prognostic value of arterial stiffness and

central pulsatile hemodynamics in ICH

and IBH 871

White coat hypertension 871

Arterial stiffness and central pulsatile

hemodynamics in white coat
hypertension 871

Usefulness of noninvasive measurements of

arterial stiffness and central pulsatile

hemodynamics in the diagnosis of white

coat hypertension 872

Usefulness of noninvasive measurement of

arterial stiffness and central pulsatile

hemodynamics in the treatment of white
coat hypertension 872

Prognostic value of noninvasive measure-

ments of arterial stiffness and central

pulsatile hemodynamics in white coat

hypertension 872

Masked hypertension 872

Arterial stiffness and central pulsatile

hemodynamics in masked hypertension 872

Usefulness of noninvasive measurements of

arterial stiffness and central pulsatile

hemodynamics in the diagnosis of masked

hypertension 872

Usefulness of noninvasive measurements of

arterial stiffness and central pulsatile

hemodynamics in the treatment of masked

hypertension 873

Prognostic value of noninvasive measure-

ments of arterial stiffness and central

pulsatile hemodynamics in masked

hypertension 873

Isolated nocturnal hypertension 873

Arterial stiffness and central pulsatile

hemodynamics in INH 873

Usefulness of noninvasive measurements
of arterial stiffness and central

pulsatile hemodynamics in the

diagnosis of INH 873

Prognostic value of noninvasive

measurements of arterial stiffness
and central pulsatile hemodynamics

in INH 873

Exaggerated blood pressure variability 873

Arterial stiffness and central pulsatile

hemodynamics in exaggerated BPV 874

Usefulness of noninvasive measurement of

arterial stiffness and central pulsatile

hemodynamics in the diagnosis of
exaggerated BP variability 874

Prognostic value of noninvasive

measurement of arterial stiffness and

central pulsatile hemodynamics in

exaggerated BP variability 874

Summary and conclusion 875

References 875

Section VI
Arterial stiffness and pulsatile
hemodynamics in the pulmonary
circulation

55. Pulsatile hemodynamics and
ventricularearterial interactions in
the pulmonary circulation:
physiologic concepts

Berend E. Westerhof, Anton Vonk
Noordegraaf and Masafumi Fukumitsu

Introduction 883

Measurements in the pulmonary circulation 883

Pressures in the pulmonary system 883

Flow measurements in the pulmonary

system 884

Volume measurements of the right heart 885

The pulmonary vasculature 885

Anatomy and function of the pulmonary
vasculature 885

Descriptions of the pulmonary vascular load 886

The right ventricle 889

Anatomy and function of the right ventricle 889

Descriptions of the right ventricular function 889

Ventriculoarterial coupling 892

Maximal power or efficiency: energetic

coupling 892

Ventriculoarterial coupling determined from

the pressureevolume relation 892

Surrogate measures of ventriculoarterial

coupling in the pressureevolume plane 892

Contents of Volume 2 xiii



Differences between the systemic and

pulmonary circulation 892

Normal values in the pulmonary circulation 892

Summary 894

References 894

56. Pulmonary arterial load and
ventricularearterial coupling in
pulmonary hypertension

Masafumi Fukumitsu, Anton Vonk
Noordegraaf and Berend E. Westerhof

Introduction 899

Definition of pulmonary hypertension 899

The properties of pulmonary arterial load

and right ventricular function 900

Pulmonary arterial load in pulmonary

hypertension 901

Heart-independent arterial load 901

Nonpulsatile arterial load: pulmonary
vascular resistance 901

Pulsatile arterial load 901

Heart-dependent arterial load 905

The right ventricular function in pulmonary

hypertension 907

Load-independent right ventricular function 907

Load-dependent right ventricular function 909

The cardiovascular interaction in pulmonary
hypertension 910

The right ventricleepulmonary artery

coupling: Ees/Ea 910

Right ventricle volumetric adaptation and

wall stress 911

Left ventricleeright ventricle interaction 911

Summary 911

References 912

57. Biologic mechanisms and
consequences of pulmonary artery
stiffening in pulmonary
hypertension

Alexis M. Corcoran, Rakhshinda Rehman,
Marcy Maracle, Piera Sosa, Paul B.
Dieffenbach and Laura E. Fredenburgh

Pulmonary vascular stiffening and

mechanobiological feedback in PH

pathogenesis 917

Pulmonary hypertension 917

Pulmonary vascular stiffening in clinical

studies 917

Pathophysiology of pulmonary vascular stiff-

ening in disease progression 918

Regulation of smooth muscle contractility

and tone 919

Proliferation 920

Inflammation and endothelial dysfunction 922

Endothelial to mesenchymal transition 924

Angiogenesis 924

Metabolic reprogramming and mitochondrial

dysregulation 925

Targeting PA stiffness and

mechanotransduction in PH 926

Conclusion 929

References 929

58. Therapeutic approaches to improve
pulmonary arterial load and right
ventricularepulmonary arterial
coupling

Michael J. Bashline and Marc A. Simon

Introduction 935

Right ventricular dysfunction and failure 935

Response to normal loading conditions 935

Pathophysiology of acute right heart failure 936

Pathophysiology of chronic right heart
failure 936

The components of right ventricular

afterload 936

Approach to the management of right

ventricular failure 937

Optimization of preload and volume status 938

Maintaining myocardial perfusion 938

Improving contractility 939

Neurohormonal modulation 940

Therapies targeting right ventricular afterload 941

Relationship between resistance and

compliance 941

Ventricularevascular coupling 941

Therapeutic agents for treatment of

pulmonary arterial hypertension 943

Approach to the treatment of pulmonary
arterial hypertension 946

Creation of palliative right-to-left shunts 949

Approach to treatment of group 2 pulmonary

hypertension 949

Advanced therapeutic options for treatment

of right venrticular failure 950

Emerging therapeutic options 951

Conclusion 953

References 953

Index 959

xiv Contents of Volume 2



Contributors

Elena Aikawa, The Center for Excellence in Vascular
Biology, Brigham and Women’s Hospital, Harvard
Medical School, Boston, MA, United States

S.G. Anderson, George Alleyne Chronic Disease Research
Centre, University of the West Indies Cave Hill Cam-
pus, Barbados; Division of Cardiovascular Sciences,
School of Medical Sciences, University of Manchester,
United Kingdom; College of Medical, Veterinary and
Life Sciences, University of Glasgow, United Kingdom

Livia Silva Araújo Passos, The Center for Excellence in
Vascular Biology, Brigham and Women’s Hospital,
Harvard Medical School, Boston, MA, United States

Samsul Arefin, Division of Renal Medicine, Department
of Clinical Science, Intervention & Technology, Kar-
olinska University Hospital, Stockholm, Sweden

Per M. Arvidsson, Clinical Physiology, Department of
Clinical Sciences Lund, Faculty of Medicine, Lund
University, Lund, Sweden

Alberto Avolio, Macquarie Medical School, Faculty of
Medicine, Health and Human Sciences, Macquarie
University, Sydney, NSW, Australia

Martin Bachler, Center for Health & Bioresources, Aus-
trian Institute of Technology (AIT), Vienna, Austria

Magnus Bäck, Université de Lorraine, Inserm, DCAC,
Nancy, France; Translational Cardiology, Department
of Medicine, Karolinska Institutet, and Division of
Coronary and Valvular Heart Disease, Karolinska
University Hospital, Stockholm, Sweden

Michael J. Bashline, Division of Cardiology, Department
of Medicine, University of Pittsburgh, Pittsburgh, PA,
United States

Dakota Becker-Greene, The Center for Excellence in
Vascular Biology, Brigham and Women’s Hospital,
Harvard Medical School, Boston, MA, United States

Jamie Bellinge, Royal Perth Hospital, Victoria Square,
Perth, WA, Australia; School of Medicine, The Uni-
versity of Western Australia, Crawley, WA, Australia

Amar Bennasroune, UMR CNRS 7369 Matrice Extrac-
ellulaire et Dynamique Cellulaire (MEDyC), Team 2:
Matrix Aging and Vascular Remodelling, Université de

Reims Champagne Ardenne (URCA), UFR Sciences
Exactes et Naturelles et UFR Médecine, Reims, France

Sébastien Blaise, UMR CNRS 7369 Matrice Extracellu-
laire et Dynamique Cellulaire (MEDyC), Team 2:
Matrix Aging and Vascular Remodelling, Université de
Reims Champagne Ardenne (URCA), UFR Sciences
Exactes et Naturelles et UFR Médecine, Reims, France

Barry A. Borlaug, Mayo Clinic, Rochester, MN, United
States

Pierre Boutouyrie, Paris University, Assistance-Publique
Hôpitaux de Paris, PARCC-INSERM U970, Depart-
ment of Pharmacology and Hôpital Européen Georges
Pompidou, Paris, France

Y. Breet, Hypertension in Africa Research Team; MRC
Unit for Hypertension and Cardiovascular Disease,
North-West University, South Africa

Jerome W. Breslin, Department of Molecular Pharma-
cology and Physiology, Morsani College of Medicine,
University of South Florida, Tampa, FL, United States

Matthew J. Budoff, David Geffen School of Medicine at
UCLA, The Lundquist Institute at Harbor-UCLA,
Torrance, CA, United States

Mark Butlin, Macquarie Medical School, Faculty of
Medicine, Health and Human Sciences, Macquarie
University, Sydney, NSW, Australia

Marina Cecelja, British Heart Foundation Centre, King’s
College London, Department of Clinical Pharmacology,
St Thomas’ Hospital, London, United Kingdom

Chen-Huan Chen, Department of Medicine, National
Yang Ming Chiao Tung University College of Medi-
cine, Taipei, Taiwan; Institute of Public Health and
Community Medicine Research Center, National Yang
Ming Chiao Tung University College of Medicine,
Taipei, Taiwan; Department of Medical Education,
Taipei Veterans General Hospital, Taipei, Taiwan

Hao-Min Cheng, Department of Medicine, National Yang
Ming Chiao Tung University College of Medicine,
Taipei, Taiwan; Institute of Public Health and Com-
munity Medicine Research Center, National Yang Ming
Chiao Tung University College of Medicine, Taipei,

xv



Taiwan; Center for Evidence-based Medicine, Taipei
Veterans General Hospital, Taipei, Taiwan

Yi-Bang Cheng, National Research Centre for Transla-
tional Medicine, Centre for Epidemiological Studies
and Clinical Trials, Shanghai Key Laboratory of
Hypertension, The Shanghai Institute of Hypertension,
Department of Hypertension, Ruijin Hospital, Shanghai
Jiao Tong University School of Medicine, Shanghai,
Shanghai, China

Julio A. Chirinos, University of Pennsylvania Perelman
School of Medicine, Hospital of the University of
Pennsylvania and Perelman Center for Advanced
Medicine, Philadelphia, PA, United States; Ghent Uni-
versity, Ghent, Belgium

Phil Chowienczyk, British Heart Foundation Centre, King’s
College London, Department of Clinical Pharmacology,
St Thomas’ Hospital, London, United Kingdom

Shao-Yuan Chuang, Institute of Population Health
Science, National Health Research Institutes, Miaoli,
Taiwan

Marie-Annick Clavel, Institut Universitaire de Cardiologie
et de Pneumologie de Québec / Québec Heart & Lung
Institute, Laval University, Québec City, QC, Canada

Jordana B. Cohen, Renal-Electrolytes and Hypertension
Division, Perelman School of Medicine, University of
Pennsylvania, Philadelphia, PA, United States; Depart-
ment of Biostatistics, Epidemiology, and Informatics,
Perelman School of Medicine, University of Pennsyl-
vania, Philadelphia, PA, United States

Alexis M. Corcoran, Division of Pulmonary and Critical
Care Medicine, Department of Medicine, Brigham and
Women’s Hospital, Boston, MA, United States

William K. Cornwell, III, Department of Medicine-Car-
diology, University of Colorado Anschutz Medical
Campus, Aurora, CO, United States

Vicente F. CorraleseMedina, Department of Medicine,
Division of Infectious Diseases at the University of
Ottawa, The Ottawa Hospital Research Institute, Centre
for Infection, Immunity and Inflammation (CI3) at the
University of Ottawa, Ottawa, ON, Canada

Nancy Côté, Institut Universitaire de Cardiologie et de
Pneumologie de Québec / Québec Heart & Lung
Institute, Laval University, Québec City, QC, Canada

Thais Coutinho, Division of Cardiology, Division of
Cardiac Prevention & Rehabilitation, University of
Ottawa Heart Institute, Ottawa, ON, Canada

James Cox, Macquarie Medical School, Faculty of Medi-
cine, Health and Human Sciences, Macquarie Uni-
versity, Sydney, NSW, Australia

J.K. Cruickshank, Cardiovascular Medicine Group,
Division of Life-course/ Nutritional Sciences, Kings
College London, United Kingdom

Lu Dai, Division of Renal Medicine, Department of
Clinical Science, Intervention & Technology, Kar-
olinska University Hospital, Stockholm, Sweden

Stella S. Daskalopoulou, Fonds de recherche du Québec e
Santé e Boursier Clinicien e Senior, Director, Vascular
Health Unit, Department of Medicine, Division of
Internal Medicine, McGill University Health Centre,
McGill University, Montreal, QC, Canada

Kevin P. Davy, Virginia Tech, Blacksburg, VA, United
States

Marc L. De Buyzere, Department of Cardiology, Ghent
University Hospital, Ghent, Belgium

Paul B. Dieffenbach, Division of Pulmonary and Critical
Care Medicine, Department of Medicine, Brigham and
Women’s Hospital, Boston, MA, United States

Laurent Duca, UMR CNRS 7369 Matrice Extracellulaire
et Dynamique Cellulaire (MEDyC), Team 2: Matrix
Aging and Vascular Remodelling, Université de Reims
Champagne Ardenne (URCA), UFR Sciences Exactes
et Naturelles et UFR Médecine, Reims, France

Girish Dwivedi, School of Medicine, The University of
Western Australia, Crawley, WA, Australia; Depart-
ment of Cardiology, Fiona Stanley Hospital, Murdoch,
WA, Australia; Department of Advanced Clinical and
Translational Cardiovascular Imaging, Harry Perkins
Institute of Medical Research, Murdoch, WA, Australia

David G. Edwards, Department of Kinesiology and
Applied Physiology, University of Delaware, Newark,
DE, United States

William B. Farquhar, Department of Kinesiology and
Applied Physiology, University of Delaware, Newark,
DE, United States

Bo Fernhall, University of Illinois at Chicago, Chicago,
IL, United States

John S. Floras, Toronto General Research Institute,
Toronto, ON, Canada; University Health Network and
Mount Sinai Hospital, Division of Cardiology, Depart-
ment of Medicine, University of Toronto, Toronto, ON,
Canada

xvi Contributors



Laura E. Fredenburgh, Division of Pulmonary and Crit-
ical Care Medicine, Department of Medicine, Brigham
and Women’s Hospital, Boston, MA, United States

Masafumi Fukumitsu, Department of Pulmonary Medi-
cine, Amsterdam Universitair Medische Centra, Vrije
Universiteit Amsterdam, Amsterdam Cardiovascular
Sciences, Amsterdam, the Netherlands

L. Gafane-Matemane, Hypertension in Africa Research
Team; MRC Unit for Hypertension and Cardiovascular
Disease, North-West University, South Africa

Nestor Gahungu, Royal Perth Hospital, Victoria Square,
Perth, WA, Australia

Ahmed K. Ghanem, Department of Cardiology, The
Lundquist Institute at Harbor-UCLA, Torrance, CA,
United States

Thierry C. Gillebert, Department of Cardiology, Ghent
University and Ghent University Hospital, Ghent,
Belgium

Philippe Gillery, UMR CNRS 7369 Matrice Extracellu-
laire et Dynamique Cellulaire (MEDyC), Team 2:
Matrix Aging and Vascular Remodelling, Université de
Reims Champagne Ardenne (URCA), UFR Sciences
Exactes et Naturelles et UFR Médecine, Reims, France;
Department of Biochemistry, University Hospital Cen-
ter, Reims, France

Delphine Gomez, Pittsburgh Heart, Lung, Blood, and
Vascular Medicine Institute, University of Pittsburgh,
Pittsburgh, PA, United States; Department of Medicine,
Division of Cardiology, University of Pittsburgh,
Pittsburgh, PA, United States

Ezequiel Guzzetti, Institut Universitaire de Cardiologie et
de Pneumologie de Québec / Québec Heart & Lung
Institute, Laval University, Québec City, QC, Canada

Bernhard Hametner, Center for Health & Bioresources,
Austrian Institute of Technology (AIT), Vienna, Austria

Junichiro Hashimoto, Miyagi University of Education
Medical Center, Sendai, Miyagi, Japan

Kevin S. Heffernan, Syracuse University, Syracuse, NY,
United States

Brooks A. Hibner, University of Illinois at Chicago,
Chicago, IL, United States

Sam Hobson, Division of Renal Medicine, Department of
Clinical Science, Intervention & Technology, Kar-
olinska University Hospital, Stockholm, Sweden

Nien-Wen Hu, J. Crayton Pruitt Family Department of
Biomedical Engineering, University of Florida, Gain-
esville, FL, United States

T.M. Hughes, Department of Internal Medicine, Wake
Forest School of Medicine, Winston-Salem, NC, United
States

Jay D. Humphrey, Department of Biomedical Engineer-
ing, School of Engineering and Applied Science, Yale
University, New Haven, CT, United States; Vascular
Biology and Therapeutics Program, Yale School of
Medicine, New Haven, CT, United States

Stéphane Jaisson, UMR CNRS 7369 Matrice Extracellu-
laire et Dynamique Cellulaire (MEDyC), Team 2:
Matrix Aging and Vascular Remodelling, Université de
Reims Champagne Ardenne (URCA), UFR Sciences
Exactes et Naturelles et UFR Médecine, Reims, France;
Department of Biochemistry, University Hospital
Center, Reims, France

Nadjia Kachenoura, Sorbonne Université, INSERM,
CNRS, Laboratoire d’Imagerie Biomédicale, Paris, France

Kazuomi Kario, Division of Cardiovascular Medicine,
Department of Medicine, Jichi Medical University
School of Medicine, Shimotsuke, Tochigi, Japan; The
Hypertension Cardiovascular Outcome Prevention and
Evidence in Asia (HOPE Asia) Network, Tokyo, Japan

Prasad V.G. Katakam, Tulane University School of
Medicine, New Orleans, LA, United States

Goro Katsuumi, Department of Cardiovascular Biology
and Medicine, Juntendo University Graduate School of
Medicine, Tokyo, Japan

Avinash Kondiboyina, Heart Research, Murdoch Child-
ren’s Research Institute, Parkville, VIC, Australia;
Department of Paediatrics, University of Melbourne,
Parkville, VIC, Australia

Sándor J. Kovács, Cardiovascular Division, Department
of Medicine, Washington University in Saint Louis,
School of Medicine, Saint Louis, Missouri, United
States

R. Kruger, Hypertension in Africa Research Team; MRC
Unit for Hypertension and Cardiovascular Disease,
North-West University, South Africa

Karolina Kublickiene, Division of Renal Medicine,
Department of Clinical Science, Intervention & Technol-
ogy, Karolinska University Hospital, Stockholm, Sweden

Patrick Lacolley, Université de Lorraine, Inserm, DCAC,
Nancy, France

Muriel Laffargue, INSERM UMR 1048, Institut des
Maladies Métaboliques et Cardiovasculaires (I2MC),
Toulouse, France

Arinola O. Lampejo, J. Crayton Pruitt Family Department
of Biomedical Engineering, University of Florida,
Gainesville, FL, United States

Contributors xvii



Agne Laucyte-Cibulskiene, Division of Renal Medicine,
Department of Clinical Science, Intervention & Tech-
nology, Karolinska University Hospital, Stockholm,
Sweden; Department of Nephrology; Skåne University
Hospital, Malmö, Sweden

Stéphane Laurent, Department of Pharmacology and
Hôpital Européen Georges Pompidou, Paris, France;
INSERM, U970, Paris Cardiovascular Research Center,
PARCC, Paris, France; Université de Paris, Paris,
France; Assistance Publique, Hopitaux de Paris, Paris,
France

Hae-Young Lee, Department of Internal Medicine, Seoul
National University College of Medicine, Jongno-Gu,
Seoul, South Korea

Wesley K. Lefferts, University of Illinois at Chicago,
Chicago, IL, United States; Iowa State University,
Ames, IA, United States

Elizabeth C. Lefferts, University of Illinois at Chicago,
Chicago, IL, United States; Iowa State University,
Ames, IA, United States

Adelino F. Leite-Moreira, Department of Surgery and
Physiology, Cardiovascular Research Centre, Faculty of
Medicine of the University of Porto, Porto, Portugal;
Department of Cardiothoracic Surgery, São João Hos-
pital Centre, Porto, Portugal

Chee H. Liew, National Institute for Prevention and Car-
diovascular Health, National University of Ireland
Galway, Galway, Ireland

Joao A.C. Lima, Departments of Cardiology/Medicine and
Radiology, Johns Hopkins University, Baltimore, MD,
United States

André P. Lourenço, Department of Surgery and Physiol-
ogy, Cardiovascular Research Centre, Faculty of Med-
icine of the University of Porto, Porto, Portugal;
Department of Anaesthesiology, São João Hospital
Centre, Porto, Portugal

Kaisa Maki-Petaja, Experimental Medicine and Immu-
notherapeutics, University of Cambridge, Cambridge,
United Kingdom

Marcy Maracle, Schulich School of Medicine and Den-
tistry, Western University, London, ON, Canada

Laurent Martiny, UMR CNRS 7369 Matrice Extracellu-
laire et Dynamique Cellulaire (MEDyC), Team 2:
Matrix Aging and Vascular Remodelling, Université de
Reims Champagne Ardenne (URCA), UFR Sciences
Exactes et Naturelles et UFR Médecine, Reims, France

Pascal Maurice, UMR CNRS 7369 Matrice Extracellulaire
et Dynamique Cellulaire (MEDyC), Team 2: Matrix
Aging and Vascular Remodelling, Université de Reims

Champagne Ardenne (URCA), UFR Sciences Exactes
et Naturelles et UFR Médecine, Reims, France

Christopher C. Mayer, Center for Health & Bioresources,
Austrian Institute of Technology (AIT), Vienna, Austria

Barry J. McDonnell, Cardiovascular Physiology Research
Group, Cardiff School of Sport & Health Sciences, Car-
diff Metropolitan University, Cardiff, United Kingdom

John W. McEvoy, National Institute for Prevention and
Cardiovascular Health, National University of Ireland
Galway, Galway, Ireland; Ciccarone Center for the Pre-
vention of Cardiovascular Disease, Johns Hopkins Uni-
versity School of Medicine, Baltimore, MD, United States

M.L. Meyer, Department of Emergency Medicine, School
of Medicine, University of North Carolina at Chapel
Hill, Chapel Hill, NC, United States

Jean-Baptiste Michel, Inserm UMR_S 1148, CHU X.
Bichat, Paris, France

Philip J. Millar, Department of Human Health and
Nutritional Sciences, University of Guelph, Guelph,
ON, Canada; Toronto General Research Institute, Tor-
onto, ON, Canada

Tohru Minamino, Department of Cardiovascular Biology
and Medicine, Juntendo University Graduate School of
Medicine, Tokyo, Japan; Japan Agency for Medical
Research and Development-Core Research for Evolu-
tionary Medical Science and Technology (AMED-
CREST), Japan Agency for Medical Research and
Development, Tokyo, Japan

Gary F. Mitchell, Cardiovascular Engineering, Inc., Nor-
wood, MA, United States

Walter L. Murfee, J. Crayton Pruitt Family Department of
Biomedical Engineering, University of Florida, Gain-
esville, FL, United States

Jonathan P. Mynard, Heart Research, Murdoch Child-
ren’s Research Institute, Parkville, VIC, Australia;
Department of Paediatrics, University of Melbourne,
Parkville, VIC, Australia; Department of Biomedical
Engineering, University of Melbourne, Parkville, VIC,
Australia

Massimo Nardone, Department of Human Health and
Nutritional Sciences, University of Guelph, Guelph,
ON, Canada

Peter M. Nilsson, Lund University, Department of Clinical
Sciences, Skane University Hospital, Malmö, Sweden

Kevin O’Gallagher, Department of Clinical Pharmacol-
ogy, School of Cardiovascular Medicine and Sciences,
King’s College London British Heart Foundation Cen-
tre, St. Thomas’ Hospital, London, United Kingdom

xviii Contributors



Yoshiaki Ohyama, Departments of Cardiology/Medicine
and Radiology, Johns Hopkins University, Baltimore,
MD, United States; Clinical Investigation and Research
Unit, Gunma University Hospital, Maebashi, Japan

Kazunori Omote, Mayo Clinic, Rochester, MN, United
States

Jeong Bae Park, Department of Precision Medicine and
Biostatistics, Yonsei University Wonju College of
Medicine, Seoul, Republic of Korea

Shayn M. Peirce, Department of Biomedical Engineering,
University of Virginia, Charlottesville, VA, United
States

Philippe Pibarot, Institut Universitaire de Cardiologie et
de Pneumologie de Québec / Québec Heart & Lung
Institute, Laval University, Québec City, QC, Canada

Gary L. Pierce, University of Iowa, Iowa City, IA, United
States

Stuart B. Prenner, University of Pennsylvania Perelman
School of Medicine, Hospital of the University of
Pennsylvania and Perelman Center for Advanced
Medicine, Philadelphia, PA, United States

Athanase Protogerou, Cardiovascular Prevention and
Research Unit, Clinic-Laboratory of Pathophysiology,
Laiko Hospital, Medical School, National and Kapo-
distrian University of Athens, Athens, Greece

Reed E. Pyeritz, Perelman School of Medicine, University
of Pennsylvania Health System, Philadelphia, PA,
United States

Michael A. Quail, Department of Pediatric Cardiology,
Great Ormond Street Hospital for Children and Uni-
versity College London, London, United Kingdom

Yogesh N.V. Reddy, Mayo Clinic, Rochester, MN, United
States

Alban Redheuil, Sorbonne Université, INSERM, CNRS,
Laboratoire d’Imagerie Biomédicale, Paris, France;
Cardiovascular and Thoracic Imaging, Hôpital La Pitié-
Salpêtrière, AP-HP, Sorbonne Université, Paris, France

Véronique Regnault, Université de Lorraine, Inserm,
DCAC, Nancy, France

Rakhshinda Rehman, Division of Pulmonary and Critical
Care Medicine, Department of Medicine, Brigham and
Women’s Hospital, Boston, MA, United States

Ernst R. Rietzschel, Department of Cardiology (Internal
Medicine & Pediatrics), Ghent University, Ghent, Bel-
gium; Biobanking and Cardiovascular Epidemiology,
Ghent University Hospital, Ghent, Belgium

Béatrice Romier-Crouzet, UMR CNRS 7369 Matrice
Extracellulaire et Dynamique Cellulaire (MEDyC),
Team 2: Matrix Aging and Vascular Remodelling,

Université de Reims Champagne Ardenne (URCA),
UFR Sciences Exactes et Naturelles et UFR Médecine,
Reims, France

Jasjit Rooprai, Department of Medicine, University of
Toronto, Toronto, ON, Canada

Lucia Salvi, Medicina II Cardiovascolare, AUSL-IRCCS
di Reggio Emilia, Italy

Paolo Salvi, Istituto Auxologico Italiano, IRCCS, Car-
diology Unit, Milan, Italy

Hervé Sartelet, UMR CNRS 7369 Matrice Extracellulaire
et Dynamique Cellulaire (MEDyC), Team 2: Matrix
Aging and Vascular Remodelling, Université de Reims
Champagne Ardenne (URCA), UFR Sciences Exactes
et Naturelles et UFR Médecine, Reims, France

Christian E.H. Schmelzer, Institute of Pharmacy, Faculty
of Natural Sciences I, Martin Luther University Halle-
Wittenberg, Halle (Saale), Germany; Fraunhofer Insti-
tute for Microstructure of Materials and Systems
IMWS, Halle (Saale), Germany

A.E. Schutte, Hypertension in Africa Research Team;
MRC Unit for Hypertension and Cardiovascular Dis-
ease, North-West University, South Africa; School of
Population Health, University of New South Wales, The
George Institute for Global Health, Sydney, Australia

Angelina Schwarz, Division of Renal Medicine, Depart-
ment of Clinical Science, Intervention & Technology,
Karolinska University Hospital, Stockholm, Sweden

Patrick Segers, Faculty of Biomedical Sciences, Institute
of Biomedical Engineering and Technology, Ghent
University, Ghent, Belgium

James E. Sharman, Menzies Institute for Medical Research,
University of Tasmania, Hobart, TAS, Australia

Ippei Shimizu, Department of Cardiovascular Biology and
Medicine, Juntendo University Graduate School of
Medicine, Tokyo, Japan

Marc A. Simon, Division of Cardiology, Department of
Medicine, University of California, San Francisco
(UCSF), San Francisco, CA, United States

Piera Sosa, Meharry Medical College, Nashville, TN,
United States

Bart Spronck, Department of Biomedical Engineering,
School of Engineering and Applied Science, Yale
University, New Haven, CT, United States; Department
of Biomedical Engineering, CARIM School for
Cardiovascular Diseases, Maastricht University, Maas-
tricht, the Netherlands

Peter Stenvinkel, Division of Renal Medicine, Department
of Clinical Science, Intervention & Technology, Kar-
olinska University Hospital, Stockholm, Sweden

Contributors xix



Eric J. Stöhr, Cardiovascular Physiology Research Group,
Cardiff School of Sport & Health Sciences, Cardiff
Metropolitan University, Cardiff, United Kingdom;
Department of Medicine, Division of Cardiology,
Columbia University Irving Medical Center, New York,
NY, United States

M. Strauss-Kruger, Hypertension in Africa Research
Team; MRC Unit for Hypertension and Cardiovascular
Disease, North-West University, South Africa

Ariana Suarez-Martinez, J. Crayton Pruitt Family
Department of Biomedical Engineering, University of
Florida, Gainesville, FL, United States

Masayoshi Suda, Department of Cardiovascular Biology
and Medicine, Juntendo University Graduate School of
Medicine, Tokyo, Japan

Shih-Hsien Sung, Department of Medicine, National Yang
Ming Chiao Tung University College of Medicine,
Taipei, Taiwan; Department of Medicine, Taipei Vet-
erans General Hospital, Taipei, Taiwan

Isabella Tan, Macquarie Medical School, Faculty of
Medicine, Health and Human Sciences, Macquarie
University, Sydney, NSW, Australia

Dimitrios Terentes-Printzios, First Department of Cardiol-
ogy, Hippokration Hospital, Medical School, National
and Kapodistrian University of Athens, Athens, Greece

Raymond R. Townsend, Perelman School of Medicine,
University of Pennsylvania Health System, Phila-
delphia, PA, United States

Andrew H. Tran, The Heart Center, Nationwide Child-
ren’s Hospital, Columbus, OH, United States; The Ohio
State University, Columbus, OH, United States

Elaine M. Urbina, Division of Cardiology, Cincinnati
Children’s Hospital Medical Center, Cincinnati, OH,
United States; University of Cincinnati, Cincinnati, OH,
United States

Bharath Ambale Venkatesh, Departments of Cardiology/
Medicine and Radiology, Johns Hopkins University,
Baltimore, MD, United States

Charalambos Vlachopoulos, First Department of Car-
diology, Hippokration Hospital, Medical School,
National and Kapodistrian University of Athens, Ath-
ens, Greece

Anton Vonk Noordegraaf, Department of Pulmonary
Medicine, Amsterdam Universitair Medische Centra,
Vrije Universiteit Amsterdam, Amsterdam Car-
diovascular Sciences, Amsterdam, the Netherlands

Amandine Wahart, UMR CNRS 7369 Matrice Extrac-
ellulaire et Dynamique Cellulaire (MEDyC), Team 2:
Matrix Aging and Vascular Remodelling, Université

de Reims Champagne Ardenne (URCA), UFR Scien-
ces Exactes et Naturelles et UFR Médecine, Reims,
France; INSERM UMR 1048, Institut des Maladies
Métaboliques et Cardiovasculaires (I2MC), Toulouse,
France

Ji-Guang Wang, National Research Centre for Transla-
tional Medicine, Centre for Epidemiological Studies
and Clinical Trials, Shanghai Key Laboratory of
Hypertension, The Shanghai Institute of Hypertension,
Department of Hypertension, Ruijin Hospital, Shanghai
Jiao Tong University School of Medicine, Shanghai,
Shanghai, China

Siegfried Wassertheurer, Center for Health & Bio-
resources, Austrian Institute of Technology (AIT),
Vienna, Austria

Andrew James Webb, Department of Clinical Pharma-
cology, School of Cardiovascular Medicine and
Sciences, King’s College London British Heart Foun-
dation Centre, St. Thomas’ Hospital, London, United
Kingdom

Thomas Weber, Cardiology Department, Klinikum Wels-
Grieskirchen, Wels, Paracelsus Medical University,
Salzburg, Austria

Berend E. Westerhof, Department of Pulmonary Medi-
cine, Amsterdam Universitair Medische Centra, Vrije
Universiteit Amsterdam, Amsterdam Cardiovascular
Sciences, Amsterdam, the Netherlands

Ian B. Wilkinson, Experimental Medicine and Immuno-
therapeutics, University of Cambridge, Cambridge,
United Kingdom; Addenbrooke’s Hopital, Cambridge,
United Kingdom

Yohko Yoshida, Department of Cardiovascular Biology
and Medicine, Juntendo University Graduate School of
Medicine, Tokyo, Japan

xx Contributors



Foreword

Ernesto L. Schiffrin, CM, MD, PhD, FRSC, FRCPC, FACP
Physician-in-Chief, Sir Mortimer B. Davis-Jewish General Hospital, Director, Hypertension and Vascular Research, Lady Davis Institute of Medical

Research, Distinguished James McGill Professor and Associate Chair, Department of Medicine, McGill University, Montreal, Canada;

Editor-in-Chief, The American Journal of Hypertension

Arterial Stiffness and Pulsatile Hemodynamics in Health
and Disease, edited by Julio A. Chirinos, MD, PhD, arrives
to us at a time when the field of arterial stiffness has come
full circle from experimental to clinical and therapeutic
implications, including its potential applications to patients
in the clinic. It is not an easy area of research and clinical
understanding for most physicians, because of the physical
and mathematical aspects that tend to be beyond their
knowledge and typical clinical training curricula. There-
fore, a text that fills the gap between biophysics, biology,
physiology, clinical application, epidemiology, and thera-
peutics applied to a range of vessels throughout the body
and different clinical conditions is certainly very welcome.
In particular, it is important that the text is accessible to
experts in different fields at all these levels, thanks to the
ability to explain difficult concepts in detail but with clarity
and some degree of simplicity, and that is what Arterial
Stiffness and Pulsatile Hemodynamics in Health and Dis-
ease does throughout its two volumes, with homogenous
prose despite being multiauthored. Dr. Chirinos has
managed to summon a group of writers for all chapters that
comprises the “who’s who” of the field of arterial stiffness
and pulsatile hemodynamics from North America, Europe,
Asia, and Australia.

The book is organized in sections that deal with suc-
cessive aspects of vascular stiffness and its consequences.
The first section addresses biophysical principles of pressure,
flow, pulsatile hemodynamics, aortic structure, wall

stiffness, and hemodynamic function. This is followed by a
section on pulsatile hemodynamics of the arterial vasculature
and its impact on the left ventricular function, and the
microcirculation. The following section deals with the
biology of arterial stiffening including associated effects on
elastin, inflammation and calcification, and mechanisms of
cellular aging, and dysfunction of smooth muscle and the
endothelium. The clinical and epidemiological aspects of
arterial stiffness and its role in cardiovascular prevention and
different disease conditions, including hypertension, obesity,
diabetes, heart failure, coronary artery disease, chronic kid-
ney disease, cognitive decline, and pregnancy among others,
follow in the next section. The primary aortopathies and
conditions associated with low pulsatility such as use of left
ventricular assist devices are described next. The following
section addresses therapeutic implications of large artery
stiffness and effects of exercise, weight control, and drugs,
both presently in use and potential new drugs for the future.
The last section addresses stiffening of the pulmonary cir-
culation, including pulmonary hypertension.

Throughout this book the different authors manage to
present complex concepts in a way that can be understood
by the uninitiated, who could be expert in other aspects of
this subject matter. Undoubtedly this is an authoritative
textbook that will familiarize the biomedical community
with the field, and facilitate the use of the knowledge ac-
quired so far on arterial stiffness to improve patient
outcomes.
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Preface

The field of arterial stiffness and pulsatile hemodynamics
has significantly expanded over the last few decades.
Increasingly, epidemiologists, clinicians, engineers, and
biologists recognize the importance of large artery stiff-
ening in various disease states. The role of large artery
stiffness and pulsatile hemodynamics in cardiovascular
aging is also widely recognized. However, there remains a
gap between the biophysical and theoretical concepts and
clinical practice. The aim of this textbook is to provide a
comprehensive reference on arterial stiffness and pulsatile
hemodynamics, covering the intersection of clinical, bio-
logic, epidemiologic, and biophysical concepts.

We intend for the audience of this book to be composed
of clinical and basic science investigators interested in
arterial stiffness, physicians and other healthcare providers,
epidemiologists and biomedical engineers. Whereas excel-
lent books are already available covering various aspects of
this field, in many cases, these are highly specialized, are
mathematically-oriented, are restricted to specific knowl-
edge areas, or deal exclusively with clinical or biologic as-
pects without discussing hemodynamic mechanisms linking
arterial stiffness and pulsatile hemodynamics with disease
pathophysiology. Therefore, we intended to produce a book
that introduces the interested reader to this field in relatively
simple terms but at the same time covers, with reasonable
depth, a broad range of relevant topics in biophysics,
biology, epidemiology, and clinical medicine.

Despite the increasing recognition of this field, studies on
arterial stiffness and pulsatile hemodynamics are often mis-
interpreted or underappreciated from a clinical standpoint. I
believe that a proper interpretation of the field is nevertheless
essential for a better understanding of multiple clinical con-
ditions and disease states. One of the barriers to a better
integration and data interpretation is that clinicians and bi-
ologists tend to be less familiar with the biophysical aspects
of this field, whereas engineers naturally tend to be less
familiar with the clinical and biologic aspects. Yet, a basic
understanding of both is essential to drive the field forward
and to adequately interpret available data. There is a need for
a reference that: (a) presents complex engineering concepts in
a readable format for individuals trained in clinical medicine,
biology, or epidemiology rather than engineering; (b) clearly
discusses the clinical implications of pulsatile hemodynamics

and arterial stiffness; and (c) provides a comprehensive re-
view of key biologic pathways involved in arterial stiffening.
This textbook intends to fill this gap.

Throughout the textbook, we utilize stand-alone basic
concept boxes to deal with: (1) biophysics concepts that
clinicians would be either be unlikely to be familiar with,
but that would be very useful for understanding the topic;
(2) clinical or biologic concepts that nonclinicians or non-
biologists (i.e., bioengineers) are unlikely to be familiar but
that are essential to understand the topic. We also utilize
stand-alone "in-depth" boxes to develop more advanced
concepts that clinicians or biologists are unlikely to be
eager to study in depth due to relatively complex math or
biophysics, even though a mathematically oriented person
(such as a bioengineer) would find very useful. Stand-alone
boxes are mentioned and are useful to understand the main
text in the chapters, but should in general not be absolutely
necessary to follow its flow. To the extent possible, math-
ematical principles are explained in the main text without
complicated formulas, in a conceptual manner.

The book is organized into six sections. Section I deals
with the biophysical and technical principles involved in
the measurements and interpretation of pressure, flow,
pulsatile hemodynamics, aortic structure, wall stiffness, and
hemodynamic function, and is not considered optional but
rather essential to better understand the rest of the book.
Most of the content in this section deals with in vivo as-
sessments, particularly in humans, but a dedicated chapter
in this section deals with animal models and ex vivo
methods to study arterial stiffness. Section II deals with
basic anatomic and physiologic considerations, including
the hemodynamic role of the aorta, pulsatile hemodynamics
in the arterial tree, ventricular physiology, ventriculare
arterial interactions (as they relate to both load and
myocardial oxygen supply), and the microcirculation.
Section III deals with the biologic pathways leading to
arterial stiffening and dysfunctional pulsatile hemody-
namics, including elastin breakdown and associated pro-
cesses, inflammation, aortic wall calcification, smooth
muscle dysfunction, endothelial dysfunction, autonomic
dysfunction, and cellular mechanisms of aging. Section IV
deals with clinical and epidemiologic aspects of arterial
stiffness and pulsatile hemodynamics, including normal,

xxiii



supernormal, and early vascular aging, ethnic differences,
and the role of arterial stiffness in cardiovascular prevention
strategies and in various disease states, such as hyperten-
sion, obesity, diabetes, exercise intolerance, heart failure,
aortic valve disease, coronary artery disease, age-related
cognitive dysfunction, chronic kidney disease, pregnancy
related complications, congenital heart disease, and the
cardiovascular complications of infectious diseases. Addi-
tional chapters deal with relevant aspects of primary arte-
riopathies and clinical situations associated with low arterial
pulsatility (particularly, implanted left ventricular assist
devices). Section V deals with therapeutic approaches to
improve arterial stiffness and pulsatile hemodynamics,
including discussions of standard vasoactive drugs in cur-
rent use, as well as novel drugs, nonpharmacologic ap-
proaches (exercise training, diet), and personalized
medicine strategies. Finally, Section VI deals with the
pulmonary circulation, with an emphasis on pulmonary

arterial stiffening, right ventricularepulmonary arterial in-
teractions, and pulmonary hypertension.

Throughout this book, we intend to discuss the relevant
biophysics, presenting complex engineering concepts in a
simplified format. Similarly, we intend to place the
importance of arterial stiffness in the appropriate clinical
context, ultimately keeping in mind how this field can aid
in patient care and development of novel therapies. I have
been extremely fortunate to have the support of a large
number of internationally recognized experts, who have
selflessly contributed their time, effort, and deep expertise
to write the various chapters in this book, providing
authoritative reviews about the state-of-the-art in their
respective topics. I hope that this textbook will help
advance the field, that it will be an aid to educators in this
field, and that it will contribute to the training of the next
generation of investigators dedicated to the study of arterial
stiffness and pulsatile hemodynamics.
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Preamble

In the absence of a single “true and comprehensive” mea-
sure of this phenomenon, a plethora of parameters have
been put forward, all very partially and incompletely
describing different aspects of the underlying process of
“arterial aging,” While this chapter describes the insights
gleaned from some of the more well-studied of these pa-
rameters, these limitations are best kept in mind to avoid
the pitfall of reductionism of the aging process toward a
single imperfect parameter.

Insights from cross-sectional
epidemiological and cohort data

Blood pressure and pulse wave velocity

Aging is complex, and although many mechanisms are
implicated, fragmentation of elastin, one of the most
abundant extracellular matrix proteins in the arterial wall
(representing 50% of its dry weight) is certainly a key
process.1 Elastogenesis is restricted to fetal life and infancy,
and any damagedbe it proteolytic, mechanical, or
otherdthat does occur with age and disease is essentially
irreparable. Elastin in the arterial wall has an estimated
half-life of approximately 40 years.

Unsurprisingly, it is a common belief in physiology that
from the fourth decade of human life, aging of the arterial tree
takes a direction from which it does not recover anymore,
neither in the apparently healthy individual nor in the diseased.

Aortic strain and distensibility sharply decline from the
third to the fifth decade; a process mirrored by a rather steep
increase in carotid-femoral pulse wave velocity (cf-PWV)
which however lags by one or two decades (i.e., steep rise
beyond age 50). In concert, albeit not necessarily causally
linked, peripheral resistance and DBP increase.

Observations from the different cohorts of the Framingham
Heart Study, which have been consistently confirmed in
other settings, convincingly demonstrated that after the fifth
decade an (increased) diastolic blood pressure (DBP) is no
longer a leading blood pressure marker of arterial aging, but
that systolic blood pressure (SBP) and pulse pressure (PP)
rather aggressively take the lead, because DBP tends to
decrease as aortic stiffness increases (Fig. 26.1).2,3

Pulse wave velocity (PWV) isdbesides blood
pressuredone of easiest to measure and most studied pa-
rameters for which data are available from early childhood
until old age.

The Reference Values for Arterial Stiffness’ Collabo-
ration pooled data on 16,867 subjects from 13 different
research samples across eight European countries.4 Of
these, some 11,000 subjects were free from overt cardio-
vascular disease (CVD), nondiabetic, and untreated either
for hypertension or dyslipidemia. This collaboration was
sufficiently powered to provide robust reference values for
adults within the age range of below 30 years to above
70 years, and across blood pressure strata including sub-
jects with optimal/normal blood pressures.

The increase of cf-PWV with age could best be modeled
by a quadratic function with the importance of the quadratic
term increasing at higher age and at higher levels of
operating blood pressure. To illustrate, the increase in
average cf-PWV between the ages of 30 and 40 years was
w0.3 m/s, while between the ages of 60 and 70 years, this
was roughly double (w0.6 m/s). PWV at any age is linearly
related to BP and correspondingly at any BP level is
dependent on the quadratic age. The slope of the relation
between age (and MBP) and PWV increases by 1.5-fold
between the younger/lower BP and the elderly/higher BP,
a finding which was already previously well described
(Fig. 26.2).5,6
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Modeling of the data could be greatly simplified
because in the models there was no important residual in-
fluence of either smoking, dyslipidemia, or sex (a 0.1 m/s
higher average in men) after correction for age, quadratic
age, and mean blood pressure. This lack of a sex difference
in cross-sectional data is in striking contrast to the longi-
tudinal data (see below) (Fig. 26.3).7,8

There are some limitations to these reference data; a
major limitation of this collaborative effort was the almost
entirely Caucasian race of the subjects. Furthermore, data
described above refer to carotid-femoral PWV, and might
not be easily extrapolated to other PWV measures
encompassing arterial path lengths substantially beyond the
aorta (e.g., brachial-ankle PWV, cardiac-ankle vascular
index, etc). Recent insights from magnetic resonance im-
aging (MRI) are highly informative in this regard, as MRI
allows not only for precise calculation of arterial path
lengths but also opens the possibility of measuring
segmental PWV over various subsections of the aorta,

including sites less easily accessible by ultrasound. In a
sample of healthy volunteers aged 20 to 80 years, thoracic
aortic PWV (the more elastin-rich segment of the aorta
from the heart to above the diaphragm) showed a far
steeper age increase in PWV than the more muscular
abdominal aorta (see Fig. 26.4).9

Cross-sectional wave reflection data

Mitchell et al. and Torjesen et al. have described
cross-sectional sex-specific evolutions with aging of
reflection-related parameters within the framework of the
Framingham Heart Study.10,11 In their 2004 data, with
advancing age (>50) the forward wave amplitude increased
in contrast to the reflected wave amplitude which remained
rather stable. These cross-sectional observations may sug-
gest (cave: see also longitudinal trajectory studies below) that
the forward pressure wave drives the age-related increase in
(central) SBP and PP. Moreover, with aging the role of

FIGURE 26.1 Blood pressure
profiles in the US adult population
from the Third National Health and
Nutrition Examination Survey
(NHANES III). From Burt VL,
Whelton P, Roccella EJ, et al. Prev-
alence of Hypertension in the US
Adult Population: Results From the
Third National Health and Nutrition
Examination Survey, 1988e1991.
Hypertension. 1995; 25:305e313.

FIGURE 26.2 Pulse wave velocity increases
with age in the Reference Values for Arterial
Stiffness’ Collaboration. From The Reference
Values for Arterial Stiffness’ Collaboration. De-
terminants of pulse wave velocity in healthy people
and in the presence of cardiovascular risk factors:
‘establishing normal and reference values.’ Eur
Heart J. 2010; 31:2338e2350.
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central arterial stiffness seems to be more prominent (no
steep rise in carotid-brachial PWV with aging). Reasoning
with the concept of a “theoretical single effective reflecting
site,” effective reflective distance increased with aging in
both sexes but was minimally determined by height in
women. This is however a controversial issue (see studies by
Phan et al.12,13) which is further complicated by their sex-

specific evolution of reflected wave transit time (RWTT)
(increasing in women after age 50 and decreasing in men).

In the 2014 cross-sectional Framingham data, after age
50, the increase of the forward wave amplitude has been
confirmed with relatively small variations in the timing of
the inflection point and a sharp decline of the timing
for the backward wave foot. As a consequence, after

FIGURE 26.3 Distribution of pulse wave velocity (PWV) values according to age and blood pressure categories in a reference population of 11,092
subjects free from overt cardiovascular disease (CVD), nondiabetic, and untreated either for hypertension or dyslipidemia. From The Reference Values for
Arterial Stiffness’ Collaboration. Determinants of pulse wave velocity in healthy people and in the presence of cardiovascular risk factors: ‘establishing
normal and reference values.’ Eur Heart J. 2010; 31:2338e2350.

FIGURE 26.4 Pulse wave velocity shows a steeper increase with age in the thoracic compared to the abdominal aorta. From Devos DGH, Rietzschel E,
Heyse C, et al. MR pulse wave velocity increases with age faster in the thoracic aorta than in the abdominal aorta: MRPWV Shows Faster Aging Thoracic
Aorta. J Magn Reson Imag. 2015; 41:765e772.
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midlife, the timing of the inflection point was later than
that of the backward wave foot. Sex differences could be
partially explained by the characteristics of the LV ejec-
tion phase and morphology of the backward wave
(cave: see studies by Phan et al. for a different interpre-
tation of the data, below).

In the framework of the ASKLEPIOS Study, Segers
et al.14 described the cross-sectional effects of sex and age
on wave reflection parameters. Both the wave reflection
coefficient derived from impedance analysis and the ratio of
backward to forward pressure wave amplitude increased
from age 35 to 55 with little or no sex differences. How-
ever, evolution of the reflection parameters over a 10-y
trajectory (Round 2 ASKLEPIOS) revealed more accentu-
ated sex differences with even opposing trends in the
evolution of wave reflection! (see below).15 Thus, the
effective impact of aging on arterial system properties, in a
middle-aged population, might not be well reflected by
cross-sectional studies, which implies a compelling need
for longitudinal studies and for reasoning in early and adult
life trajectories (Fig. 26.5).

Insights from longitudinal cohort data:
the early life trajectory

There is a substantial wealth of epidemiological data
studying children which are subsequently reexamined in

(young) adulthood suggesting that genetics, the fetal phase,
and childhood risk factor burden jointly determine a blood
pressure/arterial stiffening trajectory that persists later in
life above and beyond the adult risk factor burden.

Beyond the impact of birth weight, gestational diabetes
and hypertensive disorders of pregnancy have been impli-
cated in programming higher offspring blood pressure tra-
jectories.16 The differences in blood pressure between
offspring of hypertensive pregnancies and offspring of
normotensive pregnancies persisted across childhood and
through adolescence. Importantly, higher maternal blood
pressure early in the pregnancy was found to have a larger
impact than pregnancy related blood pressure changes.17

Furthermore, higher offspring blood pressure in childhood
was present in the absence of other vascular alterations or
metabolic derangements, suggesting shared mother-
offspring risk factors for higher blood pressure rather
than the additional cardiometabolic abnormalities of hy-
pertensive pregnancies being causal for the long-term
consequences for the offspring.18

Tantalizing trajectory evidence also comes from genetic
data looking at the fundamental question whether “blood
pressure begets (increasing) blood pressure,” i.e., whether
higher blood pressure is associated with the higher rate of
change of blood pressure over time. Ference at al. evalu-
ated the effect of 12 polymorphisms associated with lower
SBP on the age-related rate of rise in SBP in a series of

FIGURE 26.5 Panel A and B depict Framingham data adapted, respectively, from Mitchell et al.10 and from Torjesen et al.11 Panel C depicts Asklepios
data from Segers et al. (upper part)14 and Campos-Arias et al. (lower part)15 BW, Backward wave; FW, Forward wave; Pb/Pf, the ratio of backward to
forward pressure wave amplitude; G1, wave reflection coefficient derived from impedance analysis.
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meta-regression analyses involving 199,477 participants in
63 studies.19 Evaluating the effect of higher or lower SBP
mediated by polymorphisms provided a naturally random-
ized (Mendelian) and therefore unconfounded estimate of
the causal effect of SBP on the usual age-related rise in
SBP. The authors found that randomly receiving poly-
morphisms associated with lower SBP was also indepen-
dently associated with a slower rise in SBP over time,
suggesting that SBP is causally related to the rate of rise in
SBP with age. Fig. 26.6 illustrates that the blood pressure
lowering effect increases with age at which the cohort is
investigated. These findings are quite distinct from the
genetics of other cardiovascular risk factors such as, for
example, low-density lipoprotein (LDL) cholesterol where
genetics provide a “set point” which does not evolve over
time. The findings by Ference at al. suggest that we are
inherently genetically programmed to be on a blood pres-
sure (and very likely arterial aging/stiffening) trajectory by
default.

A number of pivotal studies, among which (but not
limited to) the Bogalusa Heart Study, the Atherosclerosis
Risk in Young Adults (ARYA) Study, Childhood De-
terminants of Adult Health, Muscatine Study, and the
Cardiovascular Risk in Young Finns Study provided major
insights between childhood exposure to risk factors an adult
arterial status.

The Cardiovascular Risk in Young Finns Study inves-
tigated the cohort of 3696 children, initially investigated in
1980 when they were between the ages of 3 and 18 years.
Follow-up studies were conducted in childhood in 1983
and 1986 and in adulthood in 2001 and 2007, respectively,
21 and 27 years after the initial examination. This pivotal
cohort was phenotyped in depth and comprised a broad
spectrum of markers of arterial aging comprising (but not
limited to) intima-media thickness, cf-PWV, and carotid

distensibility, thereby often linking, confirming, and
extending results from other cohorts.

Childhood risk factor burden, defined by exceeding the
age- and sex-specific 80th percentiles of, respectively, LDL
cholesterol, blood pressure, or BMI, or cigarette smoking,
was associated with adult intima-media thickness 21 years
later even after adjustment for adult risk factors.22 Subse-
quently this finding was extended using a broader child-
hood risk factor construct, adding low HDL cholesterol,
diabetes, low physical activity, and infrequent food con-
sumption to the previous four risk factors. Juonala et al.
demonstrated a persisting accelerated IMT progression in
adulthood related to the childhood risk factor burden, in-
dependent of the adult risk factor burden.23

Interestingly, a more in-depth analysis of the impact of
the age at which the childhood risk factors were measured
on adult IMT was conducted by pooling data from the
Cardiovascular Risk in Young Finns, Childhood De-
terminants of Adult Health, Bogalusa Heart Study, and
Muscatine Study. In these pooled analyses on 4380 sub-
jects, adjusted odds ratios for elevated intima-media
thickness progressively increased with the childhood age
at which the risk factor burden was measured, becoming
significant from the age of 9 years onwards and failing to
reach statistical significance for risk factor burden measured
at ages six or below.24

Childhood risk factor burden (such as high LDL
cholesterol, low HDL cholesterol, elevated blood pressure,
skinfold thickness or BMI, high triglycerides, smoking, and
glucose levels) and lifestyle factors such as lower childhood
fruit and vegetable intake and lower levels of childhood
physical activity have been linked to higher adult cf-
PWV25e27 and carotid stiffness measures.28,29 However,
these findings were not universally replicated, e.g., in the
ARYA Study, no association between adolescent blood

FIGURE 26.6 Association between effect
of exposure alleles and systolic blood pres-
sure (SBP) measured at different ages.
Boxes represent the combined weighted
mean effect of 10 exposure alleles on SBP
(mm Hg) measured at four different ages:
10.7 and 38.7 years in the Young Finns
Cohort20 and 45 and 68 years in the Malmö
Preventive Project.21 Vertical lines represent
95% confidence interval (CI). The line rep-
resents the absolute increase in the com-
bined effect of these 10 polymorphisms on
SBP per year of increasing age. From Fer-
ence BA, Julius S, Mahajan N, Levy PD,
Williams KA, Flack JM. Clinical effect of
naturally random allocation to lower sys-
tolic blood pressure beginning before the
development of hypertension.Hypertension.
2014; 63:1182e1188.
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pressure and adult PWV was observed. This controversial
result could be at least partly explained by differences in
blood pressure measurement methods as they used only
single measurement from school health records rather than
measured blood pressure using the same protocol in the
entire cohort.30

Beyond traditional cardiovascular risk factors, and
lifestyle, socioeconomic status and adverse childhood ex-
periences (ACEs), have also shown to have a long-term
deleterious impact. In the Georgia Stress and Heart
Study, ACEs such as emotional, physical or sexual abuse,
physical or emotional neglect, household dysfunction
(substance abuse, mental illness, domestic violence, pres-
ence of a criminal household member, and parental marital
discord) before the age of 18 years were collected in a
cohort where blood pressures were measured 13 times on
average over a 23 year period.31 Individual growth curve
modeling within a multilevel framework was used to
examine the relation between exposure to ACEs and BP
development. The authors observed that participants who
were exposed to multiple ACEs displayed a graded and
greater increase in BP levels in young adulthood compared
with their counterparts without ACEs. Interestingly, Kivi-
mäki et al. suggested that early socioeconomic disadvan-
tage influences later blood pressure in part through an effect
on blood pressure in early life, which tracks into adulthood,
but also in part through an effect on BMI.32

Finally, in the Cardiovascular Risk in Young Finns
Study, better childhood socioeconomic status was linked to
lower arterial stiffness (lower cf-PWV and higher carotid

distensibility) in adulthood independent from childhood
cardiometabolic risk factor burden33

All in all, the long-term follow-up of these childhood
cohorts produced a remarkably broad and consistent set of
findings which show a persistent and ongoing effect of a
broad spectrum of childhood risk factors in (early) adult-
hood above and beyond the risk factor burden in adulthood.

In summary, exposure to risk factors, major life stresses
or an unhealthy lifestyle in childhood results in a clear,
persistent, and likely progressive adverse effects on
vascular health in adulthood. Similarly, a lifelong striving
to achieve and maintain the lowest possible cardiovascular
risk factor burden (ideal cardiovascular health) is likely to
translate into a substantially “better” arterial aging
trajectory.

These concepts form part of the underpinnings of the
vision from the Lancet Commission on hypertension which
envisages a life course strategy to address the global burden
of raised blood pressure.34 Focusing on the life course of an
individual, the sum of preventive measures is to try to shift
an individual toward an ideal life course, starting with
population-based strategies (public health approaches) from
birth (e.g., every child should ideally leave school as a
health literate adult). Based on the life course of the indi-
vidual crossing a number of avoidable thresholds such as
the development of elevated blood pressure, development
of subclinical target organ damage, or the development of
clinical disease, these population-based strategies are then
augmented by individualized strategies tailored to the in-
dividual’s needs and risk (Fig. 26.7).

FIGURE 26.7 The life course approach in
the Lancet Commission on Hypertension.
From Olsen MH, Angell SY, Asma S, et al. A
call to action and a lifecourse strategy to
address the global burden of raised blood
pressure on current and future generations:
the Lancet Commission on hypertension.
Lancet. 2016; 388:2665e2712.
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Insights from longitudinal cohort data:
the adult life trajectory

Manifestations in middle-aged and aged
individuals

One of the many merits of BLSA Study is that it drew the
attention of the Hypertension Society that a prediction model
of incident hypertension by a greater aging-induced cf-PWV
and an increased SBP is a far too simple amodel.7 The BLSA
authors’ linear-mixed models and also those from the Sar-
diNIA Study based on trajectories of repeated measurements
of cf-PWV and SBP clearly revealed sex-specific diverging
trajectories over time of rates of SBP (PP) versus rates of
PWV.8 In women the rate of change of SBP with age is
merely constant, whereas the rate of change of PWV is
steadily increasing.Men show a completely different course;
an initially increasing rate of change of SBP which rapidly
slows down during the fourth decade. The inversedU-shaped
form for the rate of change of SBP is not mirrored by the
trajectory for the rate of change of PWV. The latter showing
little or no sex dependency.35

Whether or not the sex differences in rates of change of
SBP have long-term consequences on the development of
heart failure and hard CV events is a matter of debate.
Nonetheless preliminary data from BLSA suggest that there
is a progressive arterialeventricular uncoupling (ratio of
arterial elastance and end-systolic LV elastance) with aging
that is more pronounced in women. More specifically, over
time the rate of change (increase) of the arterial component
was faster than the rate of increase of the ventricular
component.36 The trajectory of change of the arterial
component was largely sex-independent whereas in women
the trajectory of change of the ventricular component was at
a slower pace. AlGhatrif et al. (BLSA data) further
concluded that loss of arterial compliance (TAC) was the
main determinant of subject-specific rate of change of AV
uncoupling.36 Moreover, progressive AV uncoupling
occurred with aging and was more pronounced in women
and was inversely associated with rates of changes of end-
diastolic volume and stroke volume and directly associated
with rate of change of end-systolic volume. As the ratio of
the elastances can be approximated by ESV/SV, maintained
coupling is mostly associated with a longitudinal increase
of SV and a smaller increase of LV end-systolic volume.
However, the smaller increase of end-diastolic volume over
time is all but intuitive as one could expect commensurate
increases with end-systolic volume to maintain a favorable
position on the FrankeStarling curve (maintenance of
cardiac output).37 AlGhatrif et al. considered failure of end-
diastolic volume to sufficiently increase a pivotal early
consequence of AV uncoupling.36 Thus, the uncoupling
might be a sign of deviation from normal physiology pre-
ceding (diastolic) heart failure.

Ejection fraction

Ea/Ees can* also be written as (EDV-SV)/SV or (1/EF)-1, from

which

EF ¼ 1

1þ Ea
Ees

Most energy-efficient coupling happens when Ea/

Ees ¼ 0.5 giving an EF ¼ 0.67; with progressive uncoupling

and increase of Ea/Ees, EF declines. Many clinicians usually

misinterpret ejection fraction (EF) as a cardiac function

parameter while it rather reflects coupling.

* with the assumption of the intercept of end-systolic pressure-volume
relationship being zero.

Obviously, the ventricle can no longer match the in-
crease in arterial elastance at a certain stage of aging.38 Of
interest, conflicting results have been published with even a
longitudinal decline of the arterial component.39 The
physiology underlying arterial and ventricular aging might
be counteracted by pharmacological interventions. As a
consequence, analysis of cross-sectional data might not be
the best way to get insights into the natural history of
arterial stiffness, and longitudinal studies might come up
with different results (See also below, insights from the
second round in the ASKLEPIOS Study).14,15,40 In BLSA,
this is nicely illustrated by sex differences in baseline
coupling (ratio usually lower in women) but a higher rate of
increase in the ratio, mainly driven by smaller increase of
ventricular component, among women.

Data from the first round14 and recent novel insights
from the second round15 of the Belgian ASKLEPIOS Study
may reconcile those apparently diverging sex-specific tra-
jectories. Characteristic impedance (Zc) expressing
“impedance to flow” and integrating the concepts of prox-
imal aortic stiffness (PWV) and aortic diameter (dilatation)
might be the key to the enigma. Given the comparable rates
of change of PWV between the sexes and lower Zc in men
versus women, sex-specific changes in aortic diameters with
age are very likely involved (in concert with the water
hammer principle; please refer to Chapters 1 and 3 for a
discussion of this principle). The lower Zc in men has been
confirmed in the first round of the ASKLEPIOS Study
whereas BLSA has documented steeper increases of aortic
diameters with age in men.

Effects of aging on wave reflections

In the Framingham Heart Study, increased forward wave
(Pf) amplitude has been incriminated as a major determi-
nant of increasing PP with aging whereas wave reflections
were supposed to play a less prominent role. An expert
group headed by Mitchell10,41,42 have introduced mismatch
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between peak aortic flow and proximal aortic root proper-
ties (geometry and function) as one of the possible expla-
nations for those findings (impedance matching and
mismatching).43,44 Their concept started with observations
in systolic hypertension: elevated PP independent of mean
arterial pressure and attributable primarily to elevated Zc
and reduced effective diameter of the proximal aorta. In the
Framingham cohort, an age-related increase in aortic stiff-
ness, as compared with peripheral arterial stiffness, was
associated with increasing forward wave amplitude and PP
and reversal of the arterial stiffness gradient. Subsequently
higher forward pressure wave amplitude (a measure of
proximal aortic geometry and stiffness) was associated with
increased risk for incident CVD, whereas mean arterial
pressure and relative wave reflection (correlates of resis-
tance vessel structure and function) were not associated
with increased risk for incident CVD. Also in the multira-
cial population-based Dallas Heart Study, evidence for a
mismatch between proximal aortic stiffness and diameter in
young and middle-aged adults with isolated systolic hy-
pertension could be documented.45

An important limitation of using the “stiffness gradient”
as to support the concept of impedance matching with ag-
ing is that vessel impedance is dependent more prominently
on vessel size rather than vessel stiffness (as discussed in
Chapters 1, 3 and 11). Moreover, the impedance matching
at bifurcations is highly influenced by the area of the parent
vessel versus the summed area of the daughter branches,
which tends to minimize wave reflections in first order
(aortic) bifurcations even before age-related aortic stiff-
ening ensues.46,47

However, in 2016 Phan et al. revisited some of the
prevailing hypotheses.12,13

First, they started from earlier literature data of earlier
return of reflected waves contributing to elevated PPs.14

They emphasized the uttermost importance of the so-called
rectified wave reflections defined as backward waves that
re-reflect at cardiac structures and thereafter will propagate
as forward waves. They demonstrated that with increasing
arterial stiffness (in essence a higher PWV) rectified re-
flections should play a more dominant role. Thus, in the
natural history of aging, rectified waves may contribute
beyond and above the concept of classically defined for-
ward waves. However, one should bear in mind that in
reality forward waves should comprise part of the rectified
propagating waves. In their experiments at low amounts of
reflections in humans, indeed Pf nearly approximates the
product of aortic flow and Zc. At more realistic and higher
amounts of reflections, the divergence between Pf and this

product becomes larger and larger. Moreover, the backward
traveling waves also harbor both impedance matches and
mismatches. Phan et al. concluded that elevated (and even
earlier, see below) wave reflections contribute to increase of
PP with aging without the compelling need to introduce the
concept of altered proximal aortic properties. In addition,
with increasing stiffness (PWV) even repeated re-reflection
will occur resulting in a wider and more peaked forward
wave. Thus, one should not overestimate the role of
proximal aortic morphology and function in the natural
history of aging of the arterial tree and more particularly
one should not underestimate the role of rectified waves.

The major limitation for the validation of the work of
Phan et al. is the absence of sex-specific results and ex-
periments. Do the observed sex-specific interactions be-
tween changes of PWV and SBP (PP) with aging in the
linear-mixed modeling of the SardiNIA and BLSA trajec-
tories invalidate the experiments by Phan et al.?12,13 (Data
from the second round of the ASKLEPIOS Study might be
key to reconcile available data, as discussed below).

Second, the same authors (Phan et al.12,13) further
extended their insights into the physiology behind reflected
waves in the natural history of aging. They demonstrated
that the aging process is characterized by an earlier arrival
of reflected waves without a distal shift in reflection sites. It
is at odds with a common belief48 and some observations in
the Framingham Study of a shift of the reflection sites to
more distal locations at advanced age. Those researchers
further assumed an impedance matching of central and
muscular peripheral arteries allowing swift albeit delete-
rious energy transfers to the smaller arteries and the
microcirculation. The distal shift hypothesis has arisen from
an unproven assumption (suspicion) that the RWTT should
remain closely associated with the timing of the inflection
point (Tinf) during the natural history of aging. However,
there is little evidence from the point-of-view of physiology
that the assumption would hold true.49,50

Phan et al. studying unselected adults and some elderly
CVD patients reported on a remarkable expanding disso-
ciation with both age and stiffening of arteries (increasing
PWV) between Tinf (nearly constant over time) and RWTT
(dramatic decrease).12,13 Further application of basic rules
of physiology infers that effective reflection distance
(ERD ¼ 0.5 � RWTT � PWV) should not increase. On the
contrary there was a tendency that in both healthy and
unhealthy individuals, the apparent ERD was moving into
the direction of the heart with aging! It should be noted,
however, that the ERD is a purely theoretical construct (a
single reflection site), and not anatomically valid, given the
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prominent phase shifts at reflection sites, as reviewed in
Chapters 1, 3 and 11.

What are the consequences?

- Wave reflections will increase the pulsatile load with
aging, which might translate into diastolic dysfunction,
left ventricular hypertrophy/remodeling, and new-onset
(diastolic) heart failure. Thus, earlier arrival of wave re-
flections at the proximal aorta might be deleterious for
the heart and the brain.

- From an epidemiological point-of-view, the earlier return
of reflected waves is in line with earlier described charac-
teristics of input impedancewith increasing age: (i) shift of
the modulus minimum, (ii) shift of the phase zero-
crossings to increasing frequency, and (iii) impedance
modulus setting around Zc with increasing frequency.

Is there agreement or disagreement between the
ASKLEPIOS Study data and trajectories of PWV and SBP
(PP) in BLSA and SardiNIA? In the second round of the
ASKLEPIOS Study, overall, the effective 10-year increase
in cf-PWV was less than expected from first round cross-
sectional data, and cf-PWV was found to accelerate more
in women than in men.15 Interestingly, the increase in PWV
was not paralleled by a decrease in arterial volume
compliance, particularly in younger males. Aortic root
characteristic impedance decreased with age in younger
subjects while it increased for the older subjects in the
study. These changes suggest that aortic dilation and
elongation may play an important role determining the
longitudinal age-related changes in impedance parameters
in middle-age. Wave reflection decreased with aging,
whereas resistance increased in women and decreased in
men (Fig. 26.8).

Conclusions

One of largest paradigm shifts over the last decades in
epidemiology and preventive medicine is that unsuccessful
aging does not start in middle-aged individuals with an
already accumulated risk factor burden heralding “the eve
of destruction”: prevalent target organ damage and incident
hard cardiovascular events. Unsuccessful aging starts
earlier, much earlier. Accumulation of risk starts intra-
uterine and progressively continues during childhood and
adulthood. Therefore, the Lancet Commission on hyper-
tension has launched the idea of a lifelong striving to
achieve and maintain the lowest possible cardiovascular
risk burden. A considerable part of the evidence comes
from early life trajectories obtained in childhood cohorts
(e.g., Young Finns, Bogalusa Heart Study, Muscatine, and
CDAH) all pointing into the same direction that childhood
risk factors add up over and above the risk factor burden
accumulated in adulthood.

Separate population-based studies (e.g., NHANES III)
and adult life trajectories (e.g., BLSA, SardiNIA) over
decades allowed for mixed linear modeling and identified
some sex-specific longitudinal changes of SBP and PWV
(two parameters of particular interest for the description of
normal aging and with well-documented reference values).
In this chapter, from physiology point-of-view, we dis-
cussed the contributions of ventriculo-arterial coupling,
characteristic impedance and wave reflection parameters
(forward, backward, and rectified waves) in some large
population-based cohorts (e.g., Framingham, Dallas Heart,
Asklepios). Moreover, we tried to understand and rectify
two misunderstandings in the field of aortic stiffness: (i) the
overestimated role of the geometry and function of

FIGURE 26.8 Panel A depicts average aortic diameters (ascending, proximal descending, distal descending) for age groups by decade. Panel B depicts
estimated aortic lengths for age groups by decade. L1, length of the aortic arch; L2, length of the descending aorta. From Redheuil A, Yu W-C, Mousseaux
E, et al. Age-Related Changes in Aortic Arch Geometry. J Am College Cardiol. 2011; 58:1262e1270.
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the proximal aorta in the process of normal aging and (ii)
the unrealistic shift away from the heart of reflection sites
during normal aging. Finally, we tried to reconcile the
apparently conflicting data from observational studies by
more unifying suggestions derived from recently published
novel insights from round two of the Asklepios Study.
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The background and characteristics of
early vascular aging

The vascular tree, its morphology and function, is shaped
by evolution and subject to different positive or negative
influences during the life course of an individual reaching
senescence.1 Factors acting early in life, even before birth,
are of importance for the development and structure of the
vascular system, most notably for the wall of the large
elastic arteries,2 but also for smaller arteries and the
capillary density, both influencing central hemodynamics.3

This programming effect, that involves postnatal growth
patterns,4 may also be relevant for metabolic function and
the risk of insulin resistance and later on type 2 diabetes,
factors that are often linked to vascular changes and
increased cardiovascular disease (CVD) risk. As this risk in
general is clearly age-related, it is of interest to understand
if these factors acting early in life could also be instru-
mental, or mirror, processes that regulate the aging of or-
gans and the body as a whole. One argument to support this
is that the increasing longevity of people in western pop-
ulations are influenced not only by habits, economy, and
social factors but also to a large extent by improved con-
ditions for pregnant women, better birth outcomes, and
lower perinatal mortality during the 20th century. In fact,
fatal cardiovascular events are now becoming less preva-
lent. The burden on nonfatal events has increased and thus
the prevalence rate of CVD as more patients survive into
old age. Still, however, some individuals suffer from early
onset cardiovascular events and early biological versus
chronological aging,5 a process that is relevant to the early
vascular aging (EVA) concept.6 Of special relevance is the
postnatal catch up growth4 when small babies grow to

become overweight or obese adults when the risk of
vascular aging (VA) is increased.7

Atherosclerosis versus arteriosclerosis

Genetic factors affect the development of the arterial sys-
tem and the regulation of blood pressure that is a driving
force behind hypertension, and this may in turn interact
with vascular remodeling, i.e., functional and structural
changes of the large and small arteries. Later on athero-
sclerosis may develop, starting in the arterial intima and
leading to plaque formation and risk of thromboembolism
and cardiovascular events, a well-described pathophysio-
logical process.10 This process is enhanced by lipid accu-
mulation, hyperglycemia, oxidative stress, and chronic
inflammation besides the influence of hypertension.
Another process is the age-dependent stiffening of large
elastic arteries caused by changes starting in the arterial
media but later on involving also other layers of the
arterial wall (endothelium, adventitia), a process named
arterial stiffening or arteriosclerosis.11,12 For some in-
dividuals the combination of genetic susceptibility, early
life programming, unhealthy lifestyle, adverse social con-
ditions, and the burden of cardiovascular risk factors
(Fig. 27.1) will lead to earlier than expected, i.e. early
vascular aging (EVA), for which arteriosclerosis is the
hallmark. This is an effect that is measurable through
the stiffness of large elastic arteries, for example, via the
measurement of carotid-femoral pulse wave velocity (c-f
PWV), the gold standard for large artery wall stiffness.13,14

The EVA concept was first developed in 2008,15,16 but
several earlier researchers have discussed arterial aging in
general with a focus on endothelial dysfunction and
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morphological changes.17,18 However, following the
introduction of new technical devices for a more accurate
measurement of PWV, be it c-f PWV or brachial-ankle (b-
a) PWV, or in other ways, the interest in arterial stiffness
(arteriosclerosis) has rapidly increased. This interest has
been sparked by two consensus documents published in
200613 and 2012,14 as well as several longitudinal studies
in populations19e24 that have repeatedly documented that
increased PWV, the hallmark of EVA, is independently
predictive of cardiovascular events (nonfatal and fatal) as
well as total mortality. Two meta-analyses,25,26 including
one on individual data,26 clearly demonstrated the predic-
tive value of c-f PWV for cardiovascular (CV) events. In
parallel, several observational studies linked arterial stiff-
ness with CV risk factors.27e29 These data were summa-
rized in another consensus document published by the
European Society of Cardiology and the ARTERY society
in 2015, endorsing the concept of EVA and guiding on how
to measure arterial stiffness, an integrated biomarker of
cardiovascular risk.30 The Lancet Commission on Hyper-
tension also supported the EVA concept in 2016 and
applied it in a life course perspective for prevention and
treatment of vascular changes associated with hyperten-
sion.31 It was suggested that early intervention for pre-
vention had greater opportunities to reverse EVA as
compared to prevention starting in mid or later life.

Further studies have looked into other characteristics of
EVA, such as hyperglycemia, insulin resistance, chronic
inflammation, impaired renal function, or other

features.32e34 Still it has been difficult to fully define the
process of EVA and its contributing factors, as discussed in
several previous publications.35,36

Structural components of arterial wall
aging

Aortic stiffening accompanying age and cardiovascular risk
factors is caused by common mechanisms including
reduced elastin/collagen ratio, production of elastin cross-
linking, reactive oxygen species (ROS)-induced inflam-
mation, calcification, vascular smooth muscle cell stiffness,
and endothelial dysfunction.11,12

It is important to highlight the link between energy
balance, metabolic function, and regulatory systems of
longevity. A lower calorie intake, for example, has been
linked to increased survival in mammals such as rodents
and monkeys. Mitochondria and transmembrane nicotin-
amide adenine dinucleotide phosphate (NADPH) oxidases
(NOXs) are involved in the energy metabolism of the cell
and represent the two main sources of ROS that may
enhance the aging process, also linked to chronic inflam-
mation. Increased NOX4 expression/activity in vascular
smooth muscle cells (VSMC) mitochondria results in
increased mitochondrial oxidative stress inducing an
accelerated VA characterized by increased aortic pulse
wave velocity (PWV) and VSMC stiffening.37 Several
novel data suggest a role for the mitochondria in the pro-
cess of VA and therefore a potential future drug target.38

Lifestyle

Genetics /
Epigenetics

Chronologic
Aging

Socioeconomic
FactorsOther Risk Factors

(HTN, DM, etc)

Vascular      Aging

FIGURE 27.1 Vascular aging and its contributing
factors.
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Cross-talk between the micro- and
macrocirculation

Small and large artery alterations are closely interdependent
in response to aging and CV risk factors, particularly hy-
pertension and type 2 diabetes. Thus, any pathophysio-
logical approach of aortic stiffening should be paralleled by
considering the remodeling of small resistance arteries. We
previously suggested the existence of a cross-talk (as
opposed to a linear sequence) whereby changes in small
arteries affect the phenotype of larger arteries, and changes
in large arteries affect the phenotype of small arteries.8

Indeed, it is difficult to establish a temporal relationship
between small and large artery changes. The cross-talk
between the micro- and the macrocirculation8 promotes a
vicious circle, which can begin either from large vessels or
at the site of small arteries. This is well illustrated by the
effects of VA in hypertensive patients. Increased resistance
in small arteries increases mean BP, and then increases
arterial stiffness in the large elastic arteries, which
concomitantly with more pressure wave reflections in-
creases central SBP and 24-hour ambulatory brachial BP
variability, ultimately leading to target organ damage.8,9

The increased central BP pulsatility is in turn a factor of
small resistance artery damage, i.e., increased media-to-
lumen ratio of small resistance arteries and concomitant
reduction in lumen diameter, leading to a rise in mean BP,
and thus prolonging the vicious circle.

Vascular aging and target organ
damage

The small/large artery cross-talk has a synergistic effect on
the heart, brain, and kidney, in large part through a high
pulsatile energy that is delivered as central systolic or pulse
pressure. This aspect, which is well illustrated by hyper-
tension, is detailed in other chapters of this book. Briefly,
there is a large amount of evidence that central systolic and
pulse pressures are the most deleterious elements of the BP
load on the heart, brain, and kidney in hypertensives. Their
increase is better correlated with hypertension-mediated
organ damage than either brachial systolic and pulse pres-
sures or mean BP.9,39,40

Particularly, an interesting line of research has linked
arterial stiffness and VA to brain aging and the risk of
cognitive decline and dementia, at least for vascular de-
mentia.41 Several studies have shown that hypertension in
poor control is a risk factor not only for stroke but also for
white matter intensities and microbleeds,42 factors that may
further impair cognition. It may well be that a neuro-
cognitive reserve protects the brain from the effects of VA
(arterial stiffness) until it reaches high levels of c-f PWV
when cognitive impairment may become more visible.43

Poor sleep, for example, linked to obstructive sleep apnea,
is another aspect of brain function that may impact on VA
in a bidirectional way.44

Genetics and epigenetics

There are some rare genetic syndromes associated with
premature aging including vascular changes such as
HutchinsoneGilford Progeria in children45 and Werner’s
syndrome in middle-aged subjects,46 caused by dominant
genetic mutations. Another genetic syndrome affecting
large arteries is the vascular EhlerseDanlos syndrome47

presenting with very lax joints, arterial changes, and
increased risk of stroke.

From a genetic perspective, a few studies have specif-
ically focused on genetic markers of arterial stiffness as
such.48e55 For example, Fibrillin-1 genetic deficiency leads
to pathological aging of arteries in mice49 and the Wnt
pathway gene expression is associated with arterial stiff-
ness.53 In one study from Sweden, it was reported that a
genetic risk score for hyperglycemia as a trait in a nondi-
abetic elderly population was independently associated
with increased c-f PWV, and thus of VA.56 This proves a
causal link that opens up for interventions on hyperglyce-
mia to counteract VA. Other studies have investigated the
role of epigenetics.57

Recently a new focus has been to describe the profile of
metabolomics associated with VA as one way to deepen
our understanding of the metabolic fingerprint that is sup-
posed to influence EVA and its consequences.58,59 This is
part of an approach to develop “personalized medicine”
with tailored therapy id data from genomics and other
omics can be used to map a certain pathophysiological
process and pave the way to find new treatment
opportunities.

Finally, a well-known marker associated with biological
aging, i.e., telomere length, has also been investigated in
relation to VA.60,61 Telomere length is regulated by genetic
factors but also influenced according to telomere attrition
rate by factors in early life as well as adverse lifestyle and
cardiovascular risk factors in adult life. However, telomere
length has not developed into a useful tool for clinical
practice to estimate biological aging and more research is
needed.

Low socioeconomic status and vascular
aging

People live different lives and this translates into resilience
to or susceptibility for health problems as influenced by
unhealthy lifestyle and adverse background factors such as
poor income, low educational level, unemployment, poor
housing or lack of social support and networks. This has
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been shown to influence the development of VA as
mirrored by time-trends in c-f PWV, shown in the White-
hall II study of civil servants in London62 as well as in a
cohort of young Finnish men63 and with carotid stiffness in
the PPS3 study.64 One consequence of these adverse factors
could be the development of depression, a mental state that
is also associated with increased arterial stiffness and thus
VA.65,66

Intervention studies on vascular aging
and early vascular aging

Several studies have tried to use improvement of lifestyle as
a way to favorably influence VA [by aggressive decrease of
arteriosclerosis modifiers (ADAM)], as discussed in a re-
view on EVA and ADAM,67 and even more are underway,
even in the young.68 One problem is to disentangle the
more general effects on cardiovascular risk factor levels
from that more specific effect on arterial stiffness that was
aimed for. A Mediterranean diet is believed to be protective
of the cardiovascular system in general and also used for
treatment of hyperglycemia.69 This could be one feasible
way to counteract VA as the ultimate consequence of that is
prevention of cardiovascular events, as shown in the ran-
domized, controlled PREDIMED trial based on Mediter-
ranean diet for primary prevention of CVD in more than
9000 Spanish subjects.70

The control of hypertension and other cardiovascular
risk factors is a cornerstone in cardiovascular prevention
and documented in several national and international
guidelines from the United States71 and from Europe.72 It
has been shown that some classes of antihypertensive
drugs, i.e., renin-angiotensin-aldosterone system blockers
exert beneficial effects on reduction of markers of arterial
stiffness beyond the impact of blood pressure lowering per
se.73 Even some of the newer antidiabetes drugs for treat-
ment of type 2 diabetes, so called sodium-glucose
cotransporter 2 inhibitors, have been shown to improve
markers of arterial stiffness such as augmentation index or
c-f PWV.74 It remains, however, an open question whether
this is a specific effect or if it depends on the concomitant
lowering of body weight, blood pressure, and HbA1c, or the
diuretic effect with volume depletion induced by these
drugs.75

A new treatment option on the horizon is to positively
influence the receptor of adiponectin, a biomarker associ-
ated with better insulin sensitivity and lower cardiovascular
risk, developed by Japanese colleagues.76

In the randomized intervention study on c-f PWV
(SPARTE study) that has been conducted in France, the
goal was to compare a guidelines-based strategy to control
cardiovascular risk in hypertensive patients versus a

strategy based on repeated measurement of c-f PWV fol-
lowed by adjustment of drug therapy based on the results.77

The SPARTE study has recruited 544 patients from 25
centers and was published in 2021.78

The concept and usefulness of
supernormal vascular aging

Some studies have focused on people at the lower end of
the distribution of PWV to find out more about vascular
protection and healthy vascular aging (HVA)
phenotype.79e81 However, this approach is suboptimal as it
does not fully account for the fact that some people seem to
be protected from VA in spite of a similar cardiovascular
risk factor burden as seen in other subjects with higher
PWV.

In fact, the search-light is now directed to patients who
seem to survive chronic disease and risk factors for a long
duration with no or few complications, the true extremes of
phenotypes linked to disease.82 For instance, as we reported
in our concept paper in 2019,82 a minority of patients with
long-standing type-1 diabetes of more than 40 to 50 years
duration and daily insulin regimen, seem to escape major
cardiovascular complications. In addition, patients with
metabolically healthy obesity, a disputed condition nor-
mally defined by absence of variables linked to the meta-
bolic syndrome, can remain hospitalization-free during
long periods of midlife. Finally, a minority of patients with
end-stage renal disease on peritoneal dialysis for a number
of years may not exhibit cardiovascular complications.

We thus suggested the concept of SUPERNOVA that
stands for Supernormal Vascular Aging.82 Using arterial
stiffness as the best proxy for the cumulative effect of
known and unknown risk factors damaging the arterial wall
throughout life, i.e., a measure of VA as discussed above, it
was possible to suggest that subjects who present very low
values of c-f PWV, whatever the level of CV risk factors,
define a protective phenotype and we proposed to call this
phenotype SUPERNOVA (Fig. 27.2). The difference be-
tween SUPERNOVA and HVA is that CV risk factors are
generally absent in HVA. SUPERNOVA subjects are
protected against the influence of CV risk factors, despite
being exposed to them, i.e., CV risk factors are not trans-
lated into subclinical organ damage and CV complications.

To make proof of concept, we had to show in a longi-
tudinal study that SUPERNOVA individuals underwent
less CV complications than EVA subjects, despite a similar
amount of CV risk factors.83 For this purpose, we had first
to identify SUPERNOVA individuals exhibiting a similar
level of CV risk factors as EVA subjects.83 We chose to
compare chronological age with vascular age, and defined
vascular age as the predicted age in the best fitting
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multivariable regression model including classical CV risk
factors and treatment and PWV. A large difference between
chronological aging and VA means that, despite being
“older,” subjects have “younger” arteries. These are SU-
PERNOVA individuals. By contrast, when the difference is
negative, it means that chronological aging is well below
VA, in other words, that subjects have much “older” ar-
teries than expected from their chronological age. These are
EVA subjects. The multivariate analysis was performed in
a subset of the cross-sectional Reference Values for Arterial
stiffness Collaboration Database.84 We used the 10th and
90th percentiles of the distribution of the difference be-
tween chronological age and vascular age, as cut-offs to
define three categories of VA categories: EVA (below the
10th percentile), normal VA (between the 10th and the 90th
percentiles), and SUPERNOVA (above the 90th percen-
tile). The first part of the proof of concept was obtained by
the following finding: while mean age significantly
increased from EVA to normal VA and then to SUPER-
NOVA, the distribution of CV factors, PWV, and vascular
age was similar among the three groups. The second part of
the proof of concept was to show that SUPERNOVA in-
dividuals would undergo the lowest rate of CV events. For
that purpose, the risk of fatal and nonfatal CV events in
EVA and SUPERNOVA groups as compared to normal
VA was investigated by Cox proportional hazard models in
the longitudinal Malmö Diet and Cancer Study Cardio-
vascular Arm cohort that included 2642 subjects with a 6.6-
year follow-up and 286 events.85 The main finding was that
the difference between chronological age and vascular age
was significantly and inversely associated with CV events.

Compared to subjects with normal VA, SUPERNOVA
individuals had half the risk of CV events, whereas EVA
individuals had a 2.7 higher risk, in particular coronary
events.

Conclusion

The EVA and SUPERNOVA concepts have led to the
search of new models to understand protection from VA. In
addition to a large number of studies testing drugs that may
favorably influence EVA, a major issue is whether a
treatment strategy based on targeting the normalization of
arterial stiffness could be more beneficial than conventional
treatment based on the normalization of blood pressure
levels. Another therapeutic promising approach may use
data from genomics and other omics to map specific
pathophysiological processes through “personalized medi-
cine.” Finally, in clinical practice, it may be useful to detect
SUPERNOVA subjects since they do not represent a
clinical problem and should not necessarily be followed
with the same intensity as EVA patients or even subjects
with average VA. They represent, on the contrary, a chal-
lenge for academic research to better understand pathways
for vascular protection, and if any identified, consider it as a
potential therapeutic target in the future.
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FIGURE 27.2 Early vascular aging and supernormal vascular aging. For a substantially similar vascular age and cardiovascular (CV) risk profile
(solid arrows), early vascular aging (EVA) individuals are significantly younger, and SUPERNOVA individuals are significantly older than the normal VA
aging group. As a consequence, SUPERNOVA subjects have the largest difference (D-age, VA < CA) between chronological and vascular age;
conversely, EVA subjects have negative difference (D-age, CA < VA) between chronological and vascular age. This translates into a lower rate of CV
events in SUPERNOVA subjects, and a higher rate in EVA subjects; in other words, D-age is inversely associated with CV events. From Bruno RM,
Nilsson PM, Engström G, et al. Early and supernormal vascular aging: clinical characteristics and association with incident cardiovascular events.
Hypertension. 2020. https://doi.org/10.1161/HYPERTENSIONAHA.120.14971. [published online ahead of print, 2020 Sep 8], with permission.
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Ethnic differences in arterial stiffness and
central aortic hemodynamics
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This chapter introduces why ethnic influences on arterial
function are relevant, what questions related to ethnicity
may be useful and do apparent effects indicate ways to
improve vascular outcomes in particular ethnic groups.

Is studying ethnic differences in
vascular or any physiological feature or
disease useful?

We naturally answer “yes” for three major reasons:

i. If one population group compared with another de-
velops excess rates of cardiovascular events or death,
it seems reasonable to examine how and why.

ii. Uncovering general causes of such differences calls into
doubt frequent tendencies to consider genetic polymor-
phic or “inherent” variations as “causes.” That is until
gene variants, or more likely their products, when
expressed by adverse influences, are shown to drive
these conditions.

iii. Discovering specific environmental or life-course fac-
tors between one group and another offers both preven-
tive and therapeutic opportunity.

Reduced access to diagnosis, intervention, and health
care leads to persistent, intergenerational social inequalities
in health and plays a major role of in the health status of
African-Americans (AfAms) and other minority pop-
ulations in the United States. Some 150 years since the end
of slavery in the United States and less than a century since
the same for peonage (the practice of holding persons in
servitude or partial slavery, to work off a “debt”1) is short

phylogenetic (the evolutionary history of a species) and
epigenetic time. Similar issues hold for African-Caribbean
(AfC) populations. We try here to avoid skin color desig-
nation as it is the basis of major discrimination, also
preferring ethnicity to “race” which has no biological
definition.2e4 Yet that historical or political perspective
seems inadequate in some instances, for example, to ac-
count for excess coronary heart disease (CHD) in South
Asian people, in the Indian subcontinent itself, in those who
migrated, or whose forebears were settled elsewhere under
“indentured labor” schemes.5 The emergence of obvious
excess type 2 diabetes in South Asian people, and higher
blood pressure (BP) in the last �30 years, shows these to be
dynamic issues which science struggles to keep up with.
More recently CHD and diabetes have become epidemic in
the subcontinent itself. Less recognized are similar excess
rates among indigenous peoples worldwide, especially in
their migrants to cities (e.g., in Brazil).

How is this relevant to arterial function and particularly
stiffness, still mainlymeasured as carotid-femoral pulsewave
velocity (cfPWV)? We use examples of available data to
illustrate how and why cfPWV in particular helps to pinpoint
not only risk/prognosis but should become the focus of pre-
ventive and therapeutic effort in randomized clinical trials
(RCTs). Several studies and meta-analyses demonstrate the
value of cfPWV for prognosis independently of ambient BP.6

Relationships to blood pressure

A key component for examining ethnic issues in (cardio)
vascular function is how much morbidity/mortality apparently
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due to (high) BP is in part related to greater arterial stiff-
ening independently of BP in one group compared with
another.

A hypothesis one of us promoted 40 years ago, based on
pre-1980s data then, was that for given levels of BP in
“Black” AfAm or AfC populations, prognosis was not
“worse” or “more severe” than in European origin people,
just that high BP prevalence was greater; so at given levels
of BP, complications from high BP were no different from
those in Europeans7dsee Fig. 28.1A.

Fig. 28.1B shows how considerably BP distributions
improved in the “stroke” belt of the South-East USA over a
period of 50 years, greatly diminishing AfAm-white dif-
ferences, so these can be at least partially reversed.9 The
challenge is to detect how much of any residual difference
is due to the pathology of stiffening (medial replacement by
collagen, etc., thought to be reversible) independently of
BP. Can it be measured better by change in underlying
large artery stiffening than by BPdwhether true aortic (to
bifurcation), as cfPWV, or local carotid PWV or carotid
dynamics? Earlier outcome data from the “REasons for
Geographic And Racial Differences in Stroke”
(REGARDS) study included a much larger area of the
south-east US “stroke belt” beyond those in.9 Stroke risk
was three times greater in AfAm than white adultsdfor a
10mmHg difference in systolic BP (SBP), risk increased
24% for AfAm but 8% for whites. However, adjusting for
the two- to threefold excess diabetes nearly eliminated the
excess.8 Could that excess be due to large and small arterial
stiffening in type 2 diabetes?

Our earlier work had shown the change in aortic PWV
across the glucose tolerance (GT) spectrum. Between 1987
and 90 we had measured aortic PWV with a simple Doppler
method decoded on a spectrum analyzer, (Fig. 28.2) as
developed by Gosling (photo).10 (He had taken the famous
“photo 51” of DNA, as a PhD student with Rosalind
Franklin, published beside Watson, Crick, and Wilkins’
Nature paper, 1953. After her death from leukemia, Gosling
moved into ultrasound). Note this was real “descending
aortic” PWV from the aortic arch at the left brachial artery
junction to just above the bifurcation. Participants were a
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FIGURE 28.1A The “null hypothesis”: more (High) blood pressure in African-Americans, African-Caribbeans, and west Africans than Europeans but
for given BP levels, no difference in outcomes. Redrawn and adapted from Cruickshank JK. Natural History of Blood Pressure in Blacks and Whites,
Ch.31, pt D, p274 in: Ethnic Factors in Health and Disease, Ed JK Cruickshank, DG Beevers, publ.Wright, Butterworth-Heinemann, 1989/1994.

FIGURE 28.1B From: “40-Year Shifting Distribution of Systolic BP with
Population Hypertension Treatment and Control.” Lackland DT et al.: Cir-
culation 2020; 142, 16: 1524e1531, DOI: (10.1161/CIRCULATION
AHA.120.048,063).8
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cohort of three specific ethnic groups, people of AfC, Gu-
jarati Indian, and European white residents in North West
London, England, defined by three of four grandparents in
the same ethnic group, all of whom underwent glucose
tolerance testing. We followed them for vital status for a
mean of 11 years (Table 28.1).11

People there with diabetes had an adjusted hazard ratio
(HR) of mortality 2.3 greater than those in the “normo-
glycemic” group, with a similar twofold excess in the in-
termediate glucose (in)tolerance group. To our surprise at
that time, baseline aortic PWV displaced any index of BP,
systolic, diastolic, mean or pulse, as a mortality predictor,
and risk was lower for AfCs or Gujeratis than Europeans
(Table). For those still alive 11 years later, intriguingly
mean (95% CI) baseline PWV was no different across those
3 GT categories at 9.7 (9.2e10.2), 9.8 (9.1e10.5), and 10.4
(10e10.8) m/s. While BP treatment then was not started
until >160 or 95 mmHg, which changed to 140/90 during
follow-up, a key point was that between 140 and
160 mmHg, 17% of those with diabetes had baseline PWV
>15 m/s compared with only 2% of controls.11

The role of early blood vessel pathology underlying and
developing earlier than the hyperglycemia currently used to
define “Type 2 diabetes” is beyond the scope of the review
here.

Other British data continue to show clear differences in
stroke rates in AfCs compared with “whites,” partly related
to less CHD allowing by competing cause more people to
be at risk of stroke.12,13 However, earlier, better BP control
is vital.

Arterial stiffness through the life-course
across different ethnic/geographic
groups

What follows is a summary of data presented by the authors
in a review article,14 with its extensive Tables. Detailed
accounts of molecular and mechanical mechanisms of
arterial wall stiffening were published by Lacolley et al.15

and Shadwick,16 as was an excellent detailed review of
aortic microstructure, collagen and elastin content or con-
centration by Tsamis et al.17

We cover studies comparing arterial stiffness, the main
evidence-based component of early vascular aging,18 be-
tween ethnic groups over the life-course, but the examples
are neither exhaustive nor systematic reviews, which are
referenced if available. For instance, only recent reports are
quoted from the major US multiethnic cohorts (e.g., ARIC,
Dallas, Multiethnic Study of Atherosclerosis [MESA],
etcdsee the Life-course section below). Their reports
which incorporated, generally latterly, a range of arterial
stiffness-related indices are cited. For a detailed review of
the various metrics of arterial stiffness and pulsatile
hemodynamics, the reader is referred to Chapters 3, 4, 7
and 8.

Fetal life, infancy, childhood, and adolescence
(see Table 1)14

The onset of arterial stiffening starts even in-utero due
to continuous adaptations in molecular structure and

FIGURE 28.2 Doppler measurement of PWV, with length.
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biomechanical responsiveness of blood vessels. Perhaps the
best example is in monozygotic twins with varying degrees
of twin-twin transfusion syndrome, where the donor twin
shows increased aortic stiffening postnatally which may
subside by 10 years of follow-up, while the recipient twin
also develops higher BP.19,20 Increased aortic stiffness
occurs in premature infants as measured by aortic wall
thickness and vasomotor function.21 Together with excess
systemic hypertension in preterm infants,22 low birth
weight and other complications such as bronchopulmonary
dysplasia21 all contribute to the early onset of arterial
stiffening. Explanations for higher large artery stiffness in
preterm infants include impaired elastin synthesis in the
aortic wall23 which alter mechanical properties, reduce
arterial compliance,24 and create higher or premature pulse
wave reflections.25

As shown in Table 1 of our review,14 several studies
investigated the impact of maternal risk factor. In UK in-
fants, mainly European and Pakistani origin, we reported an
inverse possibly adaptive link between maternal BP and
neonatal aortic PWV.26 Another could find no such asso-
ciation27 although it used routinely measured antenatal BPs
taken by clinic staff rather than by specifically trained
personnel. That UK study suggested a weaker link between
infant PWV and maternal anemia/iron status.27 The

youngest South African children studied to date (mean age
7.3 years)28 were boys aged 6e8 years, with regional
PWV, arterial PP, as well as carotid ultrasound indices of
local vascular stiffness measured. PWV (in all regions) and
intima media thickness (IMT) were highest in African
compared with white boys. Carotid stiffness indices were
similar between groups.

In slightly older children, cfPWV was also higher in
African compared with white Brazilian adolescents (mean
age, 11.9 years; n ¼ 771),29 as also found in the United
States. In Syracuse, New York state, cfPWV measured
using arterial tonometry was higher in AfAm than white
adolescents (mean age 10.7 years; n ¼ 107), with no dif-
ferences in PP, carotid IMT, and central SBP after adjust-
ment for confounders.30 A study in Memphis, Tennessee of
white, AfAm and Hispanic adolescents (age 13.7 years)
measured the cardiac-ankle vascular index (CAVI), with
higher values indicating stiffer arteries.31 Despite no uni-
variate differences in CAVI, after adjusting for body mass
index (BMI), AfAm boys had higher CAVI than both white
and Hispanic boys with normal weight but CAVI was
lowest in obese AfAm boys suggesting early vascular ad-
aptations to obesity. Another study indicated higher
brachial-ankle PWV in older AfAm than white US ado-
lescents (n ¼ 205, mean age, 15.9 years), with no

TABLE 28.1 Final cox model of factors predicting mortality in a cohort of population-based control and type 2

diabetes participants.

Hazard ratio 95% CI P

Age (per 1 year older) 1.07 1.04e1.09 <.0001

Sex (female) 0.66 0.48e0.89 0.007

BP treated 1.10 0.82e1.48 0.54

Systolic BP (per 5 mm Hg) 1.02 0.98e1.06 0.34

GTT status (normoglycemia) 1

Glucose intoleranta 2.12 1.11e4.01 0.021

Known diabetes 2.34 1.50e3.74 <0.0001

PWV (per 1 m/s) 1.08 1.03e1.14 0.001

Smoking status (never) 1

Current 1.57 1.10e2.23 0.012

Ex-smoker 1.16 0.81e1.66 0.42

Ethnicity (European) 1

Gujerati 0.68 0.49e0.94 0.02

African-Caribbean 0.41 0.25e0.69 0.001

Other 1.34 0.80e2.33 0.25

n ¼ 565. Six people without smoking data were omitted.
aBaseline fasting glucose �6.1 mmol/L or 2-h glucose �11.1 mmol/L.
From Cruickshank J, Riste L, Anderson SG, Wright JS, Dunn G, Gosling RG. Aortic pulse-wave velocity and its relationship to mortality in diabetes and
glucose Intolerance. Circulation. 2002; 106:2085e2090.
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difference in PP.32 In other American studies, socioeco-
nomic disparities and carotid-femoral33,34 as well as aorto-
radial and aorto-dorsalis pedis PWV were higher in AfAm
than white adolescents. Augmentation index corrected for
heart rate (AI75), which predicts mortality and CVD
events,35 was also higher among young type 2 diabetic
AfAm than white American patients,33 likely indicating
more prominent pulse wave reflections.

Young adults (see Table 2)14

Even within age bands, age and BP, and hypertensive
status/treatment, need to be accounted for as major con-
tributors to stiffening when investigating ethnic differences.
Here, cross-sectional or longitudinal studies again generally
compared AfAm and white populations, with some studies
including Hispanics and other minority ethnic groups
(Table 2).14 Most were from the United States, but also
Brazil, South Africa, and the United Kingdom, as below.
African origin samples, particularly men, had greater arte-
rial stiffness compared with African (origin) women, and
men or women of other ethnicities. In one UK study, only
augmentation index (AIx) and not PWV was higher.36 In
the South African “Predict” study, neither PWV nor AIx
were greater in African participants.37 Increased PWV in
African-origin samples has been related to sociodemo-
graphic and psychosocial factors in the United Kingdom
and the United States.36,38

US studies are generally consistent: healthy AfAm men
had higher central BP, AI75, augmentation pressure,
cfPWV, carotid b-stiffness index, carotid IMT, and lower
pulse pressure amplification (PPA) despite younger mean
age than whites, 21.7 versus 23.6 years, and after adjust-
ments for heart rate, body fat, and cardiorespiratory
fitness.39 Group differences were not significant comparing
brachial structure and function,40 where routine BP is
taken, confirming that early arterial alterations occur in
central elastic vessels. Another mechanistic US study
compared just 26 AfAm adults (mean age 32 years) who
had higher AI75 than 10 Hispanics (28 years) and 26 white
adults (28 years). cfPWV was also higher in the AfAm
versus white group after post hoc analysis.41

In important longitudinal work, Liang et al. reported
higher carotid-dorsalis pedis PWV over seven years in
apparently healthy, normotensive African than white
Americans from late childhood to early adulthood
(Fig. 28.3A).38 AfAm men had higher PWV with aging
than AfAm women or white men and women.

Further longitudinal work came from follow-up in Alle-
ghenyCounty, Pennsylvania, if in a small sample of 67AfAm
and 85 white Americans there. These carefully measured and
analyzed data clearly showed the continuing impact ofweight
gain on BP-adjusted PWV across ethnic groups in these
20e40 years old participants followed for a period of two
years (Fig. 28.3B).42 A 2019 meta-analysis compared
cfPWV in AfAm and white samples aged 18e49 years

FIGURE 28.3A Mean unadjusted carotid-dorsalis pedis pulse wave velocity by age for younger African (AA) and European American (EA) women and
men. From Liang X, Su S, Hao G, et al. Determinants of pulse wave velocity trajectories from youth to young adulthood. J Hypertens. 2019; 37:563e571.
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with apparent excess rates among AfAm men and women;
however, that analysis was not adjusted for BP.43

Outside the United States, in our Determinants of
Adolescent, now Young Adult, Social Wellbeing, and
Health (DASH) study in London, the United Kingdom,
unadjusted aortic PWVs were similar in young (21e
23 years) Black Caribbean and white men, but higher than
in other groups (Black African, Pakistani/Bangladeshi, and
others).36 Models were then adjusted for age, BP, current
and adolescent SES indices (employment, education, and
perceived racism). Women had lower stiffness than men, as
did Black African, Black Caribbean, and Indian origin
young people than white youth, with current BP, current
and adolescent waist/height ratio, and perceived racism
effects increasing arterial stiffness.36 In slightly smaller
samples of participants who wore five-day physical activity
monitors, both number of steps/day and time walking
>100steps/min were negative determinants of aortic PWV
(i.e., more exercise, lower aortic PWV), independently of
all other factors (Fig. 28.4).36

In the same study population, unadjusted AI was higher
in Caribbean, West African, Indian and Pakistani/Bangla-
deshi groups compared with white young adults (with some
borderline significant). In multivariate models including
SBP, AI was marginally but not significantly higher in
West Africans and Caribbeans than in whites.44

The key issue from all these data is that for given levels
of BP, some people have stiffer blood vessels than
othersdas shown in the large middle-older aged European
dataset, Fig. 28.5A,45 p2338, and the same dataset of the
London “DASH” cohort above, Fig. 28.5B (Reference 36,
p1055).

Effects of age and BP on PWV were examined in Af-
rican origin and white, Brazilian-born young men (mean
age 26 years). In normotensives, white men had higher

PWV than African, but in hypertensives, African men had
higher PWV than white. The slope of the age-adjusted
PWV-SBP regression was steeper in Black than white
men.46 A cross-sectional study in urban Vitoria, Brazil,
included 2015 people (aged 36e47 years) from four
different ethnic groups: Amerindians (29.2%), white
(26.7%), Mulatto (38.3%), and Black (5.8%). (Note still the
color-based classification, as in the more “detailed” UK
2011 census list, or the simplistic Black/white/(Hispanic)
US list). cfPWV was higher in the Black group after
adjustment for traditional covariates including age, sex, and
mean BP.47

The African-PREDICT study in South Africa included
only normotensive young healthy African and white adults
(mean 24.4 years, range 20e30 y), reporting no ethnic
differences in cfPWV, AI75, or PPA, adjusted for mean
arterial pressure. Although there were no ethnic differ-
ences in stiffness indices between normotensives, African
adults showed a steeper decline in PPA between ages
20e30 years, similar to findings in African American
men.37 A subgroup of these young people in African-
PREDICT had metabolomic analyses done on two groups
either in the lower or higher halves of the PWV range. No
associations were found with PWV but several urinary
nonessential amino acids with roles in collagen metabolism
were independently and inversely related to the 3 mmHg
higher central SBP in the African origin young adults.48

In summary, cross-sectional US and South African
studies report higher cfPWV in African origin men than
women and in both, higher cfPWV than other ethnic
groups. In younger adults (20e40 years) in England and in
Brazil, at lower BP levels and to the surprise of some,
European-origin (“white”) people had higher cfPWV in
fully adjusted analyses as above. Data on women were
fewer. However, the slope of the PWV-BP relationship was

FIGURE 28.3B Annual carotid-femoral pulse wave velocity (cfPWV) change by weight change, adjusted for baseline cfPWV, age, raceeethnicity, sex,
baseline mean arterial pressure (MAP), MAP change, and baseline weight. From Wildman RP, Farhat GN, Patel AS, et al. Weight change is associated
with change in arterial stiffness among healthy young adults. Hypertension. 2005; 45:187e192. https://doi.org/10.1161/01.HYP.0000152200.10578.5d.
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FIGURE 28.4 (A) men and (B) women. Density (frequency distribution) plots for pulse wave velocity by ethnic group and gender. From Cruickshank J,
Silva MJ, Molaodi OR, et al. Ethnic differences in and childhood influences on early adult pulse wave velocity. Hypertension. 2016; 67:1133e1141.

FIGURE 28.5 Apparent arterial stiffening across the Blood Pressure range: For any level of BP and adult age, some people are stiffer than others (A)
European Reference Value Collaboration. (B) The London Multi-Ethnic “DASH” study. From Reference Values for Arterial Stiffness’ Collaboration.
Determinants of pulse wave velocity in healthy people and in the presence of cardiovascular risk factors: establishing normal and reference values. Eur
Heart J. 2010; 31:2338e2350; Cruickshank J, Silva MJ, Molaodi OR, et al. Ethnic differences in and childhood influences on early adult pulse wave
velocity. Hypertension. 2016; 67:1133e1141.
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steeper in African Brazilians. In the London data, Af-
Caribbean-origin young men had slighter higher aortic
PWV than directly West African origin men. BMI had
direct elevating effects on aortic cfPWV in all the studies
above, as did waist/height ratios in the London cohort in
adolescence and in youth, with additional effects from
perceived racism.

Middle-aged and elderly populations

Arterial stiffness in middle-older ages has been extensively
investigated. Large population-based, cross-sectional
studies in different world regions consistently found that
“Black” African origin participants had increased arterial
stiffness than the comparison group(s) (Table 3).14

Another South African study of African and white
adults (40.7 years; n ¼ 750) showed carotid-radial (cr) and
carotid-dorsalis-pedis (cdp) PWVs were elevated in Black
adults, with normal or elevated BP.49 Using the cr/cdp
PWV ratio could at least estimate its BP independence.50

In our study of a multiethnic sample of older middle-
aged men (in Manchester, England,51 mean [SE] aPWV
in South Asians [n ¼ 68; age 55 � 10 years]), at known
higher coronary disease risk than other groups, was 0.5
(�0.2) m/s higher than in AfCs (n ¼ 67; 55 � 10 years), at
lowest coronary disease risk here, and than in Europeans
(n ¼ 63; 57 � 8 years), adjusted for age, SBP, and diabetes
(P ¼ .01). By magnetic resonance in a subsample of these
men balanced by ethnicity, PWV over the descending aorta
in South Asians was 0.7 m/s (0.3 m/s) and 0.8 m/s (0.3 m/s)
higher than in AfCs and Europeans, respectively; PWV
over the aortic arch was not different. We found close
approximation of transit times between MR and the aortic
measure, and using more precise, MR-measured length for
the aortic PWV greatly improved its precision.52

In a US community sample from metropolitan Atlanta
(48 years; n ¼ 855), cfPWV, central and peripheral AI
were higher in the AfAm group compared to white coun-
terparts, after adjustment for traditional risk factors. These
differences persisted in a subgroup free of conventional risk
factors.53

In the large US cohorts, ethnic factors are becoming
clearer. In a subsample of ARIC from North Carolina
(in the “stroke belt” as above, Fig.28.1B), 268 AfAm and
2459 white men and women aged 45e64 years with no
history of CHD or stroke were studied.54 The size of the
AfAm sample is only �10% of the white sample, but
remains sizable compared with other studies (Table 3).14

After adjustment for CV risk factors, mean b carotid
stiffness was 9% higher for Black adults (mean � SE:
11.3 � 0.3) than for whites (10.3 � 0.1).

These carotid measures are important because carotid
arterial function plays a key role in stroke,55 cerebral white
matter lesions (WMLs)56,57 and cognitive decline,58

independent of both ambient BP but also aortic PWV. Of
those three studies, only in the 303 people in the Healthy
Brain subcohort of the Health ABC study,57 by then elderly
at 83 years, was there an AfAm group (41%, N-�124).
cfPWV was independently associated with incident WML,
together with only sysBP and prevalent stroke in the model
adjusted for demographic, cardiovascular risk factors, and
diseases over 10 years. Age and ethnicity were not signif-
icant predictors of WML, but the study had inadequate
power to do so in such survivors. In those with specific
MRI brain lesions, AfAm had somewhat higher cfPWV
than whites.57

The only sub-Saharan study of carotid features
compared 351 hypertensives known for >5 years, aged
59 years, with 241 normotensives, aged 53 years, among
HIV-free African South Africans, 63% women in both
samples.59 Any index of carotid distensibility was reduced
as expected, but these all remained significantly more so
after adjusting for mean BP, but not central sysBP. How-
ever, the central SysBP was measured by a radial tonometry
device, which probably underestimates SBP.60

The value of detailed PET-scan data for showing the
impact of heart-carotid (hc)PWV in ethnic comparisons
came from the recent small ARIC “PET” scan substudy.
This substudy included 141 older AfAm and 180 white
participants, with a mean age of 76 years, and without
dementia.61 The analysis related “central” heart-carotid
PWV to cerebral small vessel disease and to �30%
excess fibrillar amyloid-beta (Ab) deposition via a fluoride
marker and white matter hyperintensities.61 Oddly, at least
by that age, SBP was not related to hcPWV. No ethnic
effects were apparent on these cortical brain indices,
adjusted for central BP or not, shown in Fig. 28.6 below:

While finding cerebral vessel disease was not associated
with Ab, especially adjusted for usual risk factors, presence
of Ab was somewhat if not significantly greater in white
than in AfAM people, who carry a higher ApoEe4 allele
frequency.62 Small sample sizes in these substudies (due to
the high cost of PET) and survivor bias may be relevant.

Retinal vessels

A vital additional small vessel site is the eye, particularly
for diabetes and risk of retinopathy, perhaps in sickle cell
disease but also to indicate smaller cerebral vessel status. In
a middle-aged Flemish population sample, cfPWV and
estimated forward and backward pressure waves are
related to retinal arteriolar and venular diameter and their
ratios.64 Further, cfPWV was also found related to mean
retinal capillary blood flow, independently of age, sex,
SBP, and BMI in a Polish study of hypertensive patients
and controls.65There were also borderline effects on retinal
vessels in the older ARIC study using the Omron VP
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FIGURE 28.6 From ref.57 Hughes TM et al. Arterial stiffness and Dementia pathology. ARIC-PET study. Neurology 2018; 90(14):e1248e56
(hcPWV ¼ heart-carotid)61.

FIGURE 28.7A Proximal Aortic pulse wave velocity adjusted for all major cardiovascular risk factors including mean blood pressuredfrom the Dallas
Heart Study63.

Ethnic differences in arterial stiffness and central aortic hemodynamics Chapter | 28 437



1000þ device: none on arterioles but of cfPWV in relation
to wider retinal venules, greater in those without high BP
and independent of BP.66 These relationships are clearly
worth exploring further across ethnic groups, especially in
T2 diabetes.

Pulse wave velocity measures in AORTIC
segments by Magnetic Resonance Imaging
(MRI)

In the multiethnic, population-based Dallas Heart Study
(43.7 years; n ¼ 2544)63 Black and Hispanic compared
with white participants had greater proximal aortic stiff-
ness, measured either as aortic arch PWV or as character-
istic impedance, in fully adjusted models. Although AfAm
had a higher prevalence of numerous CV risk factors, none
accounted for ethnic differences in aortic arch PWV and
characteristic impedance. Different regional aortic compo-
nents of stiffness each predicted cardiovascular outcomes,
but as yet with insufficient events to examine those ethnic
differences (Fig. 28.7).67

The MESA, another major US multiethnic study with
modern imaging, also provides novel results on regional
aortic stiffening.68 Its CVD outcomes distinguished effects
of aortic arch stiffening between middle-aged and older
adults. A 1SD increase in log arch PWVwas associated with
incident CVD events in younger middle-age, but not in older
people, with a multivariate CVD risk factor-adjusted HR of
1.47 (1.1e1.97) P < .009, at 45e54 years. That adjustment
included ethnic group (not independently significant) and
SBP. Arch PWV remained separately significant at 45e
54 years after also including left ventricular (LV) mass, ca-
rotid IMT (both NS) and coronary artery calcium score
(P ¼ .098). Only ankle-brachial index (ABI) remained a
significant predictor of events (P ¼ .026), suggesting that
general PWV was adding to prediction by arch PWV.68

Whether with more events ethnic group will be separately
significant is awaited. An important limitation of aortic arch
PWV measurements in MESA is the very low temporal

resolution achieved by the phase contrast sequences used in
this study, which is unlikely to resolve fast PWV ranges as
seen in older participants.

In South Africa, among 309 randomly sampled, un-
treated people of African ancestry, there was a marked
gender divergence in the cross-sectional cfPWVeLV re-
lationships, being found only in women.69 cfPWV
measured with arterial tonometry was closely related in
simple correlation to LV mass index at r ¼ 0.67, but rather
oddly not at all in men. In multivariate analysis, adjusting
for either standard brachial systolic or mean BP, indepen-
dent relations between LV mass and cfPWV persisted,
more strongly so with 24hr systolic ambulatory BP.
Including other standard confounders also, with 63%
overweight or obese and 17% with poor GT, the partial r,
0.37, for cfPWV was exactly equivalent to, but again in-
dependent of, that from SBP. These were cross-sectional
data but clearly illustrate the potential impact of
ventricular-arterial coupling, which generally we continue
to ignore. Longitudinal data and perhaps explanations for
the major gender difference so far will be invaluable in this
at-risk population.

HIV

Finally, now in a relatively controlled epidemic, the world
has near forgotten, a case-control cohort study in South
Africa has started, comparing 278 HIV-infected, aged
43 years, and 104 HIV-negative people, aged 39 years,
only some 28% men in each.70 Some 80% were taking their
ART, 47 had been for >5 years. Intriguingly in an appar-
ently inflammatory disease, PWV was no different nor was
forearm vasodilatation at baseline, with follow-up moni-
toring ongoing.

Ethnicity and the menopausal transition

A key part of women’s life-course is the apparent peri-
menopausal change in cardiovascular function and risk.

FIGURE 28.7B Cumulative incidence of cardiovascular events by quartile of: (A) Total Arterial Compliance; (B) Ascending aorta distensibility; (C)
Arch pulse wave velocity. Maroules CD, Khera A, Ayers C, et al. Cardiovascular outcome associations among cardiovascular magnetic resonance
measures of arterial stiffness: the Dallas heart study. J Cardiovasc Magn Reson. 2014; 16(1):33. PMC4031496.

438 Textbook of Arterial Stiffness and Pulsatile Hemodynamics in Health and Disease

http://www.ncbi.nlm.nih.gov/pmc/articles/pmc4031496/


Two studies compared between the United States and
China illustrate potential ethnic or geographic issues for
arterial stiffening as an end point for standard risk factor
impact during this phase. The US “Swan” Heart Study, a
sub-study of the full Swan study, enrolled 554 women at
baseline,71 on whom a further analysis was reported
recently of 123 AfAm, 216 white womendFig. 28.8A.72

AfAm women had greater progression in cfPWV than
did white US women but in the baseline-follow-up, that
greater progression was not independent of SBP.71 How-
ever, in the recent report, where the regression “time-
oriented” modeling was more complex and the final
model included SBP, annual change in cfPWV was
significantly greater in AfAm women at 6.8%, and highly
so comparing segments during and after the menopause.72

Only AfAm women had a statistically significant increase
in cfPWV up to the menopause (Fig. 28.8A). Adjusting for
blood levels of reproductive hormones FSH, estradiol, or
CRP, did not alter the analyses.

The study from Changsha, central China, combined two
large cross-sectional studies (n ¼ 66,058) with a smaller
longitudinal one (n ¼ 1724) and included measurements of
brachial-ankle PWV (baPWV).73 The crossover age,
�58 years, where women have equal or higher PWV to
men thereafter is very close to that obtained by using MRI-
based aortic regional PWV and distensibility in 777 Euro-
peans, 408 women, in Britain.74

The elderly

Much less data are available for ethnic effects on arterial
stiffness in, and especially from younger ages to, older age.
An early example is the Northern Manhattan Study
(NOMAS)75 which compared carotid artery diameter and
stiffness in 1536 Black, white, and Hispanic participants at

age 70 years, and showed greater carotid stiffness among
the AfAm and Hispanic groups compared to whites.75

Further comparisons by ethnic group for cfPWV across
different arterial paths again come from ARIC in a large
sample all aged w75 years at their visit 5.76 Unadjusted
mean � SD cfPWVs were 1163 � 297 (n ¼ 1694 white
men), 1247 � 344 (363 AfAm men), 1120 � 282 (2208
white women), and 1222 � 332 (708 AfAm women) cm/s
(note this population sample has a relatively high mean
value at this age of �12 m/s, the usual units for carotid-
aortic-femoral PWV). Those “significant” cfPWV differ-
ences were accompanied by respective mean arterial
pressure values of 86.5 � 11, 90.9 � 12, and 86.9 � 11,
91.5 � 11 mmHg, but cfPWV adjusted for mean pressure
was not presented.77 baPWV however did not differ by
ethnic group because femoral-ankle PWV, which is not
prognostic of major outcomes, was higher in white groups.
At this age in this cohort, prognosis was “J-shaped” for
cfPWV, with the lowest quartile at twofold higher risk than
quartile 2 as reference, with twofold excess risk also pre-
sent in quartiles 3 and 4 (see Fig. 28.9).77

Renal impairment/failure (end-stage renal
disease)

Ethnicity is highly relevant for renal disease because
decline into and overt chronic renal disease/end-stage renal
disease (ESRD) is much commoner among AfAms, driven
by inadequately treated or managed high BP.

Townsend recently reviewed the powerful role of
cfPWV in renal disease progression, based on follow-up of
2795 participants in the CRIC study.78 The 1088 AfAms
had a 45(14e84)% excess progression to ESRD. The

FIGURE 28.8A Ethnic difference between African and white American
Women in carotid-femoral pulse wave velocity before, during, and after
the menopause at �53 years. From Samargandy S, Matthews KA, Brooks
MM, et al. Arterial stiffness accelerates within 1 year of the final menstrual
period. Arterioscler Thromb Vasc Biol. 2020; 40:1001e1008.

FIGURE 28.8B Cross-sectional þ longitudinal data in China; brachial-
ankle pulse wave velocity in women ¼ or > men at � age 58 years.
From Lu Y, Pechlaner R, Cai J, et al. Trajectories of age-related arterial
stiffness in Chinese men and women. J Am Coll Cardiol. 2020; 75:
870e880.
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adjusted risk for halving eGFR or ESRD itself was only
“significant” with cfPWVs >10.3 m/s, with mean BP still
significant for ESRD or eGFR decline, while mortality risk
with cfPWV was continuous and independent of mean BP
which no longer predicted mortality.79 A similar pattern
was found for heart failure risk. CRIC investigators also
examined relationships between eGFR decline and retinal
vessel changes,80 but the likely role of cfPWV is not yet
analyzed.

In the full older ARIC cohort (n ¼ 3424, mean age
75 years), an increase in cfPWV of �17 cm/s or more
(w0.17 m/s) was associated with a fall in eGFR of 15 mL/
min/1.73m,2 adjusted for age, sex, and ethnicity (“Black” v
“white”).81 That reduced to 10 cm/s, (0.1 m/s) additionally
adjusted for major risk factors and ABI. So, the 72 people
with fully adjusted cfPWV higher by 0.7 m/s had eGFRs
down to <30 ml/min/1.73m2; vice versa, those in that
lowest eGFR group had �twofold risk of being in the
highest quartile of cfPWV.81 Intriguingly, the effect was
most prominent in European rather than in African-
Americans (see their Fig. 28.2A). As perhaps expected,
much of the impact was on the amount of albumin/creati-
nine excreted. Other measures of PWV (Ba, heart-carotid,
femoral-ankle) had no effect.

Other ethnic differences in arterial function, excepting
AfAm populations highlighted above in detail, are evident
in middle age, specifically among South Asians, who have
a high prevalence/incidence of coronary, stroke, and small
vessel disease.82 These populations have been greatly
under-represented in studies on arterial function. A small
Canadian study83 recruited just 22 South Asian 71 years
old participants and compared them with age-/sex-matched
European-origin participants. South Asians had higher ca-
rotid PP and lower compliance, therefore exhibiting stiffer
vessels. Similarly, central PP and AI were elevated in an
older South Asian sample (69 � 6.1 years) compared with

AfC and European-origin population samples in the UK
Southall and Brent REvisited (SABRE) study.84 Despite
being uniquely valuable to date in Britain, note the study
shares the limitation of all long-term adult cohorts of
“survivor bias” affecting conclusions. We had found both
these groups to have similar central aortic PWV relative to
Europeans 25 years earlier, and PWV higher in those with
T2 diabetes, despite some differences in BP and outcomes
(Table and Fig. 28.2 above Reference 12). The Healthy
Life in an Urban Setting (HELIUS) study,85 a large pro-
spective cohort in Amsterdam, had similar findings. Dutch
European (n ¼ 1797), South Asian Surinamese (n ¼ 1846),
African-Surinamese (n ¼ 1840), and Ghanaian origin
(n ¼ 1673) participants were included in this study. Un-
adjusted aortic PWV was higher in African and South
Asian groups compared with those of European Dutch
descent, but these differences disappeared after adjusting
for BP. The authors concluded that increased PWV in some
groups was driven mainly by conventional risk factors.

Unanswered questions include whether genetic differ-
ences underlie these ethnic patterns, for which the evidence
is slight so far. A study from Georgia, US of 702 twins,
40% AfAm, suggested heritability but could do no link-
age.86 GWAS studies in European-origin population sam-
ples suggest some effects on PWV, originally in 1480
Framingham participants of 817 pedigrees,87 then meta-
analyzed for 20,634, validated in a separate 5306, people
of just European ancestry, and adjusted for BP.88 Some of
these variants were also replicated for cfPWV in a separate
sample of 7669 Europeans from the LIFE-Adult study of
Leipzig, Germany.89 A small Korean study (n ¼ 400)
found no linkage,90 perhaps illustrating how GWAS studies
require very large samples but remain just associations.

It seems that the most likely external causal factors are
social, economic, and their intergenerational and psycho-
logical effects, including reactions to racism34,36 which
may include obesity.

Summary and conclusions

Studies of ethnic-specific comparisons in physiology and
disease provide a focus to understand and act on excess
morbidity and mortality in particular groups. Most report
that populations of African descent, and more recently also
Hispanic populations, often living in western societies as
ethnic “minorities,” have greater arterial stiffness indices
than white populations from very early life (e.g., 6 to 70
years of age). The South African context is interesting
where populations and circumstances have changed rapidly
in a generation. Yet AfCs and recently West Africans in the
United Kingdom, both groups with long experience of
excess stroke, have not yet experienced much obstructive
coronary, but rather hypertensive heart disease. Raised BP
often accompanies arterial stiffness in Black populations

FIGURE 28.9 J-shaped relationship of carotid-femoral pulse wave
velocity to composite of CHD, stroke and heart failure events in the older
ARIC cohort.FromHHS version of KimED, Ballew SH, TanakaH,HeissG,
Coresh J, Matsushita K. Short-term prognostic impact of arterial stiffness in
older adults without prevalent cardiovascular disease.Hypertension. 2019;
74(6):1373e1382 open access.
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but as above in Fig. 28.1A and B, for given BP levels some
people have stiffer vessels than others, and those in-
dividuals have a poorer prognosis. Similarly, in analyses of
normotensive or healthy subgroups, increased arterial
stiffness may co-exist,51 including in studies of children or
young normotensive adults where African origin partici-
pants may already have elevated arterial stiffness but
“normal,” or BPs similar to, their comparison groups.
When tracking arterial stiffness with increasing age, it be-
comes clear that early vascular aging already occurring in
adolescence or young adulthood predisposes African origin
individuals to excess CV risk throughout the life-course.

Identifying early vascular aging across all ethnic groups
throughout the life-course by assessments of aortic PWV
will add greater precision to BP alone to define those at risk
for early onset of CVD and future events. Trials of specific
treatments targeting blood vessel stiffening beyond BP are
sorely needed, and some current vascular drugs may be
excellent candidates.

There seems to be no doubt that once again continuing
physical activity is the major opportunity for preventing
early vascular aging, as shown in studies of individuals
with differing, near life-long degrees of such activity.91

It is certainly clear that whatever the differences or
similarities in arterial function by ethnic group and at any
given ages and levels of peripheral or central BP, some
individuals have stiffer vessels than others, and so are at
higher CV risk.
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Stéphane Laurent2,3,4,5 and Pierre Boutouyrie1

1Paris University, Assistance-Publique Hôpitaux de Paris, PARCC-INSERM U970, Department of Pharmacology and Hôpital Européen Georges

Pompidou, Paris, France; 2Department of Pharmacology and Hôpital Européen Georges Pompidou, Paris, France; 3INSERM, U970, Paris

Cardiovascular Research Center, PARCC, Paris, France; 4Université de Paris, Paris, France; 5Assistance Publique, Hopitaux de Paris, Paris,

France

Introduction

Arterial stiffness refers to the loss of arterial compliance,
i.e., its change if volume in response to changes in blood
pressure (BP).62 The major hemodynamic consequence of
elevated arterial stiffness is illustrated by increased central
systolic and pulse pressures. In systemic hypertension,
arterial stiffening is a consequence of the aging of the large
artery wall, which is accelerated by long-term high BP.54,79

Pathophysiological studies have extensively investigated
the structural factor in hypertension, including large and
small artery remodeling and functional changes. Here, we
review the recent literature on the alterations in large
arteries in hypertension. We discuss the possible mecha-
nisms underlying the relationship between arterial stiffness
and increased central pressure pulsatility. We explain how
hypertension is both a cause and a consequence of central
arterial stiffening. Finally, we propose an integrated
pathophysiological approach in order to better understand
how the cross-talk between large and small artery changes
interacts in the transmission of pressure pulsatility, exag-
gerates cardiac, brain, and kidney damage, and lead to
cardiovascular and renal complications. We focus on pa-
tients with essential hypertension since this is the most
prevalent form of hypertension.

Consequence of arterial stiffness on
pressure pulsatility

The wording “arterial stiffness” is a general term that refers
to the loss of arterial compliance and/or changes in vessel
wall properties.41,63 The classical view is that compliance
of large arteries, including the thoracic aorta that has the
major role, represents their ability to dampen the pulsatility

of ventricular ejection and to transform a pulsatile pressure
(and flow) at the site of the ascending aorta into a contin-
uous pressure (and flow) downstream at the site of arteri-
oles. This allows to lower the energy expenditure during
organ perfusion and to protect small arteries of target or-
gans (mainly the brain and the kidney) from the damaging
effects of pressure pulsatility.54 Indeed, during ventricular
contraction, part of the stroke volume is forwarded directly
to the peripheral tissues and part of it is momentarily stored
in the aorta and central arteries stretching the arterial walls
and raising local BP.18

A more contemporary view is that arterial compliance is
a key thermodynamic optimization of cardiovascular en-
ergetics. Part of the heart energy is reoriented to the
distension of the arterial wall. This energy is thus “stored”
in the vessel walls during systole, and recoils the aorta
during diastole. This phenomenon squeezes the accumu-
lated blood forward into the peripheral tissues, ensuring a
subsequent diastolic flow. The stiffness and geometry of the
arteries make this phenomenon effective in young, healthy
subjects and less effective in older, hypertensive
patients.54,79

When the stiffness is low (young healthy subject), a
large amount of cardiac energy is redistributed during
diastole and helps decreasing postload and improving organ
perfusion during diastole (especially “torrential” circula-
tions such as brain, kidney, and coronary arteries).55 In
hypertensives, arterial stiffness is higher47 and a higher
pressure is necessary to stretch a more rigid arterial system.
Thus, this is mainly during systole that a larger proportion
of the stroke volume flows through the arterial system and
peripheral tissues. The main consequences are an inter-
mittent flow and pressure, an exaggerated flow and pressure
pulsatility at the site of distal small resistance, and a shorter
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capillary transit time. The later reduces metabolic ex-
changes. Altogether, these mechanisms damage target
organs.

Arterial stiffness and wave reflection in
systemic hypertension

The pulsatility of BP is exaggerated in hypertensives by the
phenomenon of wave reflection.54,79 With hypertension,
the large arteries stiffen and pulse pressure (PP ¼ systolic
minus diastolic) increases at the site of central and
peripheral arteries. Because the arterial tree can be
approximated to a viscoelastic tube with numerous
branches and a high level of impedance (resistance in
oscillatory conditions) of the tube end, retrograde waves,
due to wave reflection, are generated. The higher the arte-
rial stiffness, the higher the transmission velocity of both
forward and reflected waves, thus the reflected wave arrives
earlier in the central aorta and augments pressure in late
systole, increasing central PP.62,54

To better understand the mechanisms leading to wave
reflection and augmented central pulse pressure in systemic
hypertension, it is important to take into account the het-
erogeneity of elastic properties along the arterial tree,
resulting in a stiffness gradient or mismatch. In young
normotensive subjects, the stiffness gradient is illustrated
by the progressive increase in arterial stiffness from up-
stream proximal large arteries to downstream distal
medium-size arteries (Fig. 29.1A). Although all of the large
artery walls are constituted by three layers (intima, media,
and adventitia), there is a difference between large proximal
elastic arteries and medium-size distal muscular arteries
regarding the relative amount of vascular smooth muscle
cells (VSMCs) and extracellular matrix (especially elastin)
in their media. In humans, pulse wave velocity increases
from 4 to 5 m/s in the ascending aorta to 5e6 m/s in the
abdominal aorta then 8e9 m/s in the iliac and femoral ar-
teries.35,54 In middle-aged normotensive subjects, the cross-
sectional distensibility, assessed with echotracking systems,
decreases from 40 kPa�1 10�3 in the thoracic aorta26 to
15e25 kPa�1 10�3 in the carotid37,28,5 and brachial5,70

arteries, 10e15 kPa�1 10�3 in the common femoral artery
to 5 kPa�1 10�3 in the radial artery.36,38,5 Indeed, both
VSMCs and many elastic lamellae are present in the media
of large proximal artery, whereas VSMCs prevail in the
media of medium-size distal artery.54 In healthy subjects,
the stiffness gradient between proximal elastic arteries and
distal muscular arteries may lead to an impedance
mismatch, generating pressure wave reflection upwards that
limits the transmission of pressure pulsatility downward to
the small arteries of target organs (Fig. 29.1A). The re-
flected pulsatile energy travels at low velocity along elastic
arteries, thus do not superimpose on incident pressure wave
and central systolic blood pressure (SBP) remains normal.

By contrasts, stiff elastic proximal arteries lose their
ability to dampen the pulsatility of ventricular ejection.
Thus, small arteries of target organ are damaged
(Fig. 29.1B). Because distal muscular arteries do not stiffen
with age,43 the stiffness gradient between proximal elastic
arteries and distal muscular arteries is reduced (and some-
time inverted), and there is more transmission of pressure
pulsatility toward small arteries of target organs. Most of
the reflected pulsatile energy that return to the heart travels
at high velocity along stiff arteries, and superimposes on
incident pressure wave, thus increasing central SBP and PP.
In parallel, the pulsatile pressure is not sufficiently attenu-
ated and is transmitted downwards, damaging the
microcirculation.

Whereas the paradigm described above takes into
account the stiffness gradient, it should be noted that the
main determinant of reflection at any given interface is the
impedance gradient, rather than the stiffness gradient per
se. As discussed in Chapters 1e3 and 11, impedance is
more prominently influenced by size than stiffness.
Therefore, the stiffness gradient does not equal impedance
gradient, and indeed, the matching between the size of the
aortic lumen and daughter vessels at bifurcations tends to
match impedances even in young people with marked
stiffness gradients. Conversely, in older people, aortic
dilation may impact reflections at first order bifurcations,
and may favor impedance mismatch despite stiffness
matching (i.e., absence of a stiffness gradient). Clearly,
more research is needed to better understand the role of
stiffness and impedance matching at first order bifurcations
as a determinant of target organ damage.

The wave reflection phenomenon also explains why the
central systolic and pulse pressures are elevated in hyper-
tensives. The main explanation resides in the “amplification
phenomenon.” The “central-to-peripheral amplification”
means that central SBP increases from the central artery
compartment to the peripheral arteries. Indeed, under
resting conditions in healthy humans, brachial SBP is in
average 10% higher than aortic SBP, sometimes up to 30%.
In the presence of physiological arterial stiffness gradient
(aortic PWV lower than peripheral PWV), reflection sites
are closer to peripheral sites and reflection superimposes on
forward wave, leading to amplification of pulse pressure.
Because PWV is low, reflection comes late, in late systole
or early diastole in central arteries, limiting pulse pressure.
By contrast, when the stiffness gradient disappears or is
inverted (aortic PWV higher than peripheral PWV),
apparent reflection sites are much closer to central arteries,
and pulsatile pressure is not sufficiently dampened at the
central level, and the central-to-peripheral pressure ampli-
fication is attenuated.23

The physiological amplification phenomenon is atten-
uated by aging because of arterial stiffening. Indeed, by
favoring early wave reflections, arterial stiffening increases
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FIGURE 29.1 (A) Healthy aging is a means to retard brain, kidney, and heart damage. Indeed, in healthy subjects, an impedance mismatch occurs in
response to the stiffness gradient between proximal elastic arteries and distal muscular arteries. This phenomenon generates pressure wave reflection,
limiting the transmission of pressure pulsatility to target organs. The largest part of the reflected pulsatile energy that propagates backward, toward the
heart, travels indeed at low velocity along elastic arteries, thus do not superimpose on incident pressure wave. Thus, central BP remains normal. (B) Wave
reflections in elderly subjects and hypertensive patients. When the aorta stiffens with aging or hypertension, it loses its ability to dampen the pulsatility of
ventricular ejection. Small arteries of the heart, brain, and kidney are damaged by the hyperpulsatility. Because the stiffness of distal muscular arteries does
not change with age, there is a reduction of the stiffness gradient between proximal elastic arteries and distal muscular arteries. Thus, pressure pulsatility is
transmitted to a larger extent toward small arteries of target organs. The largest part of the reflected pulsatile energy that propagates backward, toward the
heart, travels at high velocity along stiff arteries. Thus, it superimposes on incident pressure wave and increase central systolic blood pressure. (A) From
Laurent S, Cunha P. Large vessels in hypertension: central blood pressure. In Hypertension in Children and Adolescents, Ed. Lurbe E, Wuhl E Springer
publisher 2019 with permission; (B) From Laurent S, Cunha P. Large vessels in hypertension: central blood pressure. In Hypertension in Children and
Adolescents, Ed. Lurbe E, Wuhl E Springer publisher 2019 with permission.
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peak- and end-systolic pressures in the ascending aorta.
Thus, central systolic and pulse pressures are higher in
elderly subjects than in young subjects and closer to the
brachial SBP value, reducing the difference23

(Figs. 29.2A,B and 29.3A,B). Excessive amplification leads
to high SBP or PP in peripheral arteries, so called spurious
systolic hypertension, often in young males, with various
interpretations.23

Influence of lumen area on compliance,
wave reflection, and pressure pulsatility

There is a bidirectional relationship between aortic root
lumen area and pressure pulsatility.49 The higher the central
PP, the larger the aortic root diameter, suggesting a major
role of pressure pulsatility on aortic root enlargement,
through a fatigue phenomenon. Magnetic resonance imag-
ing, which precisely investigates the geometry of aorta in
hypertensives, showed that ascending aortic diameter and

increased aortic arch length and width, as well as decreased
aortic arch curvature were highly correlated with increased
central PP.57 Conversely the consequences of aortic
remodeling on central BP remain less clear.54,33,49 By
contrast to studies in hypertensives, studies in normoten-
sives33,28 reported a negative relationship between central
PP and aortic root diameter, i.e., the smaller the lumen
diameter, the higher the central PP.33 Thus suggested that
the lack of aortic root dilatation, increasing characteristic
impedance (Zc) and wave reflection, would be the cause of
high central PP and SBP. Altogether, these data suggest
that excessive pulsatility favors aortic enlargement when
the arterial wall is already damaged, for instance, by the
hypertensive disease.49 In turn, the enlargement of large
proximal arteries can be viewed as a compensating phe-
nomenon that enables to maintain a certain level of arterial
compliance (expressed as DV/DP, i.e., the product of vol-
umic distensibility DV/V.DP, and volume (V) despite aortic
stiffening).54 By contrast, when the aortic wall is healthy, a

FIGURE 29.2 (A) and (B): Loss of amplification phenomenon with aging and hypertension. Tridimensional bar-graphs representing amplification
according to sex (A, males; B, females), age categories, and blood pressure categories. The value represented here is the median of the group. Some
categories are not represented because there were less than 50 observations. From Herbert A, Cruickshank K, Laurent S, Boutouyrie P, On behalf of the
reference values for arterial measurements collaboration. Establishing reference values for central blood pressure and amplification in a general healthy
population and according to cardiovascular risk-factors. Eur Heart J. 2014; 32:3122e3133 with permission.

FIGURE 29.3 A and B: Tridimensional bar-graphs representing central pulse pressure (peripheral minus central systolic blood pressures) according to
sex (A, males; B, females), age categories, and blood pressure categories. The value represented here is the median of the group. Some categories are not
represented because there were less than 50 observations. From Herbert A, Cruickshank K, Laurent S, Boutouyrie P, On behalf of the reference values for
arterial measurements collaboration. Establishing reference values for central blood pressure and amplification in a general healthy population and
according to cardiovascular risk-factors. Eur Heart J. 2014; 32:3122e3133 with permission.
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reduced volume of the aorta can increase characteristic
impedance (Zc) and generate wave reflection, and thus
elevate central PP and SBP.

A second factor of complexity is represented by the
changes in lumen area along the arterial pathway. Indeed,
any change in lumen area (tapering or branching) can
generate an impedance mismatch which may act in addition
to the stiffness gradient between proximal elastic arteries
and distal muscular arteries, as we have seen above. Points
of arterial branching leading to changes in lumen area be-
tween daughter and parent vessels are sites of impedance
mismatch.13 Thus, given the innumerable sites of imped-
ance mismatch throughout the arterial tree, individual
reflection sites have little importance relative to the bulk of
reflections originating elsewhere. In addition, all the re-
flected waves originating from thousands of reflection sites
merge into a net reflected wave which appears discrete but
is not due to a single reflection site, and can penetrate target
organs as forward waves.13

Peripheral and central blood pressure in
aging hypertensives

Cross-sectional and longitudinal population studies have
shown that both peripheral SBP and DBP trajectories in-
crease progressively between adolescence and adult-
hood.12,21 Before 50 years of age, the increase in both
brachial DBP and SBP can be explained by the increase in
peripheral vascular resistance. DBP plateaus around age 50
years, and then decreases. By contrast, SBP continues to
rise even after the age of 50 in response to the continuous
age-induced increase in arterial stiffness, as explained
above. After age 60, the divergent trajectories of SBP and
DBP explains why PP begins to increase markedly after age
50. The rapid widening of PP is considered as caused by
arterial stiffening.

For these reasons, isolated systolic hypertension,
defined as SBP �140 and DBP <90 mmHg, represents the
most frequent subtype of hypertension after age 60.21 Men
and women have different trajectories. The prevalence of
hypertension in young women is lower than in men of the
same age. And then, BP in women reaches men’s values
around the fourth decade of life. By the seventh decade, BP
in women is higher than in men. Since hypertension is more
frequent in the elderly, and elderly women have higher BP
than men, it is not surprising that 60% of all hypertensive
individuals now are women.21

Reference values for central SBP have been reported
according to sex, age, and BP categories.23 According to
age, central SBP was higher in men than in women until
age 50e59, after which the tendency was reversed.
According to BP categories, central SBP was lower in men
than in women within each peripheral BP category, except

“optimal.” Amplification between central and peripheral
BP, calculated as peripheral SBP minus central SBP, was
higher in males than in females at any given age or BP
value.23 The difference between sexes becomes smaller
with increasing age and values of BP. Amplification is very
little influenced by BP categories. Amplification decreases
gradually with aging without clearly reaching a plateau,
except in those with optimal brachial BP.23 (Figs. 29.2A,B
and 29.3A,B).

Interaction between hypertension and
arterial stiffness

Whether arterial stiffness is a cause or a consequence of
hypertension, and whether large or small arteries are
damaged first, have long been considered as major issues.
The relationships between arterial stiffness, small artery
damage, and BP are rendered more complex by two char-
acteristics of hemodynamics and biomechanics.63

First, an insidious positive feedback loop between local
mechanobiological responses and global hemodynamics
may explain why central artery stiffening is at the same
time a cause of hypertension and one of its consequences.25

For instance, arterial stiffening in early phases of pre-
hypertension may be a major determinant of elevated sys-
tolic BP on the long term.44 Indeed, the longitudinal
assessment of the temporal relationship between carotid
and aortic stiffness29 on the one side and incident hyper-
tension on the other side suggests a precursor role of arterial
stiffening in future altered systolic hemodynamic load.
However, the reverse occurs when hypertension is
installed, even at the lower grade of prehypertension.
Indeed, arterial stiffening can be a consequence of the rise
in mean BP. Early work, in the 1950s to 1970s, suggested
that sustained increases in BP stimulate matrix synthesis
and thus vascular thickness and structural stiffness. In
addition, high BP loads the stiff components of the arterial
wall and changes the spatial organization between smooth
muscle cells and extracellular matrix32 and eventually in-
creases arterial stiffness.

Second, arterial stiffening may be paralleled by a
remodeling of small resistance arteries. Small and large
artery alterations are indeed closely interdependent in sus-
tained grade I hypertension, and likely during the early
phases of prehypertension. A temporal relationship is
difficult to establish, and we previously suggested that a
cross-talk, by which small artery alterations influence larger
artery phenotype, and conversely large artery alterations
influence small artery phenotype, is more likely than a
linear sequence.42 Both small and large artery damages
contribute to the rise in central BP, by favoring the gen-
eration of wave reflections and their propagation, respec-
tively. This is exemplified by the fact that, in hypertensive
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patients, media-to-lumen ratio of subcutaneous small
resistance arteries and carotid-femoral PWV are both in-
dependent determinants of central SBP. The cross-talk be-
tween the micro- and the macrocirculation42 promotes a
vicious circle which can be described by starting at the site
of small arteries (Fig. 29.4). An increased resistance in
small arteries increases mean BP, and then increases arterial
stiffness in the large elastic arteries, which in parallel with
more pressure wave reflections increases central systolic
BP, variability of 24-h ambulatory brachial BP, and ulti-
mately damages target organs.42,43 The increased central
BP pulsatility in turn is a factor of small resistance artery
damage, i.e., increased media-to-lumen ratio of subcu-
taneous small resistance arteries. This has initially been
reported in hypertensive animals,14 and then in hyperten-
sive patients with brachial pulse pressure27 and more
recently with central systolic and pulse pressures measured
with applanation tonometry.53 Interestingly, the wall-to-
lumen ratio of retinal arteries is significantly correlated with
24-h systolic BP, and retinal microcirculation changes can
already be found in prehypertensive subjects.64 Eventually,
increased media-to-lumen ratio of subcutaneous small
resistance arteries, which is associated with reduced lumen
diameter, represents the largest part of the structural part of
increased total peripheral resistance, leading to a rise in
mean BP, and thus continuing the vicious circle (Fig. 29.4).
This may also apply to the interactions between diabetes
and hypertension.15

Thus, whether hypertension causes or is caused by
central arterial stiffening and whether large or small arteries
are damaged first, can be considered irrelevant. The main
issue is that a progressive worsening can ensue in either

case, thus any onset of large artery stiffening or small artery
remodeling merits early intervention.

High central blood pressure,
hypertension-mediated organ damage,
and cardiovascular complication

The small/large artery cross-talk has a synergistic effect on
the heart, brain, and kidney, in large part through a high
pulsatile energy that is delivered as central systolic or pulse
pressure. There is a large amount of evidence that central
systolic and pulse pressures are the most deleterious ele-
ments of the BP load on the heart, brain, and kidney in
hypertensives. Their increase is better correlated with
hypertension-mediated organ damage (HMOD) than either
brachial systolic and pulse pressures or mean BP.62,42,59

Because the effects of pulsatile hemodynamics on the heart,
brain, and kidney are described in details in other chapters
of this book, we only address here the main mechanisms
and consequences related to systemic hypertension.

Cardiac damage

A higher correlation has been observed with central SBP
and PP than with brachial SBP and PP for left ventricular
hypertrophy (LVH),6,56,78 systolic dysfunction,34 and dia-
stolic dysfunction77 that can be considered as characteris-
tics of cardiac damage in hypertensive patients. This is also
the case for new onset of atrial fibrillation and left atria
enlargement.50 Central SBP increases the load on the left
ventricle thus the myocardial oxygen demand. In addition,
arterial stiffness is correlated to LVH,6 a known risk factor

FIGURE 29.4 Schematic representation of the large/small artery cross-talk: a vicious circle of aggravation between large and small artery alterations in
essential hypertension. From Safar ME, Asmar R, Benetos A, et al. French study group on arterial stiffness. Interaction between hypertension and arterial
stiffness. Hypertension. 2018; 72:796e805 with permission.
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for coronary events.31 High central PP and low diastolic BP
can cause subendocardial ischemia. Indeed, a high central
pulsatility reduces large epicardial coronary vascular tree
perfusion during diastole, thus decreases coronary flow
reserve because of lesser BP during early diastole.19

Rarefaction and remodeling of intramyocardial coronary
artery, as well as LVH and left ventricular diastolic
dysfunction also contribute to a reduction in microcircula-
tory flow reserve, an impairment of tissue perfusion and a
higher susceptibility to ischemia during high levels of
metabolic and oxygen demand.19 Atherosclerosis at the site
of epicardial coronary arteries increases the damaging ef-
fects of above damages and the risk of ischemic heart
disease.

Brain damage

The damage of large and small arteries can increase the
risk of ischemic stroke, and, likely in parallel, white matter
lesions, lacunar infarcts, and cognitive decline.11,67 High
pulse pressure can be transmitted into cerebral arteries,
thus leading to an inward remodeling reducing lumen
diameter aiming at protecting the microcirculation from
pulsatile stress. The cerebral (as well as renal) circulation
is particularly susceptible to pressure damage, since this is
a high flow/low resistance circulation. Under such con-
dition, mean and pulse pressures are easily transmitted
from the aorta to small cerebral (and renal) arteries.55 An
increased arterial pulsatility due to large artery stiffening
can thus be transmitted to cerebral small vessels and
associated with white matter lesions.76,52 Indeed, the
pulsatility of the carotid flow, measured with Doppler, and
pressure, and the carotid-femoral pulse wave velocity
(cfPWV), are related with silent subcortical infarcts or
white matter lesions,76,52 and lower scores in various
cognitive domains.52 There is also a relationship between
carotid stiffness and large white matter hyperintensity
volume, independently of vascular risk factors and carotid
plaque,11 and with stroke.71

Several mechanisms can explain why an increased
arterial stiffness can increase the risk of stroke: an elevated
central PP, remodeling extracranial and intracranial arteries,
in association with an increased carotid wall thickness and
the development of stenosis and plaques43 and the preva-
lence and severity of cerebral white matter lesions.11,66

Aortic stiffening may also express damages at the site of the
cerebral vasculature. Thus, it is not surprising that aortic
stiffness can to predict not only incident stroke,40 but also
the functional outcome after stroke, independently of
classical cardiovascular risk factors.22 Another explanation
is given by the differential physiological behavior of brain
small arteries compared with other systemic vascular
beds.62 In elderly hypertensives, the inward remodeling of
small cerebral arteries and associated increased myogenic

tone impairs vasomotor reactivity, limits the autoregulation
of cerebral blood flow, and increases susceptibility to focal
ischemia when BP is transiently and/or acutely low. Pa-
tients with exaggerated visit-to-visit variability of BP,
namely SBP, are at increased risk of stroke,60 which sug-
gests that repeated episodes of hypoperfusion and micro-
vascular ischemia resulting from excessive variability
coupled with reduced autoregulation, could favor tissue
damage and stroke. Similar findings can result from exag-
gerated short-term BP variability, detected with ambulatory
BP monitoring, that is associated with arterial stiffness.65

Finally, a high central PP may remodel the arterial system
not only at the site of the intracranial arteries, but also in
extracranial arteries, thickening the carotid wall, leading to
the development of atherosclerotic plaques.7,82

Renal damage

Myogenic tone in the renal circulation is impaired in the
elderly hypertensive. The consequence is a loss of the
autoregulation capacity and an increase in barotrauma due
to high systolic BP, leading to glomerular injury. Because
of its torrential nature (very low resistances), even small
increases in peripheral BP are transformed into high pul-
satile energy that is transmitted to the kidney and dissipated
in the microcirculation, leading to hyperfiltration and glo-
merulosclerosis. Clinical data are consistent with this
pathophysiological approach. Significant relationships have
been demonstrated between brachial pulse pressure and
either glomerular filtration rate (GFR) or micro-
albuminuria20; between arterial stiffness and either GFR9,24

or urinary albumin24; between carotid stiffness and GFR24;
and between central PP and incident end-stage renal dis-
ease.10 Although confounding factors may not be fully
excluded, there is a large amount of evidence for linking the
pulsatility of BP to renal damage.

Cardiovascular and renal outcome

Because the small/large artery cross-talk exerts a syner-
gistic damaging effect on the heart, brain, and kidney, it is
not surprising that arterial stiffness39,8; Vlachopoulos et al.
2010,30,51 central systolic and pulse pressures10; Vlacho-
poulos et al. 2010,61 and media-to-lumen ratio of small
resistance arteries,58 have independent predictive value for
CV events and renal complications in hypertensive patients.

Predictive value of arterial stiffness and
wave reflection in hypertensives

The measurement of arterial stiffness and wave reflections
in clinical practice in hypertensives is comforted by the
repeated demonstration that arterial stiffness has an inde-
pendent predictive value for CV events.41,69
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Several longitudinal epidemiological studies have
demonstrated the predictive value of arterial stiffness for
CV events. The largest amount of evidence has been given
for aortic stiffness, measured through carotid-femoral
PWV. Aortic stiffness has independent predictive value
for all-cause and CV mortality, fatal and nonfatal coronary
events, and fatal strokes not only in patients with uncom-
plicated essential hypertension,39,8,40 but also in patients
with type 2 diabetes,17 end-stage renal disease,4 in elderly
subjects48 and in the general population.46,51

Two meta-analyses72,3 consistently showed the inde-
pendent predictive value of aortic stiffness, measured by
carotid-femoral PWV, for fatal and nonfatal CV events in
various populations, as well as two meta-analyses on
carotid stiffness.71,81 Brachial-ankle PWV has also
demonstrated a predictive value for CV events.73 This
amount of evidence led the European Society of Hyper-
tension and the European Society of Cardiology, in their
201345 and 201880 common guidelines for the management
of hypertension, to include carotid-femoral PWV in the list
of measurements in order to assess HMOD. The measure-
ment of brachial-ankle PWV is recommended by the 2019
Japanese Society of Hypertension guidelines for the man-
agement of hypertension.68 A 2015 position statement from
the European Society of Cardiology working group on
peripheral circulation ranked the carotid-femoral PWV and
the brachial-ankle PWV as top biomarkers for assessing the
CV risk in clinical practice.74

Aortic stiffness has demonstrated an independent predic-
tive value for CV events after adjustment to classical CV risk
factors, including brachial pulse pressure. These data show
that aortic stiffness predicts CV events to a larger extent than
each of classical risk factors. In addition, aortic stiffness re-
tains its predictive value for CHD events after adjustment to
the Framingham risk score, demonstrating an added value to a
combination of CV risk factors.8 Aortic and carotid stiffness
have additive predictive value.71 As discussed above, one
reason may be that aortic stiffness is an integrator of the cu-
mulative damage of CV risk factors on the aortic wall over a
long period of time,whereas the classical CV risk factors, such
asBP, glycemia, and lipids can fluctuate over time. Thus, their
values, measured at the time of risk assessment, may not
reflect the true values damaging the arterial wall.

An important issue is whether arterial stiffness retains
its independent predictive value in elderly hypertensives3

undertook a systematic review and obtained individual
participant data from 16 studies gathering 17,635 partici-
pants. cfPWV demonstrated predictive value for coronary
heart disease, stroke, and CVD. Associations stratified ac-
cording to sex, diabetes, and hypertension were similar but
decreased in intensity with age: 1.89, 1.77, 1.36, and 1.23
for age <50, 51e60, 61 to 70, and >70 years, respectively,
for one standard deviation, with a significant interaction
(Fig. 29.5). Thus, although the predictive value of arterial
stiffness for CV events is higher in adults less than 50
years, it is still significant in elderly.

Age_Group

<50 years

51-60 years

61-70 years

>70 years

Category

1.83 (1.33, 2.52)

1.67 (1.40, 1.99)

1.37 (1.17, 1.61)

1.25 (1.09, 1.43)

ES (95% CI)

1.83 (1.33, 2.52)

1.67 (1.40, 1.99)

1.37 (1.17, 1.61)

1.25 (1.09, 1.43)

ES (95% CI)

1.8 1 1.4 1.8 2.2 2.6

Hazard Ratio (95% CI)

Age-specific HRs for CVD, per 1SD increase in log cf-PWV

FIGURE 29.5 Individual participant systematic review of the predictive value of arterial stiffness (carotid-femoral pulse wave velocity) for cardio-
vascular disease. Associations stratified according to sex, diabetes, and hypertension were similar but decreased with age, with a significant interaction.
HR, hazard ratio; CVD, cardiovascular disease; SD, standard deviation; cfPWV, carotid-femoral pulse wave velocity. From Ben-Shlomo Y, Spears M,
Boustred C, et al. Aortic pulse wave velocity improves cardiovascular event prediction: an individual participant meta-analysis of prospective obser-
vational data from 17,635 subjects. J Am Coll Cardiol. 2014; 63:636e646 with permission.
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The particular case of very elderly
hypertensives

Subjects older than 80 years represent a particular popula-
tion since they are often frail, with several comorbidities.
Very few studies have been done in very elderly hyper-
tensives. The HYVET study,1 one of the rare large ran-
domized clinical trial performed so far in very old
hypertensives (average 84 years), showed that antihyper-
tensive treatment with indapamide, with or without peri-
ndopril, can be beneficial. This was confirmed by Corrao
et al.,16 in a nested case-control study on a cohort of
patients aged 85 years or older (average 88 years). These
patients were newly treated with antihypertensive drugs and
the level of drug adherence was available. Compared with
patients with very low adherence, patients with high
adherence16 showed a significant risk reduction for death
and all the outcomes combined. The risk of heart failure
and stroke was also reduced, whereas the risk of MI was
not affected by adherence with antihypertensive drugs.
Interestingly, similar findings were obtained in the cohort
of patients aged 70e84 years.

Very few studies addressed the particular case of very
elderly individuals. The PARTAGE study is an observa-
tional one2,75 that followed 682 individuals aged older than
80 during 2 years, and showed that arterial stiffness as
evaluated by cfPWV was associated with a more pro-
nounced cognitive decline over a one-year period in very old
frail institutionalized individuals. These data suggest that
even in very old, frail individuals, arterial stiffness remains a
determinant of cognitive decline, morbidity, and mortality.63

Conclusion

In this chapter, we have discussed the various mechanisms
underlying the relationship between arterial stiffness and
increased central pressure pulsatility. We addressed the
issue that hypertension is both a cause and a consequence
of central arterial stiffening. Finally, we suggested an in-
tegrated pathophysiological approach through which the
cross-talk between large and small artery changes interacts
in the transmission of pressure pulsatility, exaggerates
cardiac, brain and kidney damage, and lead to cardiovas-
cular and renal complications in hypertensive patients.
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Introduction

Increased large artery stiffness (LAS) contributes to isolated
systolic hypertension, increases cardiac afterload, and pro-
motes increased pressure and flow pulsatility in the arterial
tree.1e3 Diabetes mellitus (DM), hypertension, obesity, and
chronic kidney disease accelerate vascular aging, promoting
LAS.4,5 Furthermore, as the aorta stiffens over time, the
increased pressure pulsatility is preferentially transferred to
low-resistance microvascular beds such as the brain, kidney,
liver, and pancreatic islets.6e8 The resulting microvascular
dysfunction may contribute to the development of insulin
resistance and DM,9e12 suggesting a bidirectional

relationship between arterial stiffness andmetabolic diseases
(Fig. 30.1). There is a strong association of elevated carotid-
femoral pulse wave velocity (CF-PWV; the reference stan-
dard measurement of arterial stiffness)13e16 and measures of
adverse pulsatile hemodynamics (e.g., increase and/or pre-
mature wave reflection)17,18 with adverse cardiovascular
outcomes. The bidirectional relationship of arterial stiffness
with DM likely plays a distinctive role in mediating adverse
cardiovascular outcomes in this patient population.

The goal of this chapter is to provide a translational
overview of the pathophysiology and epidemiology of the
relationship arterial stiffness with DM and obesity, and to
identify important areas for future investigation.
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Diabetes
Mellitus

Large Artery
Stiffness

• Elastin-derived peptides
• Pancreatic islet microvascular 

dysfunction
• Liver dysfunction
• Neuroendocrine mechanisms

• Advanced glycation end-products 
• nitric oxide dysregulation 
• large artery calcification and 

atherosclerosis 
• chronic inflammation 
• Neuroendocrine mechanisms

FIGURE 30.1 Bidirectional relationship
between large artery stiffening and diabetes
mellitus. On one hand, large artery stiffening
may contribute to the pathogenesis of diabetes
mellitus. On the other hand, established dia-
betes mellitus may contribute to accelerated
large artery stiffening. Some potential mecha-
nisms are listed.
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Pathophysiologic role of diabetes
mellitus in the development of
increased arterial stiffness

Multiple mechanisms contribute to accelerated vascular
aging and arterial wall stiffening in patients with type 2
DM, including (1) excess collagen deposition and cross-
linking due to advanced glycation end-products
(AGEs)19; (2) nitric oxide dysregulation resulting in
oxidative stress and endothelial dysfunction20; (3) large
artery calcification and atherosclerosis21; (4) chronic
inflammation22; and (5) increased sympathetic tone.22 In
this section, we will highlight proposed pathophysiologic
mechanisms of vascular stiffness particularly as they relate
to AGEs and nitric oxide dysregulation (Fig. 30.2).

The role of advanced glycation end-products in
the development of arterial stiffness

AGEs are proteins or lipids that develop in hyperglycemic
environments and during aging.23 AGEs are glycated and
oxidized after exposure to sugars, and are commonly found in
the vasculature of patients with diabetes.19 AGEs have been
demonstrated to contribute to the development of several
microvascular and macrovascular complications in both dia-
betic and nondiabetic populations.24 The main mechanism of
arterial stiffness due to AGEs is attributed to the accumulation
of AGEs in the arterial vessel wall, resulting in changes to
structure and function of the blood vessel.

The AGE formation process begins when the carbonyl
groupof a reducing sugarmoiety (glucose, fructose, glycolytic
adductions) interacts with proteins, lipids, and nucleic acid
amino groups in a reactionfirst described byLouisMaillard in
the early 20th century. This reaction leads to the formation of
two intermediate products, Schiff bases and Amadori prod-
ucts. Over the course of several months, Amadori products
accumulate and react with amino, sulfhydryl, and guanidine
groups of targeted proteins, promoting the denaturation,
fragmentation, and cross-linking of these proteins which ul-
timately leads to the irreversible formation of AGEs.24e27

These reactions are enhanced in carbonyl-enriched states such
asDM(which increasesAGE formation) and end stage kidney
disease (which reduces AGE degradation).3,28 They are also
promoted via other intermediates, such as glyoxal and meth-
ylglyoxal, through lipid oxidation, inflammation, and envi-
ronmental pollutant exposure, such as cigarette smoke.29

Glycated hemoglobin (HbA1c) is an example of a clinically
familiar and relevant Amadori product that is used for the
diagnosis of diabetes and reflects blood glucose levels over an
approximate 90-day period.30e32

AGEs can accumulate in arterial walls, where they
disrupt normal vascular structure and function. Arterial
walls are largely composed of collagen, which provides
structural support, and elastin, which provides distensi-
bility.33 Fragmentation of elastin fibers in the arterial wall
occurs during aging. In large arteries, fragmentation and
loss of elastin fibers can also be associated with increased
collagen deposition.34,35 AGEs preferentially cross-link

FIGURE 30.2 Pathophysiologic relationship between diabetes mellitus (DM) and large artery stiffness. Mechanistic factors that promote large
artery stiffness in patients with DM are shown.
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collagen over elastin, potentially due to a relatively higher
content of lysine residues on collagen compared with
elastin.34 Normally, cross-links occur at two discrete sites at
the N-terminal and C-terminal ends of collagen. However,
AGEs can form cross-links at any site on collagen.36 AGE-
mediated cross-links confer increased resistance to enzy-
matic proteolysis of collagen and decreased rate of collagen
degradation, promoting accumulation of collagen in large
artery walls.37 In contrast, glycated elastin is more sus-
ceptible to degradation.

In addition to collagen and elastin cross-linking, AGEs
may promote vascular stiffness via several alternative
mechanisms, including (1) activation of transcription factor
NF-kB, which alters cellular adhesion molecule expression
and promotes cytokine activation38,39; (2) glycosylation
and oxidation of lipoproteins and increased foam cell for-
mation40; and (3) glycosylation of reactive intermediates
that inactivate nitric oxide and mediate endothelial
dysfunction.41 AGEs can activate the receptor of AGEs
(RAGEs), inducing inflammation, oxidative stress, and
calcification pathways (via sodium phosphate co-
transporter PiT-1 expression). However, the functional
significance of AGE-RAGE interactions in vivo is unclear.3

Several human studies have demonstrated a relationship
between collagen cross-linking, AGE accumulation, and
elevated CF-PWV. In a study of 41 subjects with long-
standing type 1 DM compared with 25 controls, Monnier
et al. observed that collagen-linked fluorescence was
positively correlated with CF-PWV (r ¼ 0.41, P < .01).42

Subsequently, accumulation of specific AGEs in aortic
tissue, such as pentosidine and glyoxal/methylglyoxal
hydroimidazolones, has been correlated with aortic stiffness
in subjects both with and without DM.43

Serum levels of AGE have also been cross-sectionally
associated with markers of LAS, though this is not consis-
tent across all studies. In a nested case-control study of 543
type 1 diabetic participants of the EURODIAB Prospective
Complications Study, Schram et al. demonstrated that
serum levels of two AGEs, Nε-(carboxymethyl)lysine and
Nε-(carboxyethyl)lysine, were significantly associated with
wider pulse pressure in models adjusted for several de-
mographic, anthropomorphic, and clinical characteristics.44

Similarly, in 423 diabetic and nondiabetic adult participants
of the Baltimore Longitudinal Study of Aging, Semba et al.
observed that every standard deviation higher serum level of
Nε-(carboxymethyl)lysine was associated with a 0.16 m/s
higher CF-PWV in multivariable-adjusted models.45 Alter-
natively, in a cohort of 145 patients referred for coronary
angiography for assessment of suspected coronary artery
disease, Won et al. observed an association of serum levels
of AGE with obstructive coronary artery disease, but
not with brachial-ankle PWV.46 The lack of association

may be due to the limitations of brachial-ankle PWV as a
metric of LAS.

A number of longitudinal studies have also demon-
strated a relationship between AGEs and the development
and progression of microvascular complications of DM.47

In a prospective study of 211 participants of the Diabetes
Control and Complications Trial who underwent skin bi-
opsy, skin AGEs independently predicted the 10-year risk
of diabetic retinopathy and nephropathy.48,49 Similarly, in
a study of 30 patients with type 1 or type 2 DM and age-
and sex-matched controls, skin pentosidine and fluores-
cence were associated with the six-year risk of progression
of retinopathy and nephropathy.50 In a case-control study
of subgroup of 134 participants of the Collaborative Study
Group’s Trial of captopril in type 1 diabetic nephropathy,
Weiss et al. observed that individuals who experienced
doubling of serum creatinine during follow-up had higher
serum levels of pentosidine compared with those who did
not experience progressive nephropathy.51

Elevated serum AGE levels have also been linked to all-
cause mortality and cardiovascular mortality in several co-
horts. For example, in a longitudinal cohort study of 974
Finnish patients with type 2 DM followed for 18 years, the
highest sex-specific quartile of serum AGE levels was
associated with a 51% higher risk of all-cause mortality
[hazard ratio (HR) 1.51, 95% confidence interval (CI)
1.14e1.99] and a 68% higher risk of cardiovascular mor-
tality compared with the lowest quartile (HR 1.68, 95% CI
1.11e2.52) among women, which persisted after robust
adjustment for multiple demographic and physiologic pa-
rameters.52 However, the relationship of AGEs with mor-
tality was not significant among men in the cohort. In a
cohort of 339 men and women with type 1 DM followed for
a median of 12.3 years, every standard deviation increase in
serum levels of AGEs was associated with a 30% increased
risk of incident fatal and nonfatal cardiovascular disease
(adjusted HR 1.30, 95% CI 1.03e1.66) and a 34% increased
risk of all-cause mortality (adjusted HR 1.28, 95% CI
1.01e1.64).53 In the same cohort, higher plasma levels of
soluble receptor for AGEs were also strongly and indepen-
dently associated with increased risk of incident fatal and
nonfatal cardiovascular disease and all-cause mortality.54

Nitric oxide, oxidative stress, and arterial
stiffness

Nitric oxide (NO) has vasodilatory, antiplatelet, anti-
inflammatory, and antioxidant properties, impaired nitric
oxide synthesis and bioavailability promotes endothelial
dysfunction and arterial stiffness.20 Reduced NO produc-
tion by the endothelium may play a role in regulating
VSMC stiffness/tone in distal aortic segments like the
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abdominal aorta.3 Hyperglycemia and insulin resistance
contribute to endothelial dysfunction and arterial stiffness
by interfering with NO-mediated vasodilatation. In patients
with insulin resistance, impaired NO synthase activation
and increased superoxide production lead to increased NO
inactivation and decreased endothelial NO production,
reducing its overall bioavailability.55,56 Chronically
elevated blood glucose is associated with enhanced polyol,
protein kinase C, and pentose phosphate pathways, further
contributing to increased oxidative stress and endothelial
apoptosis.57,58

Abnormalities in the NO pathway in type 2 DM
contribute to endothelial progenitor cell dysregulation.55

Circulating levels of endothelial progenitor cells, which are
responsible for the normal development of new endothelial
cells, are lower in patients with type 2 DM compared with
normal controls.59 In a cross-sectional study of 234 patient
with type 2 DM and 121 age- and sex-matched nondiabetic
controls, Yue et al. observed that circulating levels of
endothelial progenitor cells were inversely proportional to
glycemic control as well as brachial-ankle PWV60; patients
with DM and better glycemic control, measured using
HbA1c, exhibited lower arterial stiffness and higher
circulating levels of endothelial progenitor cells than those
with poorer glycemic control. However, these associations
may represent epiphenomena related to the multiple bio-
logic changes associated with poor glycemic control, and
the causal relationship between endothelial progenitor cells
and arterial stiffening was not established.

Epidemiologic association of diabetes
mellitus with the development of
increased arterial stiffness

DM is a well-established risk factor for accelerated large
artery stiffening, as measured by pulse pressure, CF-PWV,
and aortic characteristic impedance (Zc). The breadth of
studies demonstrating cross-sectional and longitudinal as-
sociations of DM with LAS and pulsatile hemodynamics
has grown substantially over time with ongoing improve-
ments in the techniques used to noninvasively measure
these parameters. The aim of this section is to highlight key
studies that have evaluated arterial stiffness and pulsatile
hemodynamics in patients with DM.

Risk of increased arterial stiffness and adverse
cardiovascular events in patients with diabetes
mellitus type 2

Cross-sectional data consistently demonstrate a strong as-
sociation of DM with elevated PWV.61e69 For example, in
a cross-sectional study of 169 patients with type 2 DM
(n ¼ 57) and nondiabetic controls (n ¼ 112), Cameron
et al. observed that patients with type 2 DM exhibited

CF-PWV, carotid-radial PWV, and aortic-finger PWV
values that were similar, on average, to those among
nondiabetic patients who were 15 year older.61 In a
population-based study of 571 patients in London, United
Kingdom, Cruickshank et al. showed that at any level of
systolic blood pressure, aortic PWV was higher in patients
with type 2 DM compared with nondiabetic controls.62,63

Kimoto et al. measured four arterial segments of PWV in
434 patients with type 2 DM and 192 nondiabetic controls.
The authors observed that patients with diabetes had greater
PWV in all four arterial segments compared with nondia-
betic controls. However, after multivariable adjustment,
diabetes was significantly associated with higher PWV in
larger-sized arterial segments representing aortic PWV, but
not in medium-sized arterial segments (heart-brachial and
femoral-ankle).64

Although most data are cross-sectional, prospective data
support that type 2 DM is a risk factor for the development
of arterial stiffening over time. For example, in a pro-
spective analysis of 508 community-dwelling participants
of the MaineeSyracuse Longitudinal Study, Elias et al.
observed that prior type 2 DM was associated with higher
subsequent CF-PWV and that uncontrolled DM was asso-
ciated with a ninefold higher risk of elevated PWV (defined
by the authors as �12 m/s).70

There is a strong relationship between arterial stiffness
and the risk of cardiovascular events and mortality that is
particularly robust in patients with type 2 DM.71,72 In the
Hoorn Study, a population-based cohort study of 2484
Dutch patients including 208 patients with type 2 DM,
pulse pressure was associated with cardiovascular mortality
among diabetic, but not nondiabetic patients.73 In a longi-
tudinal, population-based cohort study of 140 patients with
impaired fasting glucose, van Dijk et al. showed that every
standard deviation increase in brachial artery pulse pressure
was associated with a 70% increase in all-cause mortality,
with similar results after multivariable adjustment for
several demographic, anthropomorphic, and clinical pa-
rameters.74 In a prospective cohort study of 2308 patients
with type 2 DM followed for a median of 8.6 years, Kim
et al. observed that the highest quartile of brachial-ankle
PWV was associated with a 2.5-fold increased risk of all-
cause mortality (adjusted HR 2.55, 95% CI 1.49e4.35)
and a 5.6-fold increased risk of cardiovascular mortality
(adjusted HR 5.57, 95% CI 1.19e26.18) compared with the
lowest quartile.

Risk of increased arterial stiffness and adverse
cardiovascular events in patients with diabetes
mellitus type 1

The relationship between PWV and type 1 DM is less
consistently demonstrated than in type 2 DM, which may
be due to smaller sample sizes in studies of patients with
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type 1 DM as well as generally lower rates of other meta-
bolic diseases and obesity. In a study of 17 patients with
type 1 DM compared with age- and sex-matched nondia-
betic controls, Sweitzer et al. observed that patients with
type 1 DM exhibited wider central and peripheral pulse
pressure, despite similar mean blood pressure, compared
with nondiabetic controls. Although CF-PWV was similar
between diabetics and nondiabetics, aortic characteristic
impedance (Zc) was higher in type 1 diabetics compared
with diabetics, and was particularly elevated among those
with albuminuria.75 Similarly, in a study of 35 patients with
type 1 DM compared with 35 nondiabetic matched con-
trols, Wilkinson et al. observed that aortic augmentation
index, a metric of pulse wave reflection, and estimated
PWV, were significantly higher in patients with diabetes
compared with controls using peripheral pulse wave-
forms.76 In contrast, in a cross-sectional study of 89 sub-
jects with type 1 DM compared with 95 nondiabetic
controls, Brooks observed that aortic augmentation index
was increased in men, but not women, with type 1 DM
compared with controls.77

Limited evidence exists regarding the association be-
tween hyperglycemia and measures of arterial stiffness and
pulsatile hemodynamics in type 1 DM. In a mechanistic
study of 22 men with type 1 DM and 13 nondiabetic men,
Gordin et al. evaluated the effect of acute hyperglycemia on
arterial stiffness by measuring carotid-radial PWV, CF-
PWV, and aortic augmentation index before and after a
2-h hyperglycemic clamp.78 At baseline, the authors
observed that patients with diabetes had higher aortic
augmentation index, but similar carotid-radial and CF-
PWV, compared with nondiabetic controls. After the 2-h
clamp, acute hyperglycemia increased the carotid-radial
PWV in patients with but not those without diabetes, and
increased the aortic augmentation index similarly in pa-
tients both with and without diabetes.

Risk of increased arterial stiffness and adverse
cardiovascular events in patients with
prediabetes

Several studies have evaluated the cross-sectional associa-
tion between prediabetes and vascular stiffness to better
understand the temporal relationship between arterial
stiffness, impaired glucose tolerance, and DM. In the Hoorn
Study, a population-based cohort study of 2484 Dutch
patients, Schram et al. observed a dose-response relation-
ship of normal blood glucose, impaired fasting glucose, and
DM with regard to carotid-femoral transit time.79 A number
of studies have demonstrated that levels of plasma glucose
at the upper limit of normal are associated with increased
arterial stiffness,80e83 but these observations are not
consistent across all studies. For example, in the Asklepios
Study, a population-based study of 1927 middle-aged

middle-aged adults, after adjustment for age, sex, and
mean arterial pressure, impaired fasting glucose was not
associated with elevated arterial stiffness.65 Thus, the
temporal relationship between prediabetes and arterial
stiffness requires further investigation, particularly in
studies that evaluate PWV and changes in glucose tolerance
and diabetes status longitudinally.

The role of arterial stiffness in the promotion
of diabetic microvascular disease

In the Asklepios Study, after adjustment for age, sex, and
mean arterial pressure, type 2 DM was associated with
higher CF-PWV, lower total arterial compliance and
decreased reflection magnitude.65 The reduced reflection
magnitude arriving at the proximal aorta suggests increased
penetration of pulsatile energy to distal vascular beds in
patients with type 2 diabetes, as also suggested by previous
studies.84e86 This selective aortic stiffening without stiff-
ening of more distal arteries may facilitate increased
penetration of potentially harmful pulsatile energy into the
microvasculature of target organs, promoting the micro-
vascular damage observed in patients with DM including
retinopathy, nephropathy, peripheral neuropathy, auto-
nomic dysfunction, and cognitive dysfunction. Microvas-
cular damage in DM is consistently associated with
elevated mortality risk.87e90 Thus, more research is needed
to identify ways to prevent and slow the progression of
microvascular disease in this population.

Arterial stiffness and diabetic retinopathy

Several studies have demonstrated a consistent correlation of
arterial stiffness with diabetic retinopathy.89,91e95 In a cross-
sectional analysis of 600 randomly selected subjects with
type 2 DM from the Chennai Urban Rural Epidemiology
Study, Rema et al. observed that aortic augmentation index
was significantly higher in subjects with retinopathy
compared with those without retinopathy (27.9 vs. 25.8 mm,
P ¼ .031), which persisted after multivariable adjustment for
age, duration of diabetes, HbA1c, serum cholesterol, serum
triglycerides, and microalbuminuria.91 Similarly, in a cross-
sectional study of 494 participants of the Seoul Metro-City
Diabetes Prevention Program with type 2 DM, Kim et al.
showed that the highest quartile of heart-femoral PWV was
independently associated with a fivefold higher odds of
diabetic retinopathy than the lowest quartile (adjusted odds
ratio 5.02, 95% CI 1.69e14.91).92 A number of studies have
demonstrated similar cross-sectional associations between
LAS and pulsatile hemodynamics with diabetic
retinopathy.93e95 Moreover, in a cross-sectional analysis of
689 patients with type 2 DM in Japan, Tanaka et al.
observed a positive association between the stages of dia-
betic retinopathy and higher brachial-ankle PWV.89
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Arterial stiffness and diabetic nephropathy

DM is the foremost cause of chronic kidney disease and
end-stage kidney disease.96,97 Correspondingly, the devel-
opment of microvascular disease in the kidney, as evi-
denced by, albuminuria, is strongly associated with
increased risk of progression to end stage kidney disease,
cardiovascular disease, and all-cause mortality.98 Mild
albuminuria often precedes the development of clinically
evident renal dysfunction, or reduction in glomerular
filtration rate, in patients with DM by several years.99

Several studies have investigated the relationship be-
tween arterial stiffness and diabetic nephropathy.5,90,100e105

In a cross-sectional analysis of 2564 participants of the
Chronic Renal Insufficiency Cohort (CRIC) Study with
mild to moderate chronic kidney disease, Townsend et al.
observed that DM (b coefficient 1.51, standard error 0.13)
and fasting blood glucose (b coefficient 0.04 per 10 mg/dL,
standard error 0.01) were independently associated with
increased CF-PWV.5 In multivariable models stratified by
diabetes status, carotid-femoral PWV explained a signifi-
cant portion of the variation in urinary protein excretion
among diabetic, but not among nondiabetic, participants.100

In longitudinal analyses of the full 2795 CRIC Study par-
ticipants who ultimately underwent CF-PWV measure-
ments and were followed for a mean of 5.4 years, those in
the highest tertile of CF-PWV exhibited a 37% higher risk
of end stage kidney disease (adjusted HR 1.37, 95% CI
1.05e1.80) and 72% higher risk of all-cause mortality
(adjusted HR 1.72, 95% CI 1.24e2.38) compared with
those in the lowest tertile.90

Smith et al. measured CF-PWV in 134 patients with
type 2 DM, normal serum creatinine, and varying severity
of albuminuria,104 and demonstrated that an elevated al-
bumin to creatinine ratio (defined by the authors as �3 mg/
mmol) was associated with higher CF-PWV and that PWV
was higher in patients with lower glomerular filtration rate.
Additionally, the authors estimated that a 10-year period of
longer duration of DM was associated with PWV to the
same extent as 10 mmHg higher pulse pressure or 6.5-year
older age.104 In a case-control study of 122 patients with
type 2 DM compared with 122 matched controls, a decline
in glomerular filtration rate over time was associated with
increased aortic stiffness, independent of baseline level of
kidney function.106 Moreover, in a longitudinal cohort
study of 461 patients with type 2 DM followed over a
median of 5.9 years, Bouchi et al. demonstrated that CF-
PWV was associated with incident albuminuria (HR 1.23,
95% CI 1.13e1.33) and rate of decline in estimated
glomerular filtration rate.107

In their study measuring four arterial segments of PWV
in 434 patients with type 2 DM and 192 nondiabetic con-
trols, Kimoto et al. observed that increased PWV in each
segment was associated with advancing stage of chronic

kidney disease, respectively.64 However, after multivari-
able adjustment, lower GFR was only independently
associated with higher heart-femoral PWV.64 The authors’
findings suggest an association between LAS, but not
medium-sized (muscular) artery stiffness, with poorer kid-
ney function,64 which has also been supported by other
studies.106 Furthermore, aortic PWV, but not brachial or
femorotibial PWV, predict all-cause mortality in patients
with end stage kidney disease.67 For an extensive discus-
sion regarding the relationship between arterial stiffness
and renal disease, the reader is referred to Chapter 40.

Arterial stiffness and diabetic neuropathy and
autonomic dysfunction

Longstanding DM is associated with a high incidence of
neuropathy, which can manifest as peripheral neuropathy or
autonomic dysfunction. Arterial stiffness and adverse pul-
satile hemodynamics have been associated with both pe-
ripheral neuropathy and autonomic dysfunction in patients
with DM.

In a cross-sectional analysis of 692 patients with type 2
DM, patients with brachial-ankle PWV �16 m/s were more
likely to have abnormal monofilament testing (14.9% vs.
6.6%) and elevated peripheral neuropathy total symptom
score (36.8% vs. 28.3%) compared with those with
brachial-ankle PWV <1.6 m/s.108 A study of 100 patients
with DM who underwent nerve conduction studies
demonstrated a significant negative correlation between
brachial-ankle PWV and superficial peroneal and sural
sensory nerve action potential and nerve conduction ve-
locity.109 Similarly, in 294 patients with type 2 diabetes,
Yokoyama et al. observed that brachial-ankle PWV (odds
ratio 1.002, 95% CI 1.001e1.003 per cm/s increase) and
pulse pressure (odds ratio 1.05, 95% CI 1.02e1.08
per mmHg increase) were independently associated with
neuropathy determined by symptoms, absence of ankle
tendon reflexes, vibratory perception, and heart rate
variability.110

Several studies have demonstrated a correlation be-
tween elevated PWV and autonomic dysfunction.111,112 For
example, in 2004, Meyer et al. assessed autonomic function
in 45 patients with type 2 diabetes and 45 age-, sex-, and
BMI-matched nondiabetic controls by assessing heart rate
variability during breathing, Valsalva, and postural
maneuvers. The authors showed that CF-PWV and
femoral-dorsalis pedis PWV were positively correlated
with autonomic dysfunction.112

Arterial stiffness and cognitive dysfunction in
patients with diabetes mellitus

Similar to other markers of microvascular disease in pa-
tients with DM, several studies have demonstrated an
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independent association of arterial stiffness with cognitive
dysfunction and white matter lesions. For example, in a
study of 89 patients with recently diagnosed type 2 DM and
89 age- and sex-matched nondiabetic controls, Laugesen
et al. observed that CF-PWV was higher in patients with
diabetes compared with controls, and that higher PWV was
associated with higher volume of white matter lesions.113 In
patients with type 2 DM, LAS is associated with poorer
cognitive function on neuropsychiatric testing.114 Brachial-
ankle PWV is higher among patients with type 2 DM with a
prior history of ischemic stroke compared to those without
stroke.115 For an extensive discussion regarding the rela-
tionship between arterial stiffness and cognitive dysfunc-
tion, the reader is referred to Chapter 41.

Epidemiologic association of obesity
and the metabolic syndrome with the
development of increased arterial
stiffness

The stronger association of type 2 DM, versus type 1 DM,
with arterial stiffness may in part be due to higher rates of
obesity and other metabolic diseases that promote vascular
aging in patients with type 2 DM. Several studies have
demonstrated an independent association between LAS and
both obesity and the metabolic syndrome.116e120 For
example, in a cross-sectional study of 806 asymptomatic
adults aged 24e44 years, Li et al. demonstrated that
brachial-ankle PWV increased significantly as number of
metabolic syndrome components increased.116 Similarly, in
a prospective cohort study of 476 patients classified by
number metabolic syndrome components, Safar et al.
observed that CF-PWV was higher in the group with
multiple components of the metabolic syndrome at baseline
compared with those without any components of the
metabolic syndrome. Additionally, over six years of
follow-up, CF-PWV increased most among those with
more components of the metabolic syndrome.117 These
findings have been corroborated by several other longitu-
dinal studies that have demonstrated an association of
additional components of the metabolic syndrome with
increase in CF-PWV over time.119,120

Increased arterial stiffness as a potential
contributor to the development of
diabetes mellitus

A number of recent studies suggest a relationship of LAS
with new onset DM. For example, in 2450 Swedish par-
ticipants of the Malmo Diet and Cancer Cardiovascular
cohort study followed for a mean of 4.4 years, Muhammad

et al. observed that the highest tertile of CF-PWV was
associated with a 3.2-fold higher risk of new onset DM than
the lowest tertile (adjusted HR 3.24, 95% CI 1.51e6.97).11

This association was independent of various potential
confounders. Similarly, in an analysis of 2429 participants
of the China Stroke Primary Prevention Trial, Zhang et al.
demonstrated that every standard deviation increase in
brachial-ankle PWV was associated with a 33% increased
odds (adjusted odds ratio 1.33%, 95% 1.13e1.56) of new-
onset DM.12 Additionally, Zheng et al. observed that
elevated brachial-ankle PWV (�18 m/s) was associated
with a twofold increased risk of new onset DM (adjusted
HR 2.11, 95% CI 1.71e2.61) over a mean of 3.7 years of
follow-up compared with brachial-ankle PWV <14 m/s.121

Moreover, the authors used cross-lagged regression, which
estimates directional relationships from one variable to
another and vice versa (hence the term “crossed”) using
longitudinal data recorded at multiple time points (hence
the term “lagged”). In these analyses, baseline baPWV was
associated with follow-up FBG, but there was no signifi-
cant relationship between baseline FBG and follow-up
baPWV. Similarly, pulse pressure independently predicted
new-onset DM among 2685 hypertensive patients enrolled
in the Candesartan Antihypertensive Survival Evaluation in
Japan (CASE-J) trial.122

Whether LAS contributes to the pathogenesis of future
new-onset DM remains to be determined. LAS may
contribute to the pathogenesis of insulin resistance and DM
through its hemodynamic effects. As discussed throughout
this textbook, LAS has ill-effects in various organs,
particularly those that require torrential blood flow and
must operate at very low vascular resistance. While the
relationship between LAS and microvascular disease in
high-flow, low-resistance organs such as the kidneys and
the brain have been the focus of many studies, little is
known about the relationship between increased aortic
stiffness and pancreatic microvascular disease. Interest-
ingly, the endocrine pancreas, which comprises only
w1e2% of the pancreatic mass, receives w10e20% of its
blood supply, implying that pancreatic islet blood flow is
among the highest in the body and actually higher than
renal and cerebral blood flow when normalized for tissue
mass.3,123 Therefore, LAS has the potential to impact
microvascular health in pancreatic islets, which may lead to
dysfunctional or dysregulated endocrine function
(Fig. 30.3).

Pancreatic islets (islets of Langerhans) are supplied by
up to w5 arterioles per islet, which branch into a dense
glomerular capillary network. Endocrine cells reside within
this network and receive chemical signals across the
capillary endothelium. Pancreatic islets are made up of five
major endocrine cell types: b-cells (which secrete insulin),
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a-cells (which secrete glucagon), d-cells (which secrete
somatostatin), PP-cells (which produce pancreatic poly-
peptide), ε-cells (which produce ghrelin). Although type 2
DM is primarily associated with insulin resistance, insuf-
ficient insulin secretion and an imbalance in insulin versus
glucagon secretion play a key role in its pathogenesis. Islet
blood flow is a highly regulated process under complex
metabolic, autonomic, and paracrine dynamic control.
Hyperglycemia and the associated beta cell activation result
in islet arteriolar dilation, capillary dilation, and increased
islet capillary pressure.124 Moreover, vascular integrity may
be essential to maintain an order of sequential perfusion of
b, d, and a cells, which appears to allow for an adequate
inhibition of glucagon secretion by insulin.125 Given the
key role of the pancreatic microvasculature, pancreatic islet
microvascular dysfunction is thought to contribute to the
pathogenesis of type 2 DM, providing a plausible mecha-
nistic causal link between LAS and the pathogenesis of
DM.

In addition to its potential effect on the pancreatic islet
microvasculature, other potential mechanisms could be
involved in the relationship between LAS and new-onset
DM (Fig. 30.4). Elastin degradation in the aortic wall may
impact insulin sensitivity via the production of elastin-
related peptides, which block insulin signaling, likely by
triggering an interaction between the insulin receptor and the
neuraminidase-1 subunit of the elastin receptor complex.
Increased sympathetic tone, a modulator of arterial stiffness,
can lead to renin-angiotensin-aldosterone system activation,
which influences insulin sensitivity via multiple mechanisms
in skeletal muscle, adipocytes, and pancreas. Finally, the

liver (which receives w25% of the cardiac output) also
exhibits a high-flow, low-resistance arterial circulation, since
the hepatic artery provides approximately one-third of the
liver blood flow.3 The hepatic arterial circulation constantly
regulates arterial flow to maintain total liver blood flow
constant, regardless of changes in portal vein flow (hepatic
arterial buffer response), which contributes to metabolic
homeostasis.126 Additionally, abnormal pulsatile hemody-
namics due to LAS may impair normal postprandial vaso-
dilation of skeletal muscle,127e129 further promoting insulin
resistance.9,10 However, it remains to be seen whether LAS
contributes to skeletal muscle or liver microvascular
dysfunction. The bidirectional association between LAS and
DM requires further study.

Conclusions and future directions

A growing body of literature supports a strong patho-
physiologic and epidemiologic link between LAS and
microvascular complications due to DM, as well as car-
diovascular disease and mortality risk. Furthermore,
emerging evidence suggests that LAS may also contribute
to the pathogenesis of new onset DM. CF-PWV is an
important prognostic marker for adverse outcomes among
patients with DM, and may be an important indicator of
future diabetes risk. Further investigations are needed to
clarify the underlying mechanisms and temporal relation-
ship of arterial stiffness with new onset DM. Therapies
targeting mechanisms of arterial stiffness may be critical in
preventing the development and progression of target organ
damage in this patient population.
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Epidemiology of hypertension

Elevated blood pressure (BP), or hypertension, is a well-
established and modifiable driver of cardiovascular dis-
ease (CVD),1 with more than 1.13 billion adults worldwide
diagnosed with hypertension in 2015.2 The first report of
increased CVD risk associated with hypertension came
from the Framingham Heart Study.3 Abundant evidence
has since demonstrated the benefit of hypertension treat-
ment in reducing important adverse health outcomes.4e9 In
this chapter, we will compare and contrast the 2017
American College of Cardiology (ACC)/American Heart
Association (AHA) guidelines for the prevention, detection,
evaluation, and management of high BP in adults10 with the
2018 European Society of Cardiology (ESC)/European
Society of Hypertension (ESH) guidelines for the man-
agement of arterial hypertension.11 We will also highlight
key areas in CVD risk assessment that are relevant to the
management of hypertension. Particular attention will be
placed on aspects of these hypertension guidelines that
relate to the assessment and management of large artery
stiffness (LAS) and pulsatile hemodynamics.12 Where
pertinent, we also provide suggestions for future iterations
of hypertension guidelines with a view to better integrating
the assessment and management of LAS into the manage-
ment of hypertension.

Definition and classification of hypertension

It goes without saying that the epidemiology of hyperten-
sion is heavily influenced by its definition, particularly
because BP itself is a continuous physiologic variable while
hypertension is defined based on a binary BP threshold.

The 2017 ACC/AHA BP guidelines10 altered the definition
of hypertension from a cutoff of �140/90 mm Hg (i.e., the
previous 2003 threshold from the Joint National Committee
[JNC] 7 guideline13) to a lower threshold of �130/80 mm
Hg. This seismic change in the clinical approach to millions
of US adults was motivated in large part by results from the
Systolic BP Intervention Trial (SPRINT).14 By contrast, the
2018 ESC/ESH BP guidelines11 maintain the level of BP
that defines hypertension at �140/90 mm Hg (Table 31.1)
and also recommend that most adults not receive antihy-
pertensive drug treatment until their BP exceeds this level.
However, for persons at very high cardiovascular risk due
to established CVD, the ESC/ESH guidelines recommend
that drug treatment be considered (Class 2b) at 130e139/
85e89 mm Hg (i.e., high normal BP) because these in-
dividuals appear to benefit from further BP-lowering
treatment.15 In addition, and more in line with US guide-
lines, the ESC/ESH document recommends that, once drug
treatment has commenced and is well tolerated, a systolic
BP target of 130 mm Hg or lower be applied to most
patients.

The landmark SPRINT,14 which comprised 9361
nondiabetic hypertensive individuals aged 50 years or older
at high cardiovascular risk, reported a 25% reduction in the
primary composite cardiovascular outcome and a 27%
reduction in all-cause mortality among those randomized to
an intensive target (systolic BP <120 mm Hg), compared
with the standard target (systolic BP <140 mm Hg). The
mean systolic BP achieved in SPRINT was 121.4 mm Hg in
the intensive arm versus 136.2 mm Hg in the standard arm.
Interestingly, the ACC/AHAdecided on amore conservative
systolic threshold to redefine hypertension (i.e., a systolic
of �130 mm Hg), rather than the threshold directly
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supported by SPRINT (�120 mm Hg). This more conser-
vative threshold of 130 mm Hg accounts primarily for the
technique of BP measurement in SPRINT (which was often
unattended compared to the attended measurements usually
performed in routine care10,16e18), as well as the fact that BP
values from research studies tend to be lower than the cor-
responding values from clinical measurements (with the
latter often being done without the recommended delay of
5 min rest and without adherence to standardized measure-
ment protocols19).

According to the new ACC/AHA definition, approxi-
mately 46% of adults in the United States now meet
diagnostic criteria for hypertensionda 14% increase in
prevalence based on the prior JNC 7 definition.20 It is worth
noting that the decision to lower the ACC/AHA diastolic
threshold for hypertension from 90 to 80 mm Hg was based
on expert opinion and not on randomized clinical trial
(RCT) data,10 which is an important consideration because
almost one in three of those newly diagnosed with
hypertension using 2017 ACC/AHA guidelines are eligible
due to a diastolic BP �80 mm Hg despite a systolic
BP <130 mm Hg.21

Cardiovascular risk assessment in the
management of hypertension

Blood pressure measurement

The recommended approach to BP measurement is consis-
tent between the ACC/AHA and ESC/ESH guidelines. To
confirm the diagnosis of hypertension and for treatment
recommendations, both guidelines endorse greater use of
out-of-office BP measurements, obtained by either home BP
monitoring (HBPM) or ambulatory BPmonitoring (ABPM).

Similar to the differences in office BP, both guidelines pro-
pose different out-of-office BP thresholds to define hyper-
tension (Table 31.2). Both guidelines state that ABPM,
performed over 24 h, provides useful information on 24-h
mean BP and nighttime BP (both of which appear to be the
best BP measures for accessing cardiovascular risk22). Out-
of-office monitoring is also useful for the detection of
white-coat hypertension andmasked hypertension. The latter
refers to untreated patients with normal BP values in the
office but with elevated BP readings on either HBPM or
ABPM. Endorsement of more widespread use of out-of-of-
fice BP measurements has important clinical implications,
given that masked (and to a lesser extent white-coat) hy-
pertension is associated with increased cardiovascular
morbidity and mortality.23 There are also cost implications
that remain understudied.

Risk assessment tools

For primary prevention, the 2017 ACC/AHA guideline
recommends the estimation of 10-year atherosclerotic CVD
(ASCVD) risk when considering drug treatment among
adults with stage 1 hypertension (i.e., office systolic BP
130e139 and/or office diastolic BP 80e89 mm Hg). Spe-
cifically, drug treatment for stage 1 hypertension is rec-
ommended only among persons with a 10-year CVD risk of
greater than 10%. To this end, the ACC/AHA endorse the
pooled cohort equations (PCEs) to estimate 10-year CVD
risk,24,25 which have been validated for US adults aged
40e79 years. Irrespective of CVD risk estimates, all adults
with confirmed stage 2 hypertension by US definitions are
recommended for drug therapy according to US guidelines.

By contrast, European guidelines do not endorse the use
of risk assessment tools in deciding on specific BP

TABLE 31.1 Blood pressure classification in the ACC/AHAa and ESC/ESHb guidelines.

ACC/AHA 2017 ESC/ESH 2018

Category

SBPc

(mm Hg)

DBPd

(mm Hg) Category

SBP

(mm Hg)

DBP

(mm Hg)

Normal <120 and <80 Optimal <120 and <80

Elevated 120e129 and <80 Normal 120e129 and/or 80e84

Stage 1 hypertension 130e139 or 80e89 High normal 130e139 and/or 85e89

Stage 2 hypertension �140 or �90 Grade 1 hypertension 140e159 and/or 90e99

Grade 2 hypertension 160e179 and/or 100e109

Grade 3 hypertension �180 and/or �110

Isolated systolic hypertension �140 and <90

aAmerican College of Cardiology/American Heart Association.
bEuropean Society of Cardiology/European Society of Hypertension.
cSystolic blood pressure.
dDiastolic blood pressure.
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thresholds or targets for drug therapy, instead recom-
mending that drugs only be initiated once BP �140/90 mm
Hg (irrespective of 10-year CVD risk). However, European
guidance does incorporate assessment of CVD risk into the
timing of antihypertensive drug initiation. Specifically, for
persons with BP 140e159/90e99 mm Hg, immediate
commencement of drug therapy is recommended only
among those with evidence of target organ damage (see
section directly below) or those with high or very high risk.
Patients at lower risk are advised lifestyle modifications and
to wait threeesix months prior to initiating drug treatment.
To this end, the ESC/ESH recommend the use of System-
atic COronary Risk Evaluation (SCORE),26,27 which is
based on a large, representative European population, for
patients between 40 and 65 years of age. High or very high
risk according to SCORE is defined as a 10-year risk
of �5% using this tool.

The SCORE system allows for calibration for different
cardiovascular risk levels across European countries.
Notably, risk classification by SCORE is based on the risk
of fatal events only, whereas the PCEs predict risk of both
fatal and nonfatal (i.e., total) ASCVD events. Given that the
main goal of primary prevention should be on preventing
the first ASCVD event,28 exclusion of nonfatal ASCVD
events from risk assessment tools seems counterintuitive
and future iterations of SCORE are planned to incorporate
these outcomes. Development of a SCORE algorithm
specifically for patients aged 65 or older (i.e., SCORE
Older Persons [SCORE OP]) is also underway.29,30

However, it must be acknowledged that risk estimation
using either PCE or SCORE is not perfect31 and both
provide modest discrimination for ASCVD events at best,
as they can overestimate or underestimate 10-year ASCVD
risk at the individual level.25,30,32e36 These equations also
do not assess risk for heart failure (HF) for which intensive
BP control is especially beneficial.14,37 Recognizing the

imprecision of ASCVD risk prediction scores,31 both
guidelines recommend consideration of additional testing to
support cardiovascular risk stratification. Assessment of
LAS and pulsatile hemodynamics may both be particularly
suitable to this effort.

Hypertension-mediated organ damage and risk
modifiers

The 2018 ESC/ESH, and to a lesser extent the 2017 ACC/
AHA BP guidelines, recommend that risk estimation be
complemented by assessment of hypertension-mediated
organ damage (HMOD), which includes hypertension-
induced structural and/or functional changes in major or-
gans (e.g., the heart, brain, and kidney, Fig. 31.1). This
helps to identify asymptomatic hypertensive patients at
increased cardiovascular risk who may otherwise be mis-
classified as having a lower level of risk by PCE or by
SCORE. Furthermore, European guidelines include the
assessment of carotid-femoral pulse wave velocity (PWV),
as a surrogate for LAS, in their definition of HMOD. Given
the focus of this book on LAS, we have allocated a dedi-
cated section, below, to the use of LAS and pulsatile he-
modynamics as risk modifiers in the management of
hypertension.

In terms of non-HMOD risk modifiers, the ESC/ESH
guidelines cite resting heart rate (RHR) greater than 80
beats per minute (bpm) as one example. The Valsartan
Antihypertensive Long-term Use Evaluation (VALUE) trial
reported that increased heart rate predicted future cardio-
vascular events among high-risk patients with hyperten-
sion.38 An analysis of the Henry Ford Hospital Exercise
Testing (FIT) Project demonstrated increased risk of hy-
pertension among traditionally normotensive individuals
with a RHR greater than 85 bpm.39 A Multi-Ethnic Study
of Atherosclerosis (MESA) analysis showed that a higher

TABLE 31.2 Comparison of ACC/AHAa and ESC/ESHb definitions of hypertension.

ACC/AHA 2017 ESC/ESH 2018

Level of BPc defining

hypertension

Systolic

(mm Hg) and/or

Diastolic

(mm Hg)

Systolic

(mm Hg) and/or

Diastolic

(mm Hg)

Office/clinic BPd �130 �80 �140 �90

Home BP mean �130 �80 �135 �85

Daytime mean, ABPMe �130 �80 �135 �85

24-h mean, ABPMe �125 �75 �130 �80

Nighttime mean, ABPMe �110 �65 �120 �70

aAmerican College of Cardiology/American Heart Association.
bEuropean Society of Cardiology/European Society of Hypertension.
cBlood pressure.
dRefers to conventional office blood pressure rather than unattended office blood pressure.
eAmbulatory blood pressure monitor.
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RHR was associated with increased arterial stiffness inde-
pendent of atrioventricular nodal blocker use and physical
activity level in an asymptomatic multiethnic population.40

Whether therapeutic RHR reduction is useful for reducing
incident hypertension or cardiovascular events is unknown
and warrants further study.

Risk modifiers not specifically endorsed in US/EU hy-
pertension guidelines but with emerging data suggesting
promise in guiding hypertension management include
coronary artery calcium (CAC), measured by noncontrast
cardiac computerized tomography (CT), and cardiac bio-
markers measured in blood. For example, CAC is

associated with incident hypertension41 and is a strong in-
dependent predictor of future cardiovascular events.42e45

Selective use of CAC measurement coupled with ASCVD
risk scores46,47 may help guide cardiovascular risk stratifi-
cation and support a personalized approach to initiation and
intensification of antihypertensive therapy.48e50 According
to CVD prevention guidelines, CAC should be considered
to guide preventive therapies among adults at borderline
(5%) or intermediate (7.5%) 10 year risk by the PCEs (2019
ACC/AHA)51 or, in Europe, those with calculated SCORE
risks close to the 5% or 10% risk thresholds (2016 ESC/
ESH).26 However, these broad prevention guidelines focus
much of the discussion around CAC on allocating statin
therapy and make little reference to modulating antihy-
pertensive drug intensity according to CAC. Forthcoming
evidence may address the potential use of CAC scoring to
guide treatment decisions in high-risk primary prevention
patients, inclusive of antihypertensive therapy.52e54

Related to CAC, thoracic aortic calcium (TAC) is also
quantifiable on noncontrast chest CT imaging and may
offer indirect insights into the LAS status of a given indi-
vidual that could inform treatment decisions regarding
hypertension. Among Framingham Heart Study Third
Generation and Offspring Cohort participants who were
free of CVD, TAC was associated with both higher values
of carotid-femoral PWV and central pulse pressure (PP).55

There is also evidence that TAC is associated with incident
hypertension41 and with other important cardiovascular
outcomes.56,57 Nonetheless, the use of TAC in guiding
treatment in stage 1 hypertension and in providing incre-
mental prognostic value for risk assessment (particularly
when CAC is available) remains under debate.50,58

Additional biomarker candidates that have demon-
strated promise for risk stratification in the management of
hypertension include high-sensitivity cardiac troponin
T (hs-cTnT) and N-terminal pro-brain natriuretic peptide
(NT-proBNP).59,60 Like CAC, these biomarkers are asso-
ciated with incident hypertension and they also indicate
subclinical structural damage to the heart.61,62 Elevations in
hs-cTnT or NT-proBNP may help identify individuals not
currently recommended for antihypertensive medication
who are at higher risk for CVD events and thus may benefit
from initiation of BP-lowering medication. Further research
is needed to assess the potential for combined use of
different biomarkers to improve CVD risk assessment.63,64

Arterial stiffness and cardiovascular risk

Measurement of carotid-femoral PWV65e67 for evaluating
LAS as part of HMOD assessment received a Class 2b
recommendation in the 2018 ESC/ESH hypertension
guidelines. A meta-analysis including 15,877 participants
showed that those in the higher tertiles of carotid-femoral
PWV had increased risk of future cardiovascular events

FIGURE 31.1 Target organ damage in hypertension. From Taler SJ.
Initial treatment of hypertension. N Engl J Med. 2018; 378(7):636e644;
with permission.
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and all-cause mortality.68 A subsequent participant-level
meta-analysis of prospective studies including 17,635 par-
ticipants found that each standard deviation increase in
carotid-femoral PWV was associated with a 35%, 54%, and
45% increase in the risk of coronary artery disease (CAD),
stroke, and overall CVD, respectively.69 Carotid-femoral
PWV was an independent predictor of risk across multi-
ple subpopulations, with a more pronounced effect among
those aged 60 or younger.69 Accordingly, LAS may add
incremental prognostic information to CVD risk estimates
derived from traditional risk factors.70

The European Reference Values for Arterial Stiffness’
Collaboration reported a marked increase in carotid-femoral
PWV across BP categories at any particular age (Fig. 31.2).71

According to the ESC/ESH, a PWV more than 10 m/s is a
conservative estimate of significant alterations of aortic
function in middle-aged hypertensive patients. The 2017
ACC/AHA BP guidelines consider carotid-femoral PWV a
noninvasive estimate of vascular target organ injury and
atherosclerosis without further elaboration.

A prospective study of 34,649 adults showed that large-
and small-artery disease/stiffness (as measured by cardio-
ankle vascular index [CAVI] and retinal fundoscopy,
respectively) were independently associated with incident
hypertension,72 suggesting their distinct implications on the
pathway to hypertension. CAVI is a derived measure of
LAS that includes PWV in the calculation but that is
reportedly influenced less by the BP at the time of esti-
mation than the PWV is.

Another useful and easily measured surrogate of LAS is
PP, which is the simple difference between systolic BP and
diastolic BP. Accordingly, PP may serve as an independent
prognostic marker of cardiovascular risk, particularly in
middle-aged and older hypertensive patients.11,73,74 In the

international Reduction of Atherothrombosis for Continued
Health (REACH) registry, a higher PP quartile was asso-
ciated with increased risk of adverse CVD outcomes.75 The
prognostic utility of PP has also been demonstrated in other
studies.76e80 Furthermore, studies have shown associations
of isolated systolic hypertension (ISH) and wide PP with
abnormalities in biomarkers such as hs-cTnT and
NT-proBNP, findings that may potentially guide personal-
ized antihypertensive treatment of older patients with these
BP aberrations.81 This comes with the caveat that PP is not
just influenced by LAS, but also cardiac output and other
important physiologic parameters. It is important to also
acknowledge that PP remains a relatively poorly studied
parameter in trials of BP management compared to other
BP parameters or risk-modifiers.

Therapeutic goals in the management of
hypertension

Blood pressure treatment thresholds and
targets in US/EU guidelines

As noted earlier, the BP threshold for a diagnosis of
hypertension recommended by guidelines has changed over
the years. An early Framingham report in 1957 defined
hypertension as BP �160/95 mm Hg.3 Subsequent obser-
vational studies and BP treatment trials (initially focusing
on diastolic BP targets82e84 then transitioning to systolic
BP targets85e87) provided further insights into BP treatment
effects that resulted in hypertension being redefined at
lower BP values. The safety of treating systolic BP
to <140 mm Hg was first demonstrated in the Antihyper-
tensive and Lipid-Lowering Treatment to Prevent Heart
Attack Trial (ALLHAT).88 More recently, SPRINT was the

FIGURE 31.2 Mean reference values for pulse wave velocity according to age and blood pressure categories. Note that blood pressure categories
correspond to European guidelines, rather than to 2017 AHA/ACC categories. From Reference Values for Arterial Stiffness’ Collaboration. Determinants
of pulse wave velocity in healthy people and in the presence of cardiovascular risk factors: ‘establishing normal and reference values’. Eur Heart J.
2010; 31(19):2338e2350; with permission.
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first trial to suggest a benefit to treating high-risk in-
dividuals to even lower BP targets, in the case of this trial, a
systolic BP of <120 mm Hg.

The Heart Outcomes Prevention Evaluation (HOPE)-3
trial provides additional insight beyond persons at high risk
by evaluating the use of antihypertensive therapy among
intermediate-risk hypertensive individuals with mean BP of
138/82 mm Hg at baseline.89 While the trial did not show
any significant benefit in the composite endpoints, a pre-
specified subgroup analysis of HOPE-3 demonstrated lower
rates of both first and second composite outcomes among
those in the highest tertile of baseline SBP (above
143.5 mm Hg). Taken together, both SPRINT and HOPE-3
suggest that benefits from BP reduction to lower values
than previously recommended may be related to baseline
estimated CVD risk. Indeed, the recent published STEP
(Strategy of Blood Pressure Intervention in the Elderly
Hypertensive Patients) trial also confirmed that the benefit
seen in the arm randomized to a more intensive SBP target
(<130 mm Hg) appeared to be limited to those with
(15% 10-year risk of CVD.90 This ever-evolving evidence
base has informed the recommendations in the most recent
BP treatment guidelines.

In this context, and for the first time, the ACC/AHA
guidelines recommend a target BP of less than 130/80 mm
Hg for all hypertensive patients across all age groups.10

This class I recommendation applies to all secondary pre-
vention patients, as well as to primary prevention patients
with either (1) an estimated 10-year ASCVD risk �10%
and BP � 130/80 mm Hg or (2) an estimated 10-year
ASCVD risk <10% and BP �140/90 mm Hg. In other
words, US guidelines state that BP treatment should be
initiated once BP �130/80 mm Hg and treated to <130/
80 mm Hg among persons with a history of prior CVD or
among primary prevention adults with 10-year CVD risk
estimates �10%. For primary prevention, adults with 10-
year CVD risk estimates <10%, treatment initiation is not
recommended until a BP �140/90 mm Hg; however, the
target of treatment remains <130/80 mm Hg. As discussed
earlier, SPRINT14 was among the major drivers of the new
lower BP therapeutic target. A meta-analysis of 144,220
patients in 42 trials showed a linear association between
mean achieved SBP and risk of CVD mortality with the
lowest risk at 120e124 mm Hg.91

The lower SBP target in the 2017 ACC/AHA BP
guidelines is justified by a number of lines of evidence, not
just SPRINT alone.90 However, the new ACC/AHA dia-
stolic target of<80 mm Hg is more debatable. Indeed, in the
Hypertension Optimal Treatment (HOT) trial, there was no
difference in outcomes between the groups who were allo-
cated to a DBP target of �90 mm Hg, 85 mm Hg, or 80 mm
Hg.92 Whether this lower 2017 US diastolic target is justi-
fiable remains to be proven in future outcomes trials of
antihypertensive drug treatments. Nevertheless, the new BP

goal of 130/80 mm Hg recommended by the ACC/AHA
enables earlier execution of preventive lifestyle efforts than
ever before (which can only be a good thing), as well as
resulting in the eradication of the vague “prehypertension”
category that was used in previous US BP guidelines.13

Although the 2018 ESC/ESH BP guidelines have
seemingly taken a more restrained stance on BP treatment,
their core recommendations are in fact not too dissimilar to
those endorsed by the 2017 ACC/AHA BP guidelines.
Nonetheless, there are clear differences in BP thresholds
above which treatment initiation is recommended in EU
guidelines. Specifically, the BP threshold above which
treatment initiation is recommended by the ESC/ESH
is �140/90 mm Hg for all patients. The only exception to
this treatment initiation threshold is a weaker recommen-
dation that treatment initiation may be considered at BP
130e139/85e89 mm Hg those with established CVD or
primary prevention adults with a >5% 10-year risk of fatal
CVD by the SCORE equation.

In contrast to the differences between guidelines in rec-
ommended BP thresholds above which to initiate drug
therapy, similarities begin to emerge between the US and EU
guidelines when considering treatment targets. The general
recommendation for treatment targets by the ESC/ESH
comprises two parts. To start, the guidelines mention that the
first therapeutic objective should be to reduce BP to a target
of <140/90 mm Hg in all patients,11 rendering the ACC/
AHA recommended target of <130/80 mm Hg appear
“aggressive” at first glance. However, a second objective,
which may not be readily apparent to some and is important
to stress, then recommends a treatment target BP of 130/
80 mm Hg or lower in most patients, provided that antihy-
pertensive therapy is well tolerated. Indeed, for persons un-
der 65 years, ESC/ESH recommend that a systolic BP target
of 120e129 mm Hg be pursued as long as treatment is
tolerated (which is arguably more intensive than the US
recommendation). Notably, the 2018 ESC/ESH BP guide-
lines also recommend against a target BP of<120/70 mmHg
(a stipulation that not in the 2017 ACC/AHABP guidelines).
There are several other key differences between the trans-
atlantic BP guidelines that deserve further attention.

Blood pressure goals in older adults

BP increases predictably with age and as many as 70% of
adults over the age of 70 develop hypertension.93 Consis-
tent with the 2017 ACC/AHA BP guidelines, there is
acknowledgment by the 2018 ESC/ESH BP guidelines of
the difference between biological versus chronological age.
However, in contrast to the “one-size-fits-all” approach by
the ACC/AHA (who recommend the same BP target
of <130/80 mm Hg irrespective of age), the ESC/ESH
propose a target BP of 130e139/80 mm Hg for adults aged
65 or older (note that the previous 2013 ESC/ESH target for
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this age group was 140e149/90 mm Hg94). As such, Eu-
ropean guidance recommends a lower systolic BP limit of
130 mm Hg below which treatment should be de-escalated
among those �65 years, contrasting with the lower systolic
BP limit of 120 mm Hg recommended for adults below
65 years.

Active treatment of systolic BP among older adults is
well supported by evidence. A prespecified subgroup
analysis of SPRINT involving 2636 ambulatory adults aged
75 years or older showed that intensive systolic BP treat-
ment was associated with lower rates of total cardiovascular
events and all-cause mortality.95 Although event rates were
higher with increasing frailty in both treatment groups,
within each frailty stratum absolute event rates were lower
for the intensive treatment group. The Hypertension in the
Very Elderly Trial (HYVET), which included 3845 in-
dividuals aged 80 years or older, demonstrated risk re-
ductions in all-cause mortality and HF with
antihypertensive therapy,96 and that the benefit on out-
comes was not influenced by frailty status.97 The SPRINT
Memory and Cognition in Decreased Hypertension
(SPRINT MIND) trial reported a lower risk of mild
cognitive impairment98 with more intensive BP treatment
despite not meeting the primary endpoint of risk of de-
mentia. Intensive antihypertensive therapy also delayed the
progression of white matter lesions on brain imaging.99 A
subsequent meta-analysis of 12 RCTs found a lower risk of
incident dementia or cognitive impairment with antihy-
pertensive medication use.100

The new and lower BP targets in both guidelines raise
several age-related concerns. First, based on observational
data, the heightened possibility of a J-curve for diastolic BP
in older persons93 may signify potential harm with inten-
sive BP treatment, particularly when applying the ACC/
AHA guidelines (which do not provide lower bounds for
BP level below which treatment should be de-escalated).
However, this J-curve concern is allayed in analyses that
adjust for competing risk comorbidities101 and by the ran-
domized data from SPRINT.102 Second, orthostatic hypo-
tension (OH) is a major concern with more intensive BP
treatment and, importantly, prevails among individuals
aged >65 or with increased LAS.103 Data from analyses
evaluating the association of intensive BP treatment with
OH-related adverse outcomes such as falls are
mixed.104e106 A SPRINT study found no association be-
tween intensive BP treatment and risk of cardiovascular
events, syncope, electrolyte abnormalities, injurious falls,
or acute renal failure, irrespective of baseline OH status.107

An important caveat; however, is that SPRINT excluded
persons with a standing systolic BP <110 mm Hg at
baseline. Finally, third, with intensive BP treatment comes
greater polypharmacy and associated repercussions
(e.g., cost,108 medication errors, nonadherence, in-
teractions, and side effects109e111)da key consideration for

older patients who, by and large, are more prone to poly-
pharmacy due to underlying medical comorbidities. In
SPRINT, the intensive arm required a mean of three med-
ications compared with 1.9 in the standard arm.14 In the
Action to Control Cardiovascular Risk in Diabetes
(ACCORD) trial, the mean number of medications was 3.4
and 2.1 in the intensive and standard arms, respectively.112

The more cautious approach to the treatment of older
adults taken by the ESC/ESH hypertension guideline may
reflect some of these concerns. Nonetheless, results from
SPRINT, STEP and HYVET reinforce the concept that risk
reductions in CVD events and mortality from hypertension
treatment are evident regardless of frailty status, and sug-
gest that older independent patients perhaps should not be
treated any differently than their younger counterparts.
However, benefit-risk assessment and personalization
remain integral to the intensity of antihypertensive therapy
in older patients.

Chronic kidney disease

For hypertensive patients with chronic kidney disease
(CKD), the 2018 ESC/ESH hypertension guidelines
contend that there is insufficient evidence to support a
target systolic BP <130 mm Hg (Table 31.3), despite the
fact that this target is endorsed by the 2017 ACC/AHA
hypertension guidelines in persons with CKD. In SPRINT,
among those with CKD at baseline, there was no significant
difference in adverse renal outcomes between treatment
groups with a caveat that the number of adverse renal
events was small.14 Indeed, analyses of SPRINT focusing
on patients with CKD demonstrated lower rates of all-cause
mortality and potential reductions in major cardiovascular
events with intensive BP treatment,113 and that this benefit
was evident across the spectrum of kidney function and
albuminuria.114,115 Notably, the majority of CKD partici-
pants in SPRINT had relatively mild CKD (baseline
estimated glomerular filtrate rate �45 mL/min/1.73 m2).

Diabetes

The target BP of <130/80 mm Hg for diabetic adults rec-
ommended by the ACC/AHA (all age groups) and ESC/
ESH (age less than 65 years) has come into question
because: (1) no trial has specifically proven a benefit for a
target BP of 130/80 mm Hg or lower among diabetics112,
and (2) SPRINT did not include diabetic patients. Of note, a
factorial trial showed that intensive BP treatment in
ACCORD Blood Pressure (ACCORD BP) was beneficial
among those randomized to standard (but not to intensive)
glycemic control.116 A post hoc observational analysis of
the Examination of Cardiovascular Outcomes with Alog-
liptin versus Standard of Care (EXAMINE) trial showed
that among type 2 diabetes patients with recent acute
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coronary syndromes, BP <130/80 mm Hg was associated
with worse cardiovascular outcomes.117 This analysis is
subject to the same potential biases mentioned earlier for
other observational analysis suggesting a BP J-curve.
Contradicting this finding, and lending indirect evidence
that supports the assertion by the ACC/AHA and ESC/
ESH, an analysis from the Action in Diabetes and Vascular
disease: preterAx and diamicroN-Modified Release
Controlled Evaluation (ADVANCE) trial118 found that the
benefit of more intensive BP treatment, seen in the
ADVANCE trial overall, also extended to the subgroup of
diabetics with baseline systolic BP between 120 and
140 mm Hg. Moreover, this benefit was largely indepen-
dent of baseline cardiovascular risk. Consistent with this
evidence and the 2017 ACC/AHA recommendations, the
American Diabetes Association endorses the lower BP
target of <130/80 mm Hg for high-risk diabetic patients
(defined as existing ASCVD or 10-year ASCVD
risk �15%) in their 2020 recommendation document
(Grade C evidence), provided that this target can be safely
attained.119

Blood pressure J-curve: role of large artery
stiffness and implications for treatment targets

In a meta-analysis of one million individuals without CVD
at baseline who were enrolled in prospective observational
studies, the risk of CVD death increased at systolic BP
above 115 mm Hg and diastolic BP above 75 mm Hg.120

However, this meta-analysis also signaled a potential J-
curve for diastolic BP with a trend for increased ischemic
heart disease (IHD) events, but not stroke, among those
with diastolic BP <70 mm Hg (Fig. 31.3)da finding
supported by subsequent observational studies121e123. This

J-curve finding is thought to be attributable in part to
impaired coronary perfusion to the myocardium at low
diastolic BP.124 Nonetheless, post hoc analyses of
SPRINT102 and ACCORD125 have shown no evidence that
the benefit of intensive systolic BP lowering differed across
quintiles of baseline diastolic BP, suggesting that the dia-
stolic BP J-curve seen in observational studies is
confounded and that, when studied in the context of a
randomized trial, further BP reduction among individuals
with low diastolic BP but elevated systolic BP is not
harmful. A potential weakness of the post hoc SPRINT
analysis was that increased PP, as a marker of LAS, was not
adjusted for.126

Some if not most of the diastolic BP J-curve may be
confounded by LAS or PP. Wave reflections arrive at the
aorta predominantly during diastole in young, healthy
adults, augmenting diastolic pressure.70 As PWV increases
due to wall stiffening, reflections arrive at the aorta in mid-
to-late systole instead. This results in systolic pressure
augmentation, with loss of diastolic pressure augmentation
and widening of the aortic PP (Fig. 31.4). These important
physiologic changes may explain why a low diastolic BP is
a marker of risk in observational studies (specifically
because it is correlated with LAS) and also why treatment
of elevated systolic BP appears beneficial irrespective of
baseline diastolic BP; highlighting the fact that the diastolic
BP J-curve may be mostly due to confounding by LAS and
that naturally occurring low diastolic BP may not directly
cause harm in the vast majority of adults.101

It is worth briefly noting that some observational data
have suggested a systolic BP J-curve also, though this is
more controversial (and not anticipated to be related to
LAS) so will not be covered in detail in this chapter. In
brief, several studies have reported either lack of reduction

TABLE 31.3 Office blood pressure targets for patients with hypertension according to clinical conditions.

Category

ACC/AHAa 2017 ESC/ESHb 2018

SBPc (mm Hg) DBPd (mm Hg) SBP (mm Hg) DBP (mm Hg)

Age � 65 years <130 <80 130e139 if tolerated 70e79

Chronic kidney diseasee <130 <80 130e139 if tolerated 70e79

Diabetes <130 <80 130 or lower if tolerated
Not <120

70e79

Coronary artery disease <130 <80 130 or lower if tolerated
Not <120

70e79

Post-stroke/transient ischemic attack <130 <80 130 or lower if tolerated
Not <120

70e79

aAmerican College of Cardiology/American Heart Association.
bEuropean Society of Cardiology/European Society of Hypertension.
cSystolic blood pressure.
dDiastolic blood pressure.
eDefined as an estimated glomerular filtration rate <60 mL/min/1.73 m2 with or without proteinuria.

478 Textbook of Arterial Stiffness and Pulsatile Hemodynamics in Health and Disease



in major CVD events or increased risk of events/mortality
with “excessive” systolic BP lowering.112,123,127e129 For
example, results from the Prospective Observational Lon-
gitudinal Registry of Patients with Stable CAD
(CLARIFY)123 study suggest that a systolic target around

120 mm Hg is probably safe, but that further reductions
may lead to adverse outcomes, particularly among in-
dividuals with preexisting restrictions to coronary blood
flow. However, these prior observational reports are con-
tradicted by SPRINT14 and by analyses of BP studies that

FIGURE 31.3 Ischemic heart disease mortality rate in each decade of age versus blood pressure at the start of each decade. From Lewington S, Clarke R,
Qizilbash N, Peto R, Collins R. Age-specific relevance of usual blood pressure to vascular mortality: a meta-analysis of individual data for one million
adults in 61 prospective studies. Lancet. 2002; 360(9349):1903e1913; with permission.

FIGURE 31.4 Effects of increased large artery/aortic stiffness on central pressure waveform. From Chirinos JA, Segers P, Hughes T, Townsend R.
Large-artery stiffness in health and disease: JACC State-of-the-Art Review. J Am Coll Cardiol. 2019; 74(9):1237e1263; with permission.
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comprehensively adjusted for confounding vari-
ables.101,130,131 Comprehensive adjustment of potential
confounders is critical because individuals with worse
health status may have lower systolic BP and therefore
reverse causation is a major concern with observational
reports suggesting a systolic BP J curve. Indeed, a recent
MESA study including 1457 individuals free of baseline
ASCVD and without any other ASCVD risk factors found
no evidence of a J-curve for systolic BP levels as low as
90 mm Hg.132 Nonetheless, because of concerns around a
diastolic and systolic BP J-curve, 2018 ESC/ESH hyper-
tension guidelines introduced for the first time lower limits
of recommended BP levels (specifically to not reduce BP
with medication to lower than 120/70 mm Hg).

Additional therapeutic considerations
for hypertension management in
current guidelines

Nonpharmacologic and pharmacologic
interventions

Lifestyle modifications remain the cornerstone of hyper-
tension prevention and treatment, regardless of cardiovas-
cular risk,133 with strong endorsement from both 2017
ACC/AHA and 2018 ESC/ESH guidelines (Table 31.4).
Among patients in whom pharmacologic antihypertensive
therapy is needed, concurrent lifestyle efforts should
continue to be advocated. There is general consensus on the
pharmacological approaches to hypertension management
between guidelines, including significant emphasis on
medication adherence. Because of their slightly weaker BP
lowering effects, both guidelines now restrict the use of
beta blockers for the treatment of hypertension to patients
with other specific and compelling clinical indications, such
as IHD or HF.

Notably, the ESC/ESH strongly recommend the use of
an initial single pill combination (SPC) therapy comprising
a renin-angiotensin system blocker (either an angiotensin-
converting enzyme inhibitor or an angiotensin receptor
blocker) with either a thiazide diuretic or a calcium channel
blocker, for all stages of hypertension. In the United States,
according to the ACC/AHA guideline, this recommenda-
tion pertains to patients with stage 2 hypertension and BP
>20/10 mm Hg above their BP target (i.e., 150/90 mm
Hg). There is little doubt that initial SPC therapy, as pro-
posed by EXC/ESH, improves medication adherence, in-
creases likelihood of achieving BP goals, is more cost
effective, and has fewer adverse effects,.134e136 However,
the inherent risk of therapeutic inertia with SPC should not
be overlooked, nor should the more limited titration and
combination options.137 Of interest, recent reports have
suggested there is potential for an initial triple combination
therapy to improve BP control,138,139 a possibility that calls
for further outcomes trials.

Other considerations in the approach to
hypertension management

Available evidence suggests that nocturnal BP may be a
stronger predictor of cardiovascular outcomes than daytime
BP.140,141 Taking antihypertensive medications at night-
time is neither endorsed nor opposed by the ACC/AHA and
ESC/ESH. In 2019, the Hygia Chronotherapy Trial (open
label) of 19,084 hypertensive patients reported significant
reductions in the primary CVD outcome, CVD death, and
all-cause mortality among those randomized to bedtime
dosing compared with upon awakening dosing142da
finding that requires further trial replication. Unfortunately,
concerns have been expressed about the conduct and
reporting of Hygia143 and, as such, nocturnal dosing of
antihypertensive medications should not be endorsed
routinely at this time.

Resistant hypertension, defined as either above-goal
elevated BP despite concomitant use of three antihyper-
tensive drug classes (one of which must be a thiazide
diuretic) or BP that achieves target values on four or more
antihypertensive medications, affects approximately 15%
of treated adults with hypertension (when considering a
traditional cutoff of 140/90 mm Hg).144 In the REACH
registry, among patients with resistant hypertension and BP
above target, an increasing number of antihypertensive
medications were associated with an increased risk for a
composite of cardiovascular death, myocardial infarction,
or stroke over 4 years in a dose-response fashion
(Fig. 31.5), though the association between number of an-
tihypertensives and outcomes was attenuated after adjust-
ment for BP.145

Various device-based therapies have emerged for the
treatment of hypertension, although both 2017 ACC/AHA
and 2018 ESC guidelines do not endorse their routine use at
present due to insufficient clinical evidence regarding their
safety and efficacy. Despite early setbacks,146 renal
denervation, which involves catheter ablation of renal
sympathetic nerves, has shown promising results in more
recent trials and global registry using a circumferential
renal denervation system (SPYRAL).147e151 There is evi-
dence that ISH (which is typically present in the setting of
LAS) is associated with an attenuated or blunted thera-
peutic response to renal denervation with older technolo-
gies.152,153 Future studies of the new denervation
technologies in patients with ISH are warranted.

How do isolated systolic hypertension, pulse
pressure, and LAS factor into current guideline
recommendations for the treatment of
hypertension and what gaps exist that could be
filled in future guideline iterations?

ISH, defined as BP that meets the systolic (but not dia-
stolic) threshold for hypertension, is the predominant BP
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TABLE 31.4 Lifestyle modifications for prevention and treatment of hypertension.

Nonpharmacologic intervention Dose

Approximate impact on SBP

Hypertension

(mm Hg)

Normotension

(mm Hg)

Physical activity

Aerobic l 90e150 min/week
l 65%e75% heart rate reserve

�5 to �8 �2 to �4

Dynamic resistance l 90e150 min/week
l 50%e80% 1 repetition maximum
l 6 exercises, 3 sets/exercise, 10 repetitions/set

�4 �2

Isometric resistance l 4 � 2 min (hand grip), 1 min rest between exercises, 30%e40%
maximum voluntary contraction, 3 sessions/weeks.

l 8e10 weeks

�5 �4

Healthy diet
DASH dietary pattern

Diet rich in fruits, vegetables, whole grains, and low-fat dairy products with
reduced content of saturated and total fat

�11 �3

Weight loss weight/body fat Ideal body weight is best goal but �1 kg reduction in body weight for most
adults who are overweight

�5 �2 to �3

Reduced intake of dietary [Naþ]
Dietary sodium

<1500 mg/day is optimal goal but �1000 mg/day reduction in most adults �5 to �6 �2 to �3

Enhanced intake of dietary [Kþ]
Dietary potassium

3500e5000 mg/day, preferably by consumption of a diet rich in potassium �4 to �5 �2

Moderation in alcohol intake and alcohol
consumption

In individuals who drink alcohol, reduce alcohol to
l Men: <2 drinks/day
l Women: <1 drink/day

�4 �3

DASH, dietary approaches to stop hypertension; SBP, systole blood pressure.
From Bakris G, Ali W, Parati G. ACC/AHA versus ESC/ESH on hypertension guidelines: JACC Guideline Comparison. J Am Coll Cardiol. 2019; 73(23):3018e3026; with permission.
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phenotype in older adults due to age-related LAS.154 Both
2017 US and 2018 EU BP guidelines recommend BP
lowering in ISH to reduce risk of major cardiovascular
events.10,11 The EU BP guidelines also uniquely outline
suggestions for the management of ISH in younger adults
(age less than 50 years), which comprise of lifestyle
modification (particularly smoking cessation) and main-
tenance of longer-term follow up, noting that the role of
drug therapy in these individuals remains unclear. With
ISH comes increased PP.154 Again, both guidelines
acknowledge the additional prognostic significance of
increased PP (�60 mm Hg), particularly in middle-aged
and older people. However, compared with SBP and
DBP, the guideline writing committees felt the evidence
base for using PP in making hypertension treatment de-
cisions is not as robust.

In addition to the importance of LAS in understanding a
given hypertensive patient’s physiology, PWV, a marker of
HMOD, may be sensitive to treatment-induced BP
changes.155,156 This might be particularly useful to indicate
a given antihypertensive medication is being taken and is
working, with a caveat that the correlation between carotid-
femoral PWV and BP changes seems to diminish after six
months of initiating therapy.157,158 The 2018 EU (but not
the 2017 US) BP guidelines appreciate the incremental
value of PWV above and beyond traditional cardiovascular
risk factors. In a secondary analysis of SPRINT,159 inten-
sive treatment to SBP <120 mm Hg was superior to
standard treatment SBP <140 mm Hg only when it was
accompanied by a temporal reduction in estimated PWV
(derived from an equation that incorporates age and mean
BP). Furthermore, within the standard treatment group,

FIGURE 31.5 Cumulative hazard curves for the primary endpoint and nonfatal strokes based on number of antihypertensive agents (<3, 3, 4,�5). From
Kumbhani DJ, Steg PG, Cannon CP, Eagle KA, Smith SC, Jr., Crowley K et al. Resistant hypertension: a frequent and ominous finding among hy-
pertensive patients with atherothrombosis. Eur Heart J. 2013; 34(16):1204e1214; with permission.
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TABLE 31.5 Suggested clinical applications of measurements of large artery stiffness in primordial and primary prevention of cardiovascular disease.

Clinical scenario Rationale Impact on clinical management

Hypertension

ACC/AHA Stage 1 Hypertension (130e139/80e89 mm
Hg) with PCE-calculated 10-year ASCVD risk w10%
without diabetes or CKD

LAS can be useful to refine risk stratification when PCE-
calculated 10-year ASCVD risk is close to the threshold
for treatment, after an informed clinician-patient
discussion.

l Initiation of pharmacologic antihypertensive therapy

Stage 2 isolated systolic hypertension (>140 mm Hg) in
very young adults with paucity of other cardiovascular
risk factors

The combination of high pulse pressure amplification
(with normal central systolic pressure) and low or normal
LAS for age support a low CV risk.

l Withholding of pharmacologic antihypertensive
therapy

Nonhypertensive adults <40 yrs of age with family his-
tories of ISH

LAS is partially heritable. LAS precedes and predicts the
development of ISH, a potentially avoidable threshold in
the life course of cardiovascular disease. A high PWV for
age is consistent with early vascular aging.

l Guide clinician-patient risk discussions
l Intensification of lifestyle interventions
l More frequent assessments of cardiovascular risk

before age 40 (<4 to 6 yrs)

Other CV risk-assessment scenarios

Refinement of cardiovascular risk assessment in nondia-
betic adults 40e75 years of age at intermediate PCE-
calculated 10-year ASCVD risk

In this group of patients, risk-based decisions for preven-
tive interventions may be uncertain and LAS measure-
ments can be used to refine risk assessment (particularly
if various “risk-enhancing” clinical parameters do not
clearly favor a specific course of action).

l Guide clinician-patient risk discussion
l Guide decision making regarding initiation of

pharmacologic therapy (i.e., statins)

Refinement of cardiovascular risk assessment in middle-
aged nondiabetic adults at borderline PCE-calculated
10-yr risk of ASCVD (5%e<7.5%) who also have other
factors that increase their ASCVD risk (“risk enhancers”)

In this group of patients, LAS measurements may be use-
ful to improve risk-based deepens as an alternative or as
a “gate keeper” for coronary calcium score testing,
particularly when concerns about radiation exposure
(younger age, overweight/obese) or about cost are
present.

l Guide clinician-patient risk discussion
l Guide decision making regarding further testing

(coronary calcium score) or initiation of therapy (i.e.,
statins)

Assessment of CV risk in special populations PCE-calculated 10-year risk estimations can provide mis-
calibrated estimates in non-US populations, particularly
those at earlier stages of the epidemiologic transition.
This may also apply to immigrants from those popula-
tions in the United States.

l Guide clinician-patient risk discussions and various
interventions

l An abnormal PWV for age indicates subclinical
arterial damage and suggests a higher-risk. Expert
clinical judgment must guide result interpretation
and decision making depending on the specific
clinical scenario.

ACC/AHA, American College of Cardiology/American Heart Association; ASCVD, atherosclerotic cardiovascular disease; CKD, chronic kidney disease; CV, cardiovascular; ISH, isolated systolic hyperten-
sion; LAS, large artery stiffness; PCE, pulled cohort equations.
From Chirinos JA, Segers P, Hughes T, Townsend R. Large Artery Stiffness in Health and Disease: JACC State-of-the-Art Review. J Am Coll Cardiol. 2019; 74(9):1237e1263; with permission.
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individuals in whom estimated PWV responded to antihy-
pertensive treatment at 1 year demonstrated a 42% lower
risk of death compared with nonresponders; noting that
effects were independent of changes in systolic BP.

We appreciate the limitations with deploying LAS/PWV
assessment more broadly in clinical practice. These include
cost, technical difficulties, operator dependency, and the
need to uncover the groin for femoral assessment in the case
of carotid-femoral PWV. It is likely that future technologies
will be designed to overcome these limitations. Addition-
ally, methods that use cardiac imaging modalities commonly
used in clinical practice may enable more widespread
assessment of LAS by clinicians. One example is the
echocardiographic assessment of thoracic aortic PWV.70

How do large artery stiffness and
pulsatile hemodynamics factor into
guideline recommendations for the
treatment of other cardiovascular risk
factors?

Because measures of LAS (like PP and PWV, for example)
provide prognostic information over and above traditional
risk factors alone, they may also have utility in guiding the
therapeutic approach to other CVD risk factors, not just the
management of hypertension (Table 31.5). For example,
the 2018 AHA/ACC/Multisociety guidelines160 and the
2019 ESC/European Atherosclerosis Society (EAS)
guidelines161 for lipid management both stress the impor-
tance of an accurate assessment of CVD risk in allocating
the intensity of lipid reduction therapies. In this section, we
briefly discuss the similarities and differences between the
two major society lipid guidelines, acknowledging that
LAS assessment is not as germane to this aspect of CVD
prevention as it is for hypertension.

Risk enhancers

The use of risk-enhancing factors is supported in patients at
borderline/intermediate risk by the PCE (AHA/ACC) or at
low/moderate risk by SCORE (ESC/EAS), because they
can reclassify individual risk and therefore might up-
classify or down-classify risk sufficiently to make the
therapeutic decision to treat or not treat with statins and
other lipid lowering therapies more clear for the patient and
health-care provider. There are several risk-modifying or
risk-enhancing factors highlighted in both guideline

documents; carotid-femoral PWV is specifically mentioned
as a marker of excess risk by ESC guidelines.

Risk groups

One notable difference between the US and EU lipid
guideline documents relates to the definition of the very
high-risk group (those considered to benefit from the most
aggressive lipid-lowering therapy). The 2019 ESC/EAS lipid
guidelines define this group more broadly and include
patients with not only clinical ASCVD but also selected
patients with peripheral arterial disease and those with sub-
clinical CVD (arguably this could be extrapolated to include
measures of abnormal LAS). This very high-risk ESC group
also encompasses primary prevention patients, including
those with severe CKD, certain patients with diabetes, and
patients with an estimated risk by SCORE �10%. The
definition of very high-risk by ESC guidance has implica-
tions for lipid treatment goals as well as lipid therapies that
should be considered. For example, the 2019 ESC/EAS
guidelines recommend PCSK9 inhibitor as an add-on for
primary prevention for those at very high risk if LDL-C goals
are not met (class IIb). In contrast, only patients with clinical
ASCVD (classic secondary prevention) are included in the
very high-risk group by the 2018 AHA/ACC lipid treatment
guidelines (with the caveat that US guidelines do recommend
PCSK9 inhibitors where necessary for primary prevention
patients with genetic familial hypercholesterolemia).

Summary

The 2017 ACC/AHA and 2018 ESC/ESH hypertension
guidelines find more common ground than major key dif-
ferences. The perceived discordance between guidelines
may stem from incompatible definitions of hypertension
and, to a lesser extent, BP treatment targets. A closer in-
spection reveals the same target BP <130/80 mm Hg for
most adults in both guidelines. Admittedly, the ESC/ESH
approach this more gently and, notably, with a few ex-
ceptions. With an appreciable downward trend in the target
“normal” BP over time, a thorough understanding of
guideline documents, ideally allied with an open mind, is
crucial. Personalization is key to help clinicians concentrate
intensity of therapy in patients who are most likely to
benefit. Arterial stiffness may allow for better risk estima-
tion in addition to quantitative ASCVD risk scores (which
applies to both the treatment of elevated BP but also other
risk factors like hyperlipidemia). Further studies will help
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refine our individualized approach to hypertension man-
agement so as to yield “as low as reasonably achievable”
BP, thereby maximizing CVD risk reduction.
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Cardiovascular risk prevention in clinical
practice: current guidelines in Asia

Sociodemographic factors and an increase in average life
expectancy have dramatically increased the burden of car-
diovascular (CV) disease in Asia. There are important
differences in the characteristics of CV risk factors in Asia
compared to populations in the United States and Europe.
In general, the Asian population has a lower body mass
index (BMI) but higher salt intake compared with European
and North American populations. Although the prevalence
of hypertension is similar, large artery stiffness in Asian
hypertensive patients is more elevated, possibly due to
aging and high salt intake. Higher forward pulse wave and
its reflection to the central aorta can cause higher systolic
blood pressure (BP) and pulse pressure, which are critical
in target organ damage. These differences may explain a
higher prevalence of stroke in Asian and more non-
atherosclerotic CV disease with aging. Although CV risk
prediction tools developed in Europe and North America
are used in Asians, many reports suggest overestimation of
risk and low performance for risk prediction in Asians.
However, Asians might be more susceptible to
hypertension-mediated organ damage such as stroke,1

requiring more sophisticated risk calculation and manage-
ment for the intermediate- and high-risk population.

Characteristics of cardiovascular risks in Asia,
in comparison to the United States, Europe,
and other populations

The CV risk in the Asian population is stiffly increased
with increased BP, which is different from that seen in
patients from Western regions.2 In an analysis of data from
the Asia Pacific Cohort Studies Collaboration, Asian

patients with hypertension had a 4.5-fold higher risk of
cardiovascular disease (CVD) compared with those with
normal BP.3 Moreover, the relationship between overall
CV risk and hypertension was shown to be significantly
stronger for Asian patients. Overall, stroke is generally
more common than coronary artery diseases in Asians,
whereas the converse is seen in Western subjects.4,5

Accurate CV risk stratification presents a major chal-
lenge for Asian populations. Still there were no established
CV risk prediction models for Asians. The Pooled Cohort
Equation is used to estimate 10-year ASCVD risk and
determine BP targets in US guidelines.6 The Pooled Cohort
Equation is known to overestimate risk in Asian pop-
ulations and is not a universal risk calculator for all eth-
nicities.7,8 Similarly, the Framingham General CVD Risk
Prediction Score overestimated especially for Asian
women.9 In the 2018 European Society of Cardiology
(ESC)/ European Society of Hypertension (ESH) guideline,
the Systematic COronary Risk Evaluation (SCORE) system
is used to estimate risk of the first fatal atherosclerotic
event. Unlike the Pooled Cohort Equation, SCORE in-
cludes a correction factor for first-generation immigrants to
Europe based on their country of origin10. In this regard,
the potential of vascular measures to enhance estimation of
global risk could be made. For instance, the presence or
absence of prevalent subclinical vascular disease (such as
arterial stiffening) could better calibrate risk estimations
especially in intermediate risk group.11

Current Asian guidelines on cardiovascular
prevention

Hypertension

Hypertension is a global public health issue, reported to be
responsible for almost 13% of all deaths and 3.7% of total
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disability-adjusted life-years.12 The worldwide prevalence
of hypertension in adults was estimated to be approxi-
mately 40% in 2008. The prevalence of hypertension is
similarly high across different Asian countries, ranging
from 30% in South Korea to 47% in Mongolia. Moreover,
the prevalence also increases with advancing age.13 With a
rapidly aging population, the prevalence of hypertension
and related CV morbidity in Asian patients continues to
rise, placing a substantial and escalating social and
economic burden on this region.14

The risk of coronary artery disease and stroke increases
linearly as levels of systolic BP increase.15 In particular, the
linear relationship between BP and stroke risk is markedly
more pronounced in Asian patients than in Caucasian
populations.16 This may be attributable to the higher pro-
portion of hemorrhagic versus ischemic strokes reported in
the Asian population, as hemorrhagic strokes correlate
more closely with BP than do ischemic strokes.3

The prevalence of isolated systolic hypertension in
Asians, which is reported to be 3.9%e12.5%, is age
dependent.17,18 A meta-analysis of 41 cohort studies con-
ducted by the Asia Pacific Cohort Studies Collaboration
clearly illustrated the progressive increase in systolic BP
with advancing age in Asian patients.19 The increasing
proportion of older patients across Asia means that the
burden of systolic hypertension is continuously growing. It
is also anticipated that this increase will be more pro-
nounced than in the Western countries, primarily as a result
of lifestyle changes such as consuming Western-style diets
and undertaking less physical activity.

Although it was previously reported that there was no
difference in prognosis between BP targets of 140 and
150 mmHg,20 SPRINT trial showed clear evidence of BP
lowering effects in elderly patients with HYPERTEN-
SION.21 Therefore, the target systolic BP is below
140 mmHg with a diastolic BP that is not excessively low,
i.e., less than approximately 60 mmHg.20,22

Since 2017 American College of Cardiology (ACC)/
American Heart Association (AHA) BP guideline, there
were discrepancy in the definition of hypertension
between �130/80 mmHg in ACC/AHA BP guidelines
and �140/90 in other countries including European
guidelines. Most Asian society hypertension guidelines,
including Korea, Japan, and China, define hypertension as
BP � 140/90 mmHg.13,23,24 The Japanese Society of Hy-
pertension recommends a target BP of <130/80 mmHg,
while the Korean and Chinese guidelines recommend a
target BP of <140/90 mmHg or <130/80 mmHg if treat-
ment is well-tolerated especially for high-risk patients such
as chronic kidney disease and diabetes. The evaluation of
subclinical organ damage including vascular stiffness may
be valuable in excluding masked hypertension and corre-
lates with the variability of 24 h BP.25 If increased vascular
stiffness is detected or even worsened during follow up, it

may be a clue to the presence of masked hypertension,
which can be detected by home BP or ambulatory BP
monitoring.26

Dyslipidemia

The distribution of serum lipid concentrations varies
according to sex and age, and there is a notable difference
among women before and after menopause.27 Generally,
the total blood cholesterol concentration is higher among
men, but women actually have a higher total cholesterol
concentration after the mid-50s. The distribution of low
density lipoprotein-cholesterol (LDL-C) concentration is
similar to that of total cholesterol. Triglyceride concentra-
tions rapidly increase from the age of 10 to 40 years, are
maintained at a high level between ages 40 and 60, and
gradually decrease after the age of 60 in men. Conversely,
in women, triglyceride concentrations are very low until the
ages of 30e40, begin to increase after the mid-40s, and
peak after the age of 65.28 HDL-C concentration is higher
among women than men in across all age groups, and the
gap is greater in the 20- to 30-year-old group.28

The prevalence of hypercholesterolemia in adults aged
30 years or older in South Korea (total
cholesterol �240 mg/dL or use of cholesterol-lowering
drugs) has risen consistently, from 7% to 8% in men and
women, respectively, in 2005, to 19% and 20%, respec-
tively, in 2016. The prevalence of dyslipidemia was more
than double that of hypercholesterolemia at 40.5%. Sex and
age differences indicate that the prevalence of dyslipidemia
in men is the highest between the ages of 55 and 59 years
(49%) and gradually declines thereafter, while prevalence
in women is low between the ages of 20 and 44 years, after
which it rapidly increases to 50% between the ages of 60
and 64 years, eventually exceeding that of male counter-
parts. The prevalence of dyslipidemia is higher among
individuals with other comorbidities, such as obesity,
abdominal obesity, and diabetes than among those with no
comorbidities.29 In general, the Asian population main-
tained relatively lower cholesterol levels compared with
white Western populations as reported in the international
Dyslipidemia Interventional Study II (DYSYS II).30,31 One
characteristic feature of Asia is the high prevalence of
hypertriglyceridemia and low HDL cholesterolemia
compared with Western populations.32 In the Korean Na-
tional Health and Nutritional Examination Survey from
1998 to 2010, hypertriglyceridemia and low HDL choles-
terolemia are more common than hypercholesterolemia.27

The ACC/AHA published new guidelines in 2013 on
the management of cholesterol levels.33 This guideline no
longer targeted specific lipid goals. Instead, it emphasized
the administration of high-potency statin therapy instead of
“treat to target” goals for LDL-C levels. The concept of
“lower is better” for LDL-C levels was replaced by the
“more is better” approach to statin therapy.34 The 2016
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ESC/European Atherosclerosis Society (EAS) guidelines
made it clear that an LDL-C goal of <70 mg/dL should be
achieved, or at least 50% reduction of the baseline LDL-C
level in very high-risk patients.35 However, most Asian
guidelines maintained the target LDL-C concentration
based on the level of CVD risk factors. Although 2013
ACC/AHA treatment guideline is beneficial by simplifying
the criteria for statin administration to “four statin benefit
groups,”33 the 2013 ACC/AHA treatment guidelines could
not be directly applied in Asia, as it did not reflect indi-
vidual differences in drug responses by uniformly recom-
mending a moderate-to-high dose of statin for all patients
without a specific LDL-C target level, did not clearly
examine the benefits and adverse reactions of high-dose
statin administration, and may overestimate CVD risk in
Asia. Especially the lipid goal of 50% LDL-C reduction by
high-potency statins as recommended in 2013 ACC/AHA
guidelines probably received high reluctance.36 Also,
compared with North Americans and Europeans, Asian
patients reported having superior statin responsiveness and
lower LDL-C levels.37,38 The plasma levels of statins were
higher, and the half-life of the statins was longer after a
given dose of any statin39. Therefore, the usual recom-
mended doses of statins were lower in Asian guidelines, for
instance, atorvastatin 40 mg/day instead of 80 mg/day.40

Key elements of the pharmacologic treatment for dys-
lipidemia are generally the same as 2016 European guide-
lines. Patients with established CVDs are classified as a
very high-risk group, and the treatment goal is to lower
LDL-C levels to <70 mg/dL (<100 mg/dL in Japanese
guidelines41) or by 30%e50% from the baseline level for
secondary prevention. Patients with two or more major risk
factors other than LDL-C are classified as a moderate risk
group, and are recommended to administer statin if the
LDL-C concentration is � 120e130 mg/dL for primary
prevention. Patients with one or fewer major risk factors
other than LDL-C are classified as low-risk group, and
statin treatment in this population is recommended for
LDL-C concentrations �160 mg/dL. When the triglyceride
level is between 200 and 499 mg/dL, the primary treatment
goal is to lower the LDL-C to below the target on the basis
of the calculated CV risk and the secondary goal is to lower
non-HDL-C to below the target by therapeutic lifestyle
modification and statin therapy. When fasting triglyceride
concentrations are still >200 mg/dL despite achieving the
target LDL-C goal through therapeutic lifestyle modifica-
tion and statin therapy, triglyceride lowering drug therapy
such as fibrates or omega-3 fatty acids can be used, espe-
cially in high-risk and very high-risk groups.42,43 Similarly,
the primary treatment goal for low HDL cholesterolemia is
to lower the LDL-C to the target level. To increase HDL-C
while lowering the LDL-C to the target, therapeutic life-
style modification, such as smoking cessation, weight loss,
and exercise, should be concurrently performed. It is still

debated whether dyslipidemia treatment has long-term
beneficial effects on vascular stiffness.44 However, statin
treatment has been reported to improve vascular stiffness
the in short-term.45

Diabetes mellitus

Type 2 diabetes mellitus (T2DM) is becoming a global
health threat owing to its increasing prevalence world-
wide.46 Although the prevalence of diabetes is increasing
globally, the situation is particularly alarming in Asia. Two
Asian countries, China and India, are home to the largest
number of patients with diabetes in the world.47 Three other
Asian countries, Indonesia, Japan, and Bangladesh, are also
ranked among the countries with the highest number of
patients with diabetes worldwide.48 In case of South Korea,
the prevalence of diabetes among adults 30 years or older
was 14.4%; however, when the analysis was limited to
adults older than 65 years, the prevalence of diabetes was
even higher (29.8%), meaning that one in three Koreans 65
years or older had diabetes.49 Given the increasing preva-
lence of obesity and the rapid adoption of a Westernized
lifestyle in most Asian countries (especially developing
countries), the diabetes epidemic will likely continue to
impose a burden on public health systems across Asia.50

T2DM develops in East Asian patients at a lower mean
BMI compared with those of European descent. At any
given BMI, East Asians have a greater amount of body fat
and a tendency to visceral adiposity.51 Greater visceral
adiposity can lead to increased fatty acid influx to the liver,
altered adipokine production, fatty liver, and hepatic insulin
resistance.52 In Asian patients, diabetes develops at a
younger age and is characterized by early b cell dysfunc-
tion in the setting of insulin resistance, with many requiring
early insulin treatment.53 T2DM in Asian population tends
to occur approximately three years earlier than Western
population.54 The increase in the prevalence and decrease
in the age of onset of diabetes in young Asian generations
may be explained by the increasing prevalence of obesity
and abundant nutrition, including during the intrauterine
period: that is, “the thrifty genotype” hypothesis.55 In
developed countries, T2DM affects mainly those older than
65 years, as dietary patterns and energy intake have not
changed dramatically in the past decades. Although Asians
are not accustomed to Western dietary patterns, most
developing countries in Asia accept these as markers of
economic development. The younger generations in Asian
developing countries are born in relative wealth compared
with their parents and, although they retain their parents’
genetic background, they usually have access to an abun-
dantly nutritional diet throughout their lives.56

Besides lifestyle factors, Asians are known for
dysfunctional pancreatic insulin secretory function.57 A
study performed in South Koreans suggested that impaired
insulin secretion was induced by insufficient pancreatic

Cardiovascular risk prevention in clinical medicine: current guidelines in Asia Chapter | 32 493



b-cell mass, functional defects within b-cells themselves, or
a combination of both. They reported a linear correlation
between b-cell mass and BMI in patients with T2DM,
suggesting the possibility of reduced insulin secretory
function in Asians due to lower BMI and, thus, smaller
b-cell mass.58 Also, there was possibility that Asians have a
higher risk of developing diabetes due to genetic defects
affecting insulin secretory function and b-cell mass. Several
T2DM loci, including KCNQ1, were first discovered in
Asians and meta-analysis of East Asian studies identified
eight novel loci for T2DM; most of these variants were
predicted to influence the risk of T2DM by affecting insulin
secretion.59

Asian individuals with diabetes are at increased risk of
microvascular complications and albuminuria compared
with Caucasian first reported in the WHO Multinational
Study of Vascular Disease in Diabetes.60 These patterns
of higher microvascular complications in Asians
compared with Caucasians were replicated across multiple
studies. In a cross-sectional study involving 32,308
patients with T2DM from 33 countries, Asian diabetic
patients had the highest prevalence of microalbuminuria
as well as macroalbuminuria.61 In the Action in Diabetes
and Vascular Disease (ADVANCE) study, patients with
T2DM from Asia had a higher incidence of renal com-
plications and ischemic stroke but a lower risk of coronary
artery disease than their counterparts in Eastern Europe.62

Although, the exact mechanisms underlying these
distinctive patterns remain unknown, more intensive risk
factor control especially hypertension will be necessary in
Asian diabetic population to prevent microvascular
complications.

As it is well known that several chronic complications
can occur owing to poor glycemic control, long-term gly-
cemic control is important not only in the prevention of
diabetic complication but also in the management of
combined risk factors such as hypertension and dyslipide-
mia. In the Kumamoto study in Japan and the UK Pro-
spective Diabetes Study (UKPDS) study showed that
intensive glycemic control proved to be effective in pre-
venting microvascular complications.63,64 In the Kuma-
moto study, the intensive glucose control group targeting
HbA1c <7% decreased retinopathy by 69%, nephropathy
by 70%, and improved nerve conduction velocity. Most
Asian guidelines recommended glycemic target as HbA1c
concentration <6.5% to 7%.65,66 However, the glycemic
control is largely suboptimal worldwide. The mean baseline
HbA1c was higher in India (8.6%), the Middle East and
Latin America (both, 8.5%) compared with those in East
Asia and Europe (7.7% and 7.9%).67 Even in East Asian
countries, for example, South Korea, the control rate,
defined by an HbA1c level <6.5%, was only 25.1%, which

was relatively low considering the high awareness and
treatment rates.49 Even if the target HbA1c level was
defined as <7.0%, the control rate remained 50%.29,68

Life style modification

Nonpharmacologic therapy or lifestyle modification, such
as adoption of a healthy diet, increasing exercise, smoking
cessation, and moderation of alcohol intake, has shown
great ability to lower BP and is strongly recommended in
all patients with hypertension and also in population with
BP ranged 120e139/80e89 mmHg.69

Asians generally have a higher salt intake than West-
erners.70 Recent studies indicate that salt consumption
remains high throughout the AsiaePacific region in coun-
tries including Australia (9.6 g/day),71 China (9.1 g/day),72

Korea (10 g/day),73 Japan (11 g/day),23 and India
(9.45e10.41 g/day).74 These estimated intakes are almost
double the WHO’s recommended maximum daily salt
intake of 5 g/day. The main source of salt in Asians is
spices, vegetables, and grains.75,76 Excessive salt intake is
associated with significantly increased BP and the pro-
gression of target organ damage.77,78 Salt intake is more
closely correlated with central hemodynamics than pe-
ripheral hemodynamics of the brachial artery in patients
with hypertension.79 Salt intake predominantly influences
central BP, which is implicated in the development of
arterial stiffening. It is noteworthy, therefore, that
measuring brachial BP is likely to underestimate the
detrimental effects of salt intake on central BP.80 High
sodium intake was positively linked to subsequent vascular
stiffness measured by brachial-ankle pulse wave velocity
(baPWV) and carotid intima-media thickness levels in
South Korean adults.81 High salt intake may also increase
the risk of stroke and CVD independently of the effects of
elevated BP, a hypothesis that has been supported by
research demonstrating that dietary sodium alters vascular
endothelial function independently of systolic BP
changes.82 Reducing dietary sodium effectively reduces
systolic BP in Asian patients.83,84 The daily recommended
amount of salt in Asian guidelines is less than 6 g (sodium
(g) � 2.5).69 Substitution of normal salt with reduced so-
dium, high potassium salt has been shown to significantly
reduce BP in Chinese patients with hypertension.83

Reducing dietary sodium may be particularly effective in
reducing systolic BP in older patients.85

BP increases with increasing BMI and waist circum-
ference in Asian subjects.86,87 Obesity was defined as a
BMI equal to or higher than 25 kg/m2, according to the
AsiaePacific Region definition.88 Over the past 10 years,
the prevalence of obesity in Asia markedly increased. For
example in South Korea, the prevalence of obesity in the
total population was 29.7% in 2009, which increased to
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35.7% in 2018.89 As a result, the prevalence of obesity was
45.4% in men and 26.5% in women, showing a higher
prevalence in men than in women. The prevalence of
abdominal obesity similarly increased over the past 10
years in Korean adults, with prevalence rates of 23.8% in
the total population, 28.1% in men, and 18.2% in women
recorded in 2018. The impact of obesity on hypertension
appears to be elevated in Asian subjects compared with
Western subjects90; a BMI of 25 kg/m2 in Asians has a
similar impact on prehypertension and hypertension as a
BMI of 30 kg/m2 in Western individuals.91,92 Obesity and
associated metabolic syndrome are becoming more com-
mon in Asian regions.93 Both of these conditions increase
salt sensitivity.94 Hence, Asians with high salt intake or salt
sensitivity may experience increases in BP if they are
overweight or only mildly obese. Conversely, the combi-
nation of weight reduction with exercise, moderation of
alcohol consumption, and reduction of salt intake has
synergistic effects on BP. A report on data from 1.2 million
Koreans revealed that the risk of death from any cause was
lowest among patients with a BMI of 23.0e24.9 kg/m2 and
recommended a BMI of less than 25 kg/m2.95 In cohorts of
East Asians, including Chinese, Japanese, and Koreans, the
lowest risk of death was seen among persons with a BMI of
22.6e27.5.96 A waist circumference of less than 90 cm for
men and 85 cm for women is recommended for Asian
individuals.97

Table 32.1 shows the specific characteristics of CV risk
and their relevant guidelines in East Asia. Compared to
those of the United States and Europe, East Asian have
higher stroke incidence and mortality but lower CVD
incidence and mortality. However, In India and South and

Middle East Asia, they have higher CVD and stroke inci-
dence and mortality than those of East Asia and the United
States and Europe. Insulin resistance and cental obesity is
key difference between East Asians and South Asians.

Role of vascular markers in Asian
cardiovascular prevention guidelines

There was no consensus for the role of vascular markers in
the risk prediction models. Recently, Japan Brachial-Ankle
Pulse Wave Velocity Individual Participant Data Meta-
Analysis of Prospective Studies (J-BAVELs) suggested
steno-stiffness approach for CVD risk assessment in pri-
mary prevention using the interarm BP difference, the
ankle-brachial index, and brachial-ankle PWV, showing
improvement of the risk assessment.98 As a result, there
were no specific indications for the vascular markers in
Asian CV prevention guidelines. However, the recently
published Japanese Society of Hypertension Guidelines
introduced the implication of vascular markers.23 The ca-
rotid artery intima-media thickness is considered as un-
suitable as an indicator for evaluation of exacerbation/
improvement of the risk following changes in condition or
treatment, whereas ABI measurement is highly recom-
mended in high-risk patients. Both cfPWV and baPWV
have been shown to improve the evaluation results of
existing risk models, with the improvement of the prog-
nostic ability larger when baPWV was used in the low-risk
group.99 cfPWV may be useful when measured in cases at
moderate or higher risk.100 baPWV may be applicable to
risk assessment also in low-risk cases, but there is a need of
verifying the medicoeconomic efficiency of its

TABLE 32.1 Asian characteristics of cardiovascular risk and their relevant guidelines.

Characteristics Guidelines

Hypertension n More blood pressure dependent CVD, particularly stroke
n Predominant isolated systolic hypertension

n Target BP, initially less than 140/90 followed by
130/80 mmHg when tolerated

Dyslipidemia n Higher prevalence of dyslipidemia, relatively low
cholesterol and high triglyceride and low HDL-
cholesterol in serum

n Prominent LDL-C lowering effect with statin and
therefore the lower dose of statin needed

n Emphasis on therapeutic lifestyle modification

Diabetes n Relatively lower body weight, but more visceral fat
n Young age-onset of diabetes
n Dysfunctional pancreatic insulin secretion
n Increased comorbidity

n Early intervention of lifestyle modification
n Strict control of concomitant risk factors

Lifestyles n Still high salt intake
n Rapidely growing obesity

n Education
n Early intervention of therapeutic lifestyle

modification

BP, blood pressure; CVD; cardiovascular disease; HDL-cholesterol, high density lipoprotein-cholesterol; LDL-C, low density lipoprotein-cholesterol.
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measurement, and its measurement may be useful in pa-
tients aged 50 and over or patients having risk factors other
than BP. Although the guideline mentioned potential use-
fulness as a prognostic indicator, there were no specific
recommendations for the cardio-ankle vascular index, pulse
wave analysis, or endothelial function test. Also, the
guideline recommended to conduct vascular marker eval-
uation upon stabilization of BP after the start of antihy-
pertensive treatment rather than before starting treatment.

Perspective for the prevention of
cardiovascular risk in Asia

One of characteristic feature of Asia is rapid “Population
aging.”101,102 Regarding vascular health, it is particularly
important, because vascular agingerelated medial degen-
eration is the dominant factor associated with increased
arterial stiffness (arteriosclerosis) more than the narrowing
of the artery (atherosclerosis) in the Asian population.103

Asian populations may have a particular predisposition to
increased central aortic pulse pressure.104 Age-related
changes in arterial mechanical properties increased arte-
rial stiffness and wave reflection are themselves potent and
independent risk factors for CV diseases.105 More impor-
tantly, CV risk factors often form a vicious cycle in CV
complications. For example, salt intake has an independent
effect on arterial wall properties contributing to increased
arterial stiffness with age106 which in turn increases pulse
pressure. Urinary salt excretion, a surrogate for intake, is
higher among the obese and the elderly.107 More vigorous
CV prevention strategies to cut the vicious cycle should be
implemented for Asian populations. Moreover, since most
CV risk factors ultimately lead to CV disease through
pathologic artery remodeling, the prevention or reversal of
pathologic artery remodeling itself should be a central
component of prevention strategies (Fig. 32.1).
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Chapter 33

Arterial stiffness for cardiovascular risk
stratification in clinical practice
Dimitrios Terentes-Printzios and Charalambos Vlachopoulos
First Department of Cardiology, Hippokration Hospital, Medical School, National and Kapodistrian University of Athens, Athens, Greece

Introduction

Biological markers or biomarkers are valuable tools in
prediction of risk. Some traditional individual risk factors,
or other proposed biomarkers can fluctuate over time and
their values, recorded at the time of risk assessment, may
not reflect their true impact on the arterial wall. Arterial
biomarkers have the advantage that they can better integrate
both the cumulative effect of a traditional risk factor on the
arterial wall over a long period of time and the synergistic
effects from risk factor combinations (Fig. 33.1).1 Before a
biomarker can be introduced as a surrogate endpoint in
clinical practice, important conditions/criteria must be

fulfilled.2,3 According to the American Heart Association
(AHA),4 these criteria (and the relevant questions that need
to be answered) are:

1. Proof of concept: Do novel biomarker levels differ be-
tween subjects with and without outcome?

2. Prospective validation: Does the novel biomarker pre-
dict the development of future outcomes in a prospec-
tive cohort or nested case-cohort study?

3. Incremental value: Does it add predictive information
over and above established, standard risk markers?

4. Clinical utility: Does it change predicted risk suffi-
ciently to change recommended therapy?

FIGURE 33.1 Unadjusted mean annual change of carotid-femoral pulse wave velocity according to the presence of hypertension and/or dyslipidemia.
DPL, dyslipidemia; HTN, hypertension. P value by ANOVA. Modified from Terentes-Printzios D, Vlachopoulos C, Xaplanteris P, et al. Cardiovascular
risk factors accelerate progression of vascular aging in the general population: results from the CRAVE study (cardiovascular risk factors affecting
vascular age). Hypertension. 2017;70:1057e1064.
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5. Clinical outcomes: Does the use of the novel biomarker
improve clinical outcomes, especially when tested in a
randomized clinical trial?

6. Cost-effectiveness: Does the use of the biomarker
improve clinical outcomes sufficiently to justify the
additional costs?
Further, there is requirement of three additional criteria
(not present in the AHA scientific statement) to be ful-
filled for a biomarker to qualify as clinical surrogate
endpoint:

7. Ease of use; this will allow widespread application.
8. Methodological consensus
9. Reference values, or, at least, cut-off values to allow for

practical implementation.

Arterial stiffness

Predictive value:Clearly, since the predictive role of a certain
biomarker for future events is the cornerstone of its clinical
usefulness, prospective survival studies are warranted as an
early step for its clinical applicability. A considerable number
of studies have examined the ability of arterial stiffness to
predict the risk of future fatal and nonfatal cardiovascular
events (myocardial infarction [MI], stroke, revascularization,
aortic syndromes, and peripheral vascular events) and total
mortality (Table 33.1, Fig. 33.2) and the list is growing. At a
critical point of the accumulation of studies, we performed a
meta-analysis in which we pooled the aortic pulse wave ve-
locity (PWV) data for 15,877 subjects from 17 available
published studies who were followed up for a mean of
7.7 years.5 Several populations, such as patients with hyper-
tension, diabetes, end-stage renal disease (ESRD), and coro-
nary artery disease, and subjects from the general population
or ethnic minorities were included in that analysis. Aortic
stiffness emerged as a strongpredictor of futureCVevents and
all-cause mortality. An increase in aortic PWV by 1 m/s cor-
responded to an age-, sex-, and risk factoreadjusted risk in-
crease of 14%, 15%, and 15% in total CV events, CV
mortality, and all-cause mortality, respectively. Importantly,
the predictive ability of arterial stiffness is higher in subjects
with a higher baseline CV risk, such as renal disease. The
results of this meta-analysis were confirmed by a subsequent
meta-analysis with individual data of 17,635 subjects, which
also importantly added that reclassification was significant for
those at intermediate risk (13% for 10-year CVD risk) and in
younger subjects (Fig. 33.3).6,7 Importantly, the latter de-
lineates the group of patients (intermediate risk) that would
benefit more from the clinical implementation of PWV.

A closer look at the studies reveals considerable hetero-
geneity in study design, methodology, and endpoints. This
heterogeneity is two-faced. It vividly demonstrates the wide
applicability of arterial stiffness measurements in various
populations and underlying diseases. On the other hand, it
identifies that techniques and conclusions specific to one

patient group cannot be used interchangeably. Therefore,
there is a need to answer specific questions based on the
available prospective data. These questions are:

1. How was arterial stiffness measured?
2. In which populations was arterial stiffness predictive of

future events?
3. Which cut-off should be used to identify patients at high

risk?
4. Which future endpoints are more closely related to arte-

rial stiffness measurements?
5. What is the effect of blood pressure (BP)/antihyperten-

sive treatment at the time of measurement?

Measurement of arterial stiffness: The techniques of
assessing aortic PWV include invasive measurements
(considered to be the gold standard), tonometry (the most
popular noninvasive technique), oscillometry (either single
or two sites), imaging techniques (including MRI and
echocardiography), photoplythesmography and, finally, use
of estimated values of PWV (derived either by equations or
machine learning methods using hemodynamic data or
pulse wave form characteristics). For a more comprehen-
sive review regarding methods to assess arterial stiffness,
please refer to Chapters 1e4, and 7. Based on the review of
the current literature, the large body of evidence stems from
two-sites tonometry measurements and thus this should be
considered as the first choice for use in clinical practice,
despite its inherent technical difficulties (relatively time-
consuming in a busy outpatient clinic, need for exposure
of the groin, challenges in obese subjects, and availability).
However, in an ever-changing world that everything needs
to be faster and easier it is possible that alternative tech-
niques might also rise high in user preference. As far as the
predictive role is concerned, these techniques should be
compared to the current gold standards. In such an effort,
recently Hametner et al.8 compared in patients undergoing
coronary angiography the predictive role of invasive PWV,
formula-based PWV (calculated by age and BP), and an
estimated PWV (by a model incorporating age, central
systolic BP, and pulse waveform characteristics) showing
comparable predictive effects. Although these results are
promising toward the applicability of these alternative
techniques, studies comparing them with the two-site
tonometry technique in low-to-intermediate cardiovascular
risk populations are warranted. Moreover, it should be
noted that formula-based PWV estimations based on only
age and BPs do not represent genuine individual mea-
surements, but rather mathematical transformations that
incorporate the prognostic information contained in age and
BP values.

Study population: Historically, the earliest studies
included patients belonging to high-risk groups, such as
ESRD (Table 33.1). Progressively, studies extended to
other patient groups, such as hypertensive, diabetic, or
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TABLE 33.1 Overview of studies on the association between aortic pulse wave velocity and clinical events with at least 300 subjects.

Author, year,

country/study

name

Population-sample

size

Age

(years)

Follow-up

duration

Systolic blood pres-

sure and diastolic

blood pressure

in mmHg (mean,

standard deviation) Events

Aortic pulse wave

velocity in m/s

(mean, standard de-

viation), measure-

ment method

Aortic pulse wave

velocity cut-off

(high vs. low)

Avramoski et al.
(2016), Northern
Macedonia61

General population
(n ¼ 558)

56.2 �
11.6

36 months N.a. 17 CV deaths 9.21 � 1.98,
Doppler

>9.4 m/s

Bastos et al.
(2010), Portugal62

Hypertensives
(n ¼ 1200)

51 � 12 8.2 �
3.0 years

N.a. 62 deaths and 152
nonfatal CV events

N.a.,
Complior

N.a.

Benetos et al.
(2012), France
and Italy,
PARTAGE63

Elderly (n ¼ 1126) 88 � 5 2 years 138(17) 73(9) 247 deaths and 228
major CV events

14.3 � 5.1,
PulsePen

Per 1 m/s and
terttiles

BLSA (2014)
unpub., USA6

General population
(n ¼ 334)

53.9 �
17.1

6.4 �
3.1 years

124.4(17.6) 79.7(9.5) 50 all-cause deaths 6.4 (5.1e8.3),
Doppler

No

Boutouyrie et al.
(2002), France64

Hypertension
(n ¼ 1045)

51 � 12 5.7 years 156(25) 93(16) 53 coronary events, 97
CV events

11.5 � 3.5,
Complior

>12.3 m/s (upper
tertile)

Cardoso et al.
(2013), Brazil65

High-risk type 2 dia-
betic patients (n ¼ 565)

60.4 �
9.5

5.75 years 148(24) 85(13) 88 total CV events and
72 all-cause deaths

9.6 � 2.1,
Complior

>10 m/s

Cardoso et al.
(2019), Brazil66

Resistant hypertensives
(n ¼ 891)

68.7 �
11.5

7.8 years 160(27) 85(18) 138 patients had a CV
events (123 major
adverse CV event) and
142 patients died (91
CV death)

9.1 � 1.9,
Complior

>11 m/s (corrected
at 10 m/s)

Chirinos et al.
(2014), USA,
CRIC43

Subjects free of HF
(n ¼ 2602)

59.9 �
11.1

3.5 years 126.7(21.8) 70.1(12.4) 154 first hospital ad-
missions for HF

9.7,
SphygmoCor

>10.3 m/s (upper
tertile)

Choi et al. (2007),
South Korea67

Chest pain patients
(n ¼ 497)

57.7 �
10.1

2.6 years 134(21) 82(13) 1 death, 0 CV death,
120 CV events

N.a.,
Invasive

>12.5 m/s (upper
tertile)

Cooper et al.
(2016), USA,
Framingham68

General population
(n ¼ 4547)

51 � 11 8.6 years
(median)

121(17) 75(10) 232 new CV events 8.4 � 2.7,
Tonometer

�9.2 m/s (upper
quartile)

Cruickshank et al.
(2002), United
Kingdom69

DM (n ¼ 394) and
community controls
(n ¼ 174)

60 � 10 10.7 years DM: 144.5/78.5
Control: 139.6/79.3

DM: 179 deaths
Controls: 40 deaths

DM: 11.6 � 3.8
Control: 10.0 � 2.7,
Doppler

1 m/s increase

Dahle et al.
(2015), Norway70

Renal transplant recipi-
ents (n ¼ 1040)

52.3 �
14.3

4.2 years
(median)

135.5(17.2) 83.9(10.9) 82 deaths 10.1 � 3.3,
SphygmoCor

�12 m/s (upper
quartile)
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TABLE 33.1 Overview of studies on the association between aortic pulse wave velocity and clinical events with at least 300 subjects.dcont’d

Author, year,

country/study

name

Population-sample

size

Age

(years)

Follow-up

duration

Systolic blood pres-

sure and diastolic

blood pressure

in mmHg (mean,

standard deviation) Events

Aortic pulse wave

velocity in m/s

(mean, standard de-

viation), measure-

ment method

Aortic pulse wave

velocity cut-off

(high vs. low)

Fortier et al.
(2015), Canada71

Patients on dialysis
(n ¼ 310)

67 (56
e76)

29 months 135.5(17.2) 83.9(10.9) 146 deaths 13.52 � 4.07,
Complior

Per 1 m/s

Girerd et al.
(2012), France72

Hypertension work-up
patients (n ¼ 498)

51.2 �
13.8

5.0 �
2.8 years

Daytime: 155.6(21.1)
94.6(13.4)

51 participants either
died (n ¼ 22) or had a
major CV event

9.3 � 2.4 (real dis-
tance),
Complior

>12 m/s

Hametner et al.
(2021), Austria8

High-risk patients with
suspected coronary ar-
tery disease undergo-
ing invasive
angiography
(n ¼ 1040)

63 1565 days
(median)

142 (126e160)
68 (62e76)

24% of the patients
reached the combined
end point (108 deaths,
37 MI, 32 strokes and
77 unplanned coronary
revascularizations; 254
total)

8.6 (7.2e10.3) invasive
PWV estimated PWV,
formula-based PWV

Per 1-SD

Han et al.
(2016),73 China

Individuals with mildly
impaired renal function
(n ¼ 1499)

61.4 4.8 years 128.1(17.3) 77.3(10.0) 99 major adverse CV
events

11.1,
Complior SP

�12 m/s

Holewijn et al.
(2014),74

Netherlands

General population
(n ¼ 1367)

46.33 �
13.76

3.8 years 128.4(15.4) 78.1(10.4) 71 CV events 9.8,
SphygmoCor

Men �11.2 m/s
and
women �11.0 m/s

Kaolawanich
et al. (2020),75

Thailand

Patients referred for
adenosine stress car-
diac MRI as part of the
diagnosis and risk strat-
ification of CAD
(n ¼ 520)

68.9 �
10.6

46.5 months
(median)

136.8(19.9) 72.9 (12.0) 116 (22.3%) composite
endpoint of all-cause
mortality, ACS, de
novo or decompen-
sated
HF, revascularization,
and stroke

10.54 (7.86e13.89)
MRI

�10.54 m/s
(median)

Karras et al.
(2012), France,
Nephro Test
Study76

Patients with CKD
(n ¼ 439)

59.8 �
14.5

4.67 years 135(21) 73(11) 53 deaths and 69 fatal
(20) or nonfatal (44)
CV events

11.9 � 3.4,
Complior

�12 m/s

Kavousi et al.
(2012),
Netherlands,
Rotterdam Study77

Asymptomatic
community-dwelling
participants (n ¼ 5933)

69.1 �
8.5

6.8 years
(median)

143.3(21.3) 77.0(11.2) 347 first CAD events 12.6 (10.9, 14.8)
Complior

�6.4 m/s aged 45
e54 years
and � 8.1 m/s
aged �55 years
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Kim et al. (2019),
USA, ARIC78

Participants (66
e90 years) without
CVD (n ¼ 3034)

75 � 5 4.4 years 130.7(17.4) 67.0(10.3) 168 incident CVD
events and 244 deaths

11.2 (3.3e23.2) (me-
dian, range),
Tonometer

>11.2 m/s (2 high-
est quartiles)

Laurent (2001),
France79

Hypertension
(n ¼ 1980)

50 � 13 9.3 years 148(22) 89(14) 107 deaths, 46 CV
deaths

11.5 � 3.4,
Complior

Per 5 m/s

Maldonado et al.
(2011), Portugal80

General population
(n ¼ 2200)

46.33 �
13.76

21.42 �
10.76 months

142.3(21.1) 84.3(12.3) 47 major CV events 10.05 � 2.03,
Complior

>95th percentile
adjusted to age and
gender

Maroules et al.
(2014), USA,
Dallas Heart
Study81

General population
(n ¼ 2122)

44 � 10 7.8 �
1.5 years

126(17) DBP:N.a. 153 CV events 4.9 � 3.0
Arch PWV by MRI

N.a. (upper
quartile)

Matschkal et al.
(2019), Germany,
ISAR Study82

Hemodialysis patients
(n ¼ 344)

69.3
(median)

36 months 24h-SBP/DBP
123.6 � 16.5
73.6 � 11.8
Office-SBP/DBP
132.5 � 19.8
80.5 � 14.0

89 deaths (35 CV
deaths)

24 h-PWV:
9.8 (7.9e11.2)
Office-PWV:
10.0 (8.0e11.5),
Mobil-O-Graph 24 h-
PWA

Tertiles
Thresholds (24h-
PWV)
9.1 m/s for all-
cause mortality and
9.3 m/s for cardio-
vascular mortality

Mattace-Raso
(2006),
Netherlands,
Rotterdam Study83

Community-based
adults (n ¼ 2835)

71.7 �
6.7

4e9 years 143(21) 75(10) 352 deaths, 156 CV
events

13.3 � 23.8 m/s,
Complior

Men: >14.6 m/s;
women: >14.2 m/s
(upper tertile)

Mitchell et al.
(2010),
Germany84

Renal transplant recipi-
ents (n ¼ 330)

51.4 �
0.75

3.87 �
0.7 years

149(20) 83(11) 16 deaths 9.1 � 3.3,
Sphygmocor

>10 m/s (upper
tertile)

Mitchell et al.
(2010), USA,
Framingham36

General population
(n ¼ 2232)

63 � 12 7.8 years 127(20) 74(10) 151 CV events 9.3 (7.8e11.8) median
(interquartile range),
Tonometer

>9.3 m/s (median)

Niiranen et al.
(2017),85 USA,
Framingham

General population
(n ¼ 2114)

60 � 10 12.6 years 127(19) 74(10) 248 first CVD events 9.9 � 3.4,
Tonometer

Sex- and 5-year
age-specific
medians

Ohishi et al.
(2011),86 Japan

Hypertensives
(n ¼ 531)

61.7 �
12.3

7 � 3 years 140.4(18.2) 82.3(11.8) 57 strokes, 44 CV dis-
ease and 53 deaths

9.1 � 1.8
FCP-4731 (pressure-
sensitive transducer)

Mean value 11.3
(upper quartile)

Ohyama et al.
(2017),87 USA
MESA

General population
(n ¼ 3527)

62 � 10 10 years 126(22) 72(11) 456 CV events 7.4 (5.6e10.2),
Arch PWV by MRI

45e54 years: �
6.4 m/s and
aged �55 years: �
8.1 m/s
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TABLE 33.1 Overview of studies on the association between aortic pulse wave velocity and clinical events with at least 300 subjects.dcont’d

Author, year,

country/study

name

Population-sample

size

Age

(years)

Follow-up

duration

Systolic blood pres-

sure and diastolic

blood pressure

in mmHg (mean,

standard deviation) Events

Aortic pulse wave

velocity in m/s

(mean, standard de-

viation), measure-

ment method

Aortic pulse wave

velocity cut-off

(high vs. low)

Pandey et al.
(2017), USA,
Health ABC88

General population
without prevalent HF
(n ¼ 2290)

73.7 �
2.9

11.4 years 136.4(20.9) DBP:N.a. 390 HF events 9.0,
Doppler

Mean 13.3 m/s (up-
per tertile), cut-off
n.a.

Pannier et al.
(2005), France25

ESRD (n ¼ 305) 53.1 �
16.2

5.8 years 155(28) 83.7(16.4) 96 CV deaths 11.1 � 3.1,
Complior

Upper tertile

Pannier et al.
(2014) unpub.,
France6

ESRD (n ¼ 1875) 49.5 �
11.7

12.8 �
1.3 years

141.9(19.7)
87.3(13.1)

79 deaths, 13 CV
deaths, 9 CAD, 13 CV
disease, 4 strokes

9.2 (8.1e10.6),
Complior

N.a.

Pereira et al.
(2013), Portugal89

Hypertensives
(n ¼ 1133)

51.05 �
12.64

2 years 150.9(20.9) 88.6(11.6) 21 strokes 10.72 � 2.04,
Complior

>95th percentile
adjusted to age and
gender

Regnault et al.
(2014), Multi-
centre (41 in 12
countries),
EPHESUS90

Subjects with acute
MI, EF <40% and HF
(n ¼ 306)

61 � 11 16 months 118(16) 74(9) 28 all-cause deaths, 64
CV deaths/hospitaliza-
tions and 26 CV
deaths

12.0 � 3.1,
Complior

Per 1 m/s

Ryli�skyt _e et al.
(2019),
Lithuania91

Middle-aged MetS sub-
jects without overt
CVD (n ¼ 2728)

53.9 �
6.2

3.9 �
1.7 years

149 (17)
89 (11)

83 (3%) patients had at
least one cardiovascu-
lar event

8.8 � 1.6,
Vasera VS-1000

Per 1 m/s

Scandale et al.
(2020), Italy92

Screening of peripheral
arterial disease
(n ¼ 398)

68 � 9 5.4 years 138 (21) 80 (10) 47 deaths 10.4 � 2.6,
Sphygmocor

>10 m/s

Sehestedt et al.
(2010),93

Denmark

Population-based sam-
ple (n ¼ 1968)

53 12.8 years
(median)

124(17) 80(10) 81 CV deaths 10
Piezoelectric pressure
transducers

>12 m/s (upper
tertile)

Shokawa et al.
(2005), USA25

Japanese-Americans
living in Hawaii
(n ¼ 492)

63.7 �
8.8

10 years 135.9(20.4) 79.3(9.6) 43 deaths, 14 CV
deaths

9.7 � 1.9,
MCG400

>9.9 m/s (optimal
cut-off by ROC
curve)

Sutton-Tyrrell
(2005), USA,
Health ABC94

Community-based old
adults (n ¼ 2488)

73.7 �
2.9

4.6 years 136.4(20.7) 71.9(11.5) 265 deaths, 111 CV
deaths, 616 CV events

9.0 � 3.9,
Doppler

>8.4 m/s men;
>7.9 m/s women
(age-specific
median)
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Terai et al. (2008),
Japan95

Hypertension (n ¼ 676) 62 � 12 4.8 years 140(18) 83(12) 22 deaths, 88 CV
events

9.0 � 0.6,
FCP-4731 device

>8.8 m/s (median)

Tougaard et al.
(2020),
Denmark96

Type 1 DM (n ¼ 633) 54 � 13 6.2 years
(median)

132 (15)
93 (10)

90 (14%) had a
decline in eGFR
of �30%, 19 (3%)
developed ESRD,
81 (13%) experienced
a CV event, 48 (8%)
died, and 112 (18%)
had the composite
renal end point of
decline in eGFR,
ESRD, or death

10.4 � 3.3
Sphygmocor

Per 1 SD (3.3 m/s)
increase
Quartiles (>12.3,
upper quartile)

Townsend et al.
(2018), USA,
CRIC97

CKD patients
(n ¼ 2795)

59.9 �
10.8

4.9 �
2.1 years

128.8(22.7) 70.5(13.0) 394 deaths 9.7,
SphygmoCor

>10.3 m/s (upper
tertile)

Van Sloten et al.
(2014),
Netherlands
Hoorn Study26

Population-based
cohort (n ¼ 579)

67 7.6 years
(median)

142(21) 82(11) 130 participants had a
CV event and 96 died

10.6,
Echo of arterial diame-
ters through time
(distension curves)

>12 m/s (upper
tertile)

Vasan et al.
(2019), USA,
Framingham98

General population
(n ¼ 5803)

49 � 15 10.3 years
(median)

120 (16) 75 (10) 297 CV events 8.1 � 2.7 Tonometer Per 1-SD

Vavruch et al.
(2015), Sweden99

Type 2 DM (n ¼ 720) 61 � 3 6 years
(median)

137(16) 80(10) 57 died or were hospi-
talized for CAD

10.3 � 2.1,
SphygmoCor

Per 1 m/s

Verbeke et al.
(2011), France100

Renal transplant recipi-
ents (n ¼ 512)

52.4 5 years 135
80

20 fatal and 75
nonfatal CV events

9.4,
Sphygmocor

>10 m/s (upper
tertile)

Verbeke et al.
(2011), France,
CORD101

Prevalent dialysis pa-
tients (n ¼ 1084)

62 2 years
(median)

147
79

234 deaths and 91
nonfatal CV events

10.2,
Sphygmocor

>12 m/s (upper
tertile)

Vlachopoulos
et al. (2014),
Greece102

Erectile dysfunction
(n ¼ 383)

56 4.7 �
1.9 years

137(19) 85(10) 24 major adverse car-
diac events

8.3,
Complior

>8.8 m/s (upper
tertile)

Vongsanim et al.
(2021),
Thailand103

Hemodialysis patients
(n ¼ 383)

67.7
(median)

61.1 months 146.6 (27.5) DBP:N.a. 229 deaths 8.9 (median),
Arteriograph

Per 1 m/s and
>10 m/s

Wadström et al.
(2019), Sweden,
Malmö Diet Can-
cer study104

General population
(n ¼ 2718)

72
(median)

6.05 years
(mean)

136(17) 76(9) 269 major adverse CV
events

8.6 (median),
Sphygmocor

>8.6 m/s (median)
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TABLE 33.1 Overview of studies on the association between aortic pulse wave velocity and clinical events with at least 300 subjects.dcont’d

Author, year,

country/study

name

Population-sample

size

Age

(years)

Follow-up

duration

Systolic blood pres-

sure and diastolic

blood pressure

in mmHg (mean,

standard deviation) Events

Aortic pulse wave

velocity in m/s

(mean, standard de-

viation), measure-

ment method

Aortic pulse wave

velocity cut-off

(high vs. low)

Wang et al.
(2010), Taiwan37

General population
(n ¼ 1272)

52 � 13 15 years 139(23) DBP:N.a. 225 deaths, 64 CV
deaths

9.5 � 2.3 (men) and
9.5 � 2.5 (women),
Doppler

2.3 m/s increase
(men); 2.5 m/s in-
crease (women)

Weir-McCall et al.
(2018), United
Kingdom, CaPS105

General population
(n ¼ 825)

72.3 �
3.9

8.5 years
(median)

141.4(19.4) 74.2(11.2) 154 major adverse CV
events (79 fatal)

11.6 � 2.9,
SphygmoCor

Per 1 SD

Wijkman et al.
(2016), Sweden,
CARDIPP106

Type 2 DM (n ¼ 627) 60.5
(58.0
e63.0)

7.9 years
(median)

138(15) 81(10) 45 CV events 10.4 (9.0e11.5),
SphygmoCor

�10.8 m/s (upper
tertile) and per
1 m/s

Willum-Hansen
et al. (2006),
Denmark107

General population
(n ¼ 1678)

40
e70 years

9.4 years 130(18) 81(10) 62 CV deaths, 154 CV
events

11.3 � 3.4,
Piezoelectric pressure
transducers

>13.1 m/s (upper
quintile)

Zhang et al.
(2013), France,
PROTEGER108

Elderly patients
(n ¼ 331)

87 � 7 378 days 136.2(20.5) DBP:N.a. 117 deaths 14.4 � 3.6,
Complior

Per 1 m/s

Zuo et al. (2018),
China109

Hypertensive patients
(n ¼ 675)

61 � 9 25 �
4 months

141(20) 81(12) 59 total events and 4
all-cause deaths (47
CV events or CV
deaths)

12.7 � 3.1,
Complior SP

Per 1 SD (3 m/s)

BLSA, Baltimore Longitudinal Study of Aging; CAD, coronary artery disease; CKD, chronic kidney disease; CV, cardiovascular; DBP, diastolic blood pressure; DM, diabetes mellitus; EF, ejection fraction; ESRD,
end-stage renal disease; HF, heart failure; MI, myocardial infarction; N.a., not available; PWV, pulse wave velocity; ROC, receiver-operator characteristic; SBP, systolic blood pressure; SD, standard deviation;
Unpub., unpublished.
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coronary artery disease patients, and subsequently, to the
general population. As PWV is a measure of arterioscle-
rosis, the use of subjects prone to these pathological entities

(ESRD, hypertension, and diabetes) was the appropriate
first step. Interestingly though, PWV provided evidence of
its predictive role in other populations as well, including
patients with heart failure, acute coronary syndromes, or
inflammatory diseases, thus providing a useful tool for risk
stratification in other disease states. In a diagnostic arena
overflown with diagnostic modalities, the real conundrum
from all these data is which one of these populations would
benefit the most from having PWV as an addition risk
stratification tool. It appears that individuals who would
benefit the most are, apart from patients with hypertension
or renal insufficiency those who, according to office-based
evaluation with available risk calculators (Framingham,
European SCORE, Atherosclerotic CVD) belong to the
intermediate risk category. Additionally, measurement of
PWV could provide incremental prognostic information in
individuals belonging to a low-risk category but with the
presence of risk factors, such as family history of early
onset of CVD, substantially elevated single risk factor,
elevated estimates of arterial biomarkers, such as increased
SAGE risk score (systolic BP, age, fasting glucose and
estimated glomerular filtration rate [eGFR]), and estimated
pulse wave velocity (ePWV), and novel risk factors
(Fig. 33.4 and 33.5).

Cut-off: Unfortunately, studies have used different
measurement techniques and cut-offs to identify subjects
with increased arterial stiffness. The proposed cut-off by
the European Society of Cardiology (ESC) Guidelines at
10 m/s is a rough estimate in order to provide clinicians
with an easy to remember number.9,10 However, is this
solution supported by evidence and has it provided help

FIGURE 33.2 Distribution and number of subjects investigating the prognostic role of pulse wave velocity worldwide up until the end of 2019.

FIGURE 33.3 Relative risks (RRs) and 95% confidence intervals (CIs)
for a 1-SD increase in aortic pulse wave velocity (aPWV) and total car-
diovascular (CV) events, CV mortality, and all-cause mortality according
to summary data meta-analysis. Modified from Vlachopoulos, et al. J Am
Coll Cardiol. 2014.
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into the introduction of PWV into clinical practice? In the
studies, cut-offs range usually from 8 to 13 m/s, while even
the individual data meta-analysis of many of these studies6

did not provide any cut-off confirming the difficulties and

oversimplification of such an approach. A more elaborate
method has been recently proposed with the introduction
of EVA and the use of an estimation of vascular age based
on PWV and its comparison to the true age of each

FIGURE 33.4 Algorithmic approach of the use of measurement of pulse wave velocity in the clinical practice.

FIGURE 33.5 SAGE score chart according to the four constituents of the score. Combinations of risk factors resulting in a SAGE score equal or higher
than eight are marked in orange color and indicate a high probability of elevated arterial stiffness (PWV>10 m/s). Combinations or risk factors resulting
in a SAGE score of less than eight are marked in green and indicate a low probability of elevated arterial stiffness. Modified from Xaplanteris, et al.
J Hypert. 2019.
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participant.11 This approach seems more suitable as it in-
corporates the effects of age, BP, and treatment in the
identification of patients at high CV risk, but is hampered
by the more cumbersome estimation process. It seems
reasonable that a cut-off based on the PWV reference
values for certain age, BP, and treatment might be the best
solution, but this remains to be proven in future studies.

Endpoints: The fact that arterial stiffness is predictive of
CV events is largely expected since it is pathophysiologically
important for both arterial and overall CV performance. PWV
is a BP-dependent biomarker and thus has a strong correlation
with endpoints, such as stroke and other cardiovascular events
(includingheart failure). Interestingly though, arterial stiffness
is predictive also for all-cause mortality, with 45%e50% of
deaths attributed to noncardiac causes. This important finding
should be emphasized and further scrutinized. Although
pathophysiological explanations are not readily identifiable,
this could reflect the existence of common pathogenetic
mechanisms, such as aging, inflammation, and oxidative
stress, over a wide range of conditions.

Effect of BP/antihypertensive treatment: When
gauging cardiovascular risk with PWV, it is essential to take
into account the BP and whether patient is on antihyperten-
sive treatment. One cut-off value does not fit all, and this is
especially important in patients with optimal BP levels, or
hypertensives with well-controlled BPwith antihypertensive
treatment. This has not been properly addressed in the pro-
spective studies but data from ePWV showed that the pre-
dictive value of ePWV equal or more than 10 m/s was
significantly higher in untreated rather than treated patients in
the Paris cohort.12 Also, from a post hoc analysis of the
Systolic Blood Pressure Intervention Trial (SPRINT),
intensive treatment was superior to standard treatment only
when itwas accompaniedwith a response in ePWVat thefirst
year, while, within the standard group, those with an ePWV
response had improved all-cause mortality.13

Inclusion in clinical recommendations and guide-
lines: Based on the available data to date, we believe that
inclusion of arterial stiffness by guidelines on the disease
prevention is justified. European recommendations have
been rather favorable.2,9,10 The current recommendation of
the European Society of Hypertension/ESC hypertension
guidelines is IIb (i.e., “may be used”). Accumulating evi-
dence, increased clinical integration, and awaited data on
PWV as a plausible treatment target (SPARTE trial
[Stratégie de Prévention Cardiovasculaire Basée sur la
Rigidité Arterielle])14 may require reappraisal of level of
recommendation in the near future.

Estimated PWV: When actual measurement of PWV is
not feasible, additional approaches that could aid integration
into clinical practice have been tested. One is based on the
determination of reference values for carotid-femoral PWV:
an estimated aortic PWV is derived by relevant equations that
take into account age and BP. Despite its dependence on these
two parameters, ePWV was shown to be predictive of future

events and improved risk prediction over traditional risk
scores.12,13 The other strategy employs a simple clinical score
(SAGE score) that predicts high aortic PWV values based on
widely available clinical variables (systolic BP, age, glucose,
and eGFR) and can prioritize actual measurement of aortic
PWV in those with high score.15 Both approaches can ulti-
mately result in greater evidence accumulation and apprecia-
tion of the clinical role of aortic stiffness.

Association with intermediate endpoints: Apart for
the (preferred) hard endpoints, arterial stiffness has been
associated with intermediate ones. In patients with essential
hypertension, indexes of large-artery stiffness indicate the
presence and extent of atherosclerotic disease and correlate
with CV risk estimates as assessed by the Framingham risk
score.16 Aortic PWV is associated with left ventricular
(LV) hypertrophy,17 while it is an independent marker of
cognitive impairment,18 cerebral blood flow, and cerebro-
vascular reactivity19 and correlates with silent small vessel
cerebral disease.20 Furthermore, carotid-femoral PWV is an
independent predictor of coronary flow reserve21 and renal
function, as assessed by eGFR22 and microalbuminuria.23

Arterial stiffness as a therapeutic target: From the
therapeutic standpoint, aortic stiffness appears as a worth-
while treatment target. However, to date, there is only one
study in patients with ESRD showing that improvement in
outcome was mediated through an improvement in aortic
stiffness.24 Despite the similar reduction in pressure, only
survivors experienced a reduction in aortic stiffness,
whereas nonsurvivors exhibited an increase in PWV.
Interestingly, in a hypothesis-generating study, we showed
in a post hoc analysis from data of the SPRINT trial that
patients in the standard treatment arm that had an effective
ePWV reduction at 1 year had an improved survival inde-
pendently of the reduction in systolic BP (Fig. 33.6).13

Undoubtedly, more studies are needed and soon-to-
revealed studies, such as the SPARTE study, will further
clarify the role of PWV as a therapeutic target.14

Additional indices of arterial stiffness: It should be
stressed that results supporting the role of arterial stiffness
as an appealing biomarker are at this stage valid for aortic
PWV (an index of regional arterial stiffness) only and are
not necessarily expandable to indices of local arterial
stiffness (aortic, carotid, and femoral) or systemic arterial
stiffness. Regarding other indices of regional arterial stiff-
ness, carotid-radial PWV is unlikely to have predictive
value,25 while data are accumulating on local stiffness pa-
rameters, such as carotid and femoral26; for these, reference
values are now available.27,28

Accumulating evidence on brachial-ankle PWV
(baPWV) appear convincing. baPWV capitalizes on the
assumption that it evaluates a large part of the arterial
pathway. It has shown an independent and incremental
predictive role for future events29e31 and a considerable
number of patients (up to 25%) can be reclassified as an
individual-data meta-analysis showed that also can predict
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the incidence of hypertension and ESRD. Subjects with
values over 18 m/s are considered of high risk, whereas it
has been suggested that subjects <60 years with values
over 14 m/s should be counseled toward lifestyle
modification.32

Central pressure and wave reflection
indices

Central pressure waveforms, either directly measured, or
estimated noninvasively from peripheral pressure wave-
forms have resurged into the forefront of research of hyper-
tension in the last three decades as many devices have
incorporated them in their measurement. Apart from the
classic values of central systolic, diastolic, and pulse pres-
sures, measurement of the central pressure waveform can
provide clinically useful information beyondBPmeasured in
the brachial artery, such as the quantification of wave re-
flections with aortic augmentation index (AIx) and pulse
pressure amplification. Please refer to Chapters 2, 3 and 11
for a more extensive discussion of wave reflections and its
impact on the pressure waveform. In this Chapter we will
mainly focus on the central pressures and wave reflections as
assessed by the aortic AIx and not to other waveform related
indices such as reflection magnitude and backward wave
amplitude.

Predictive value: Central (aortic and carotid) pressures
are pathophysiologically more relevant than peripheral
pressures for the pathogenesis of cardiovascular dis-
ease33,34 and according to accumulating clinical evidence,
this could be translated into a significant predictive role for
future cardiovascular events. While several studies have

shown an ability of central pressures and indices to predict
future events, findings have not always been consistent
(Table 33.2). We35 meta-analyzed 11 longitudinal studies
that had employed measures of central hemodynamics and
had followed 5648 subjects for a mean follow-up of
45 months. The age- and risk factoreadjusted pooled
relative risk (RR) of total CV events was 1.14 (95% CI
1.06e1.22) for a 10 mmHg increase of central pulse pres-
sure. Furthermore, a 10% increase of central AIx was
associated with an RR of 1.38 (95% CI 1.19e1.61) for all-
cause mortality. When three more studies36e38 that were
published after the respective meta-analysis were included
(a total of 9093 subjects and mean follow-up of
54.9 months), the RRs of total CV events were 1.12 (95%
CI 1.03e1.21) for a 10 mmHg increase of central pulse
pressure, and 1.30 (95% CI 1.10e1.55) for a 10% absolute
increase of central AIx. Furthermore, a 10% increase of
central AIx was associated with an RR of 1.33 (95% CI
1.17e1.51) for all-cause mortality.

As with arterial stiffness, taking a closer look at the
studies, it is easy to observe a large degree of heterogeneity
in several aspects of study design, methodology, and end-
points. So, there is a need to provide answers to specific
questions based on the available prospective data:

1. How was central waveform derived?
2. How closely related were the central pressures to pe-

ripheral pressures and was central pressure’s predictive
ability independent of peripheral pressures?

3. In which populations were central pressures predictive
of future events?

4. Which cut-off should be used to identify patients at high
risk?

FIGURE 33.6 Combined effect of treatment allocation and response of estimated pulse wave velocity (ePWV) to treatment on all-cause death. Modified
from Vlachopoulos C, Terentes-Printzios D, Laurent S, et al. Association of estimated pulse wave velocity with survival: a secondary analysis of SPRINT.
JAMA Netw Open. 2019;2:e1912831.
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TABLE 33.2 Overview of large studies (more than 100 subjects) up to 2021 on the association between measured central pressures and clinical endpoints.

Author, year Population-sample size

Age

(years)

Follow-up dura-

tion (longitudi-

nal studies) Index Events

Central indices versus

peripheral blood pressuresa

Safar et al.
(2002)110,111

ESRD (n ¼ 180) 54 � 16 52 � 36 months Carotid SBP, PP, PPA Deaths and CV
deaths

Central better

Chirinos et al.
(2005)

CAD or nonobstructive coronary
atherosclerosis (n ¼ 297)

63.8 �
10.3

40 � 14 months Aortic PP, AP, AIx Deaths and CV
events

Central better

Weber et al.
(2005)53

CAD/angioplasty (n ¼ 262) 65 � 10 24 months AIx@75 Deaths and CV
events

Central better

Williams et al.
(2006)53

Hypertensives (n ¼ 2199) 62.8 �
8.2

Up to 4 years Central SBP, PP, AIx,
PPA

CV events and pro-
cedures plus renal
impairment

Similar

Dart et al.
(2006)112

Elderly female hypertensives
(n ¼ 484)

72 � 5 49 months
(median)

Carotid SBP, PP, AIx CV events Peripheral better

Roman et al.
(2007)113

American Indians free of CVD
(n ¼ 2403)

63.5 �
7.5

58 � 16 months Aortic SBP, PP Deaths, CV deaths,
and CV events

Central better

Jankowski
et al.
(2008)114

Subjects undergoing nonemer-
gency coronary angiography
(n ¼ 1109)

52.7 �
19.2

52.7 �
19.2 months

Aortic PP Deaths, CV deaths,
and CV events

Central better

Pini et al.
(2008)115

Community-dwelling individuals
65 years (n ¼ 398)

73 � 6 94 � 24 months Aortic SBP, PP, AIx Deaths, CV deaths,
and CV events

Central better

Mitchell et al.
(2010)36

General population (n ¼ 2232) 63 � 12 7.8 years Carotid AIx, PPA, ca-
rotid PP

CV events Central indices not anymore sig-
nificant when adjusted for RFs

Wang et al.
(2010)37

General population (n ¼ 1272) 52 � 13 15 years Carotid SBP, PP, AP,
AIx, RWTT, RI, Pi, Pf,
and Pb

Deaths, CV deaths Central better

Weber et al.
(2010)38

Males undergoing coronary angi-
ography (n ¼ 520)

64.0 (54
e71.5)

49 months Aortic AIx, Aix@75,
pulse wave transit time

Deaths and CV
events

Central better

Manisty et al.
(2010)116

Hypertensives (n ¼ 259) 63.9 �
7.4

5.9 years Log WRI (wave reflec-
tion index), carotid SBP,
PP, AIx, Pb/Pf

CV events Only WRI and carotid PP (not in
multivariable model) were
significant

Huang et al.
(2011)117

Normotensives or untreated hyper-
tensives (n ¼ 1014)

52 � 13 15 years Central SBP, PP Deaths, CV deaths Central better

Verbeke et al.
(2011)100

Renal transplant recipients
(n ¼ 512)

52.4 5 years Central SBP, PP, AP, Aix Fatal and nonfatal
CV events

Central better

Benetos et al.
(2012)63

Elderly (n ¼ 1126) 88 � 5 2 years PPA Deaths and major
CV events

PPA better than peripheral
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TABLE 33.2 Overview of large studies (more than 100 subjects) up to 2021 on the association between measured central pressures and clinical

endpoints.dcont’d

Author, year Population-sample size

Age

(years)

Follow-up dura-

tion (longitudi-

nal studies) Index Events

Central indices versus

peripheral blood pressuresa

Weber et al.
(2012)118

Subjects undergoing coronary
angiography (n ¼ 725)

64 1399 days Central SBP, PP, AP,
AIx, AIx@75, RM, Pb,
Pf, RI

CV events Central better

Karras et al.
(2012)76

Patients with CKD (n ¼ 439) 59.8 �
14.5

4.67 years Carotid PP Deaths and fatal or
nonfatal CV events

Peripheral better

Sung et al.
(2012)119

Acute HF (n ¼ 120) 72 � 14 601 days
(median)

Carotid SBP, PP AP, AIx,
AIx@75, Pf, Pb

66 adverse CV
events

Central better

Ishisone et al.
2013120

General population (n ¼ 973) 59 7.8 years Central SBP All-cause deaths,
CV events

Central BP not significant

Janner et al.
(2013)121

General population (n ¼ 3073) 58 6.5 years AIx, central SBP, PP All-cause deaths,
CV events

Central BPs not adjusted for pe-
ripheral BPs

Cheng et al.
(2013)122

General population (n ¼ 2501) 53.6 �
12.0

10 years Central SBP, PP All-cause deaths,
CV deaths, stroke
deaths

Central better

Huang et al.
(2013)123

Patients for elective PCI (n ¼ 448) 70 � 12 41.8 �
15.4 months

Central PP CV events, death Central BPs not adjusted for pe-
ripheral BPs

Zhang et al.
(2013)108

Elderly patients (n ¼ 331) 87 � 7 378 days Central SBP, PP, PPA Deaths Nonsignificant

Chirinos et al.
(2014)43

Subjects free of HF (n ¼ 2602) 59.9 �
11.1

3.5 years Central SBP, PP, AIx,
AIx@75

First hospital ad-
missions for HF

Peripheral better

Holewijn
et al. (2014)74

General population (n ¼ 1367) 46.33 �
13.76

3.8 years Central SBP, AP, Aix CV events Not anymore significant when
adjusted for risk factors, except
from CAP in men

Kals et al.
(2014)124

Symptomatic peripheral arterial
disease (n ¼ 117)

62 4.1 � 2.2 years Central SBP, PP, AP,
AIx, AIx@75, PPA

Fatal events Peripheral better

Theilade et al.
(2014)125

Type 1 DM patients (n ¼ 636) 54 � 13 2.8 years
(median)

Central SBP, PP, SEVR Deaths or ESRD Only SEVR was significant

Fortier et al.
(2015)71

Patients on dialysis (n ¼ 310) 67 (56
e76)

29 months Central SBP, PP, AIx,
AIx@75, Pf, Pb, RM,
SEVR

Deaths Similar

Narayan et al.
(2015)126

Elderly hypertensives (n ¼ 838) 72 49 months
(median)

Carotid SBP, PP, AIx,
PPA, reservoir wave
parameters

Fatal and nonfatal
stroke and MI

Peripheral better
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Wassertheurer
et al.
(2015)127

CKD stages 2e4 (n ¼ 159) 59.9 �
15.2

42 months Aortic SBP Deaths Central better

Chuang et al.
(2016)128

General population (n ¼ 2033) 56 9.81 years Central SBP Strokes Not adjusted for peripheral BPs

Laugesen
et al.
(2016)129

Subjects undergoing coronary
angiography (n ¼ 21,908)

63 3.7 years
(median)

Aortic SBP Stroke, MI, and
deaths

Peripheral better

Mitchell et al.
(2016)130

General population (n ¼ 2183) 63 � 12 7.4 years
(median)

Central SBP, PP, AIx,
PPA

CV events Nonsignificant in multivariable
models

Sun et al.
(2016)131

Subjects undergoing coronary
angiography (n ¼ 325)

55 � 12 2 years Aortic PP, AIx@75 Adverse CV events Peripheral better, AIx@75
significant

Chen et al.
(2017)132

Subjects undergoing coronary
angiography (n ¼ 334)

63.1 �
10.3

3 years Aortic PP CV events Central better

Sarafidis et al.
(2017)133

Hemodialysis patients (n ¼ 170) 63.76 �
14.32

28.1 �
11.2 months

48h ambulatory central
SBP, PP, AIx@75

Deaths and CV
events

Central PP better

Vlachopoulos
et al.
(2017)134

Erectile dysfunction (n ¼ 398) 56 6.5 years Aortic SBP, PP, AIx Major adverse car-
diac events

Central better, no adjustment for
peripheral BPs

Cremer et al.
(2018)135

Hypertensives (n ¼ 703) 51.5 �
13.6

112.5 �
70 months

24h central PP, PPA,
amplification

CV events Central better

Eguchi et al.
(2018)136

Treated hypertensives (n ¼ 3566) 66.0 �
10.9

5 years (median) SBP2, PP2 (estimates of
central pressures)

CV events Central better

Guajardo
et al.
(2018)137

ESRD (n ¼ 131) 56 � 13
(overall)

420 days
(median)

Central SBP, PP, AIx@75 Events (deaths, CV
hospitalizations)

Nonsignificant

Nair et al.
(2018)138

ESRD (n ¼ 623) 56.7 �
8.9

6 months Central SBP, PP, PPA CV events and
death

Not adjusted for peripheral BPs

Rahman et al.
(2018)139

CKD (n ¼ 2875) 60 5.5 years Central SBP, PP, AIx,
AIx@75, PPA

CV events and all-
cause deaths

Peripheral better

Sluyter et al.
(2018)140

General population in randomized
study (n ¼ 3566)

66 4.6 years
(median)

Central BP variability
parameters

CV events Central better

Zuo et al.
(2018)109

Treated hypertensives (n ¼ 675) 61 � 9 25 � 4 months Central SBP, PP, AP,
AIx, AIx@75, PPA

CV events Central better

Ryli�skyt _e et al.
(2019)91

Middle-aged MetS subjects
without overt CVD (n ¼ 2728)

53.9 �
6.2

3.9 � 1.7 years AIx@75 CV events AIx@75 significant

Vasan et al.
(2019)98

General population (n ¼ 5803) 49 � 15 10.3 years
(median)

Central PP, MAP CV events Central PP significant not adjusted
for peripheral BPs
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TABLE 33.2 Overview of large studies (more than 100 subjects) up to 2021 on the association between measured central pressures and clinical

endpoints.dcont’d

Author, year Population-sample size

Age

(years)

Follow-up dura-

tion (longitudi-

nal studies) Index Events

Central indices versus

peripheral blood pressuresa

Ndrepepa
et al.
(2019)141

Patients with STEMI (n ¼ 1384) 62.5 �
12.1

6.1 years
(median)

Invasive central PP All-cause mortality U-shaped association between
central PP and the risk of mortality
(attenuated after adjustment)

Mukai et al.
(2019)142

Patients with CKD stage 5
(n ¼ 261)

56
(median)

25 months
(median)

AIx CV and all-cause
mortality

AIx significant

Wu et al.
(2020)143

Hypertensives undergoing percu-
taneous intervention (n ¼ 1184)

66 228 weeks Invasive aortic PP CV events Not adjusted for peripheral BPs

Tynjälä et al.
(2020)144

Type 1 DM (n ¼ 906) 54 � 13 8.2 years
(median)

AIx, central pressures Cardiovascular
and/or diabetes-
related mortality

Central pressures and AIx signifi-
cant, no adjustment for peripheral
BPs

Huang et al.
(2020)145

General population (n ¼ 5608) 54.2 4.1 years
(median)

Central PP, SBP CV events Central PP/SBP not significant af-
ter adjustment for peripheral BPs

Dong et al.
(2020)146

General population (n ¼ 8710) 50.1
(mean)

6.36 years
(median)

Central SBP/PP CV events Central pressures better than pe-
ripheral BPs but no adjustment

Scandale et al.
(2020)92

Screening of peripheral arterial
disease (n ¼ 398)

68 � 9 5.4 years AIx@75 All-cause mortality Not significant

Lamarche
et al.
(2021)147

Participants of CARTaGENE
without CVD or antihypertensive
medication (n ¼ 13,461)

52 8.75 years
(median)

Central SBP Major CV events Central SBP significant after
adjustment for peripheral BPs

AIx, augmentation index; AIx@75, augmentation index corrected for a heart rate of 75 bpm.; AP, augmented pressure; BP, blood pressure; CAD, coronary artery disease; CKD, chronic kidney disease; CVD,
cardiovascular disease; DM, diabetes mellitus; ESRD, end-stage renal disease; FU, follow-up; HF, heart failure; MI, myocardial infarction; Pb, backward pressure amplitude; PCI, percutaneous coronary
intervention; Pf, forward pressure amplitude; Pi, incident pressure wave height; PP, pulse pressure; PPA, pulse pressure amplification (brachial-carotid); RF, risk factors; RI, reflection index; RM, reflection
magnitude; RWTT, reflected wave transit time; SBP, systolic blood pressure; SEVR, subendocardial viability ratio.
a“better” denotes numerically larger RR, not necessarily tested in a statistically adjusted statistical test.
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Measurement/estimation of central pressure wave-
form/central pressures: The techniques of assessing cen-
tral hemodynamic indices include invasive measurements
(considered to be the gold-standard), tonometry (the most
popular noninvasive technique), oscillometry (either single-
or two-sites), imaging techniques (including echocardiog-
raphy), photoplethysmography, and finally use of estimated
values of central pressures (derived mainly by equations,
and more recently, by machine learning techniques).34

Based on the review of the current literature, the large body
of evidence stems from tonometry measurements and thus
this technique could the first choice for use in clinical
practice, despite its inherent technical limitations (use of
peripheral pressures measured in other arterial segments to
derive the central pressure waveform through a transfer
function). All approaches have their advantages and dis-
advantages. Some are limited by methodological short-
comings. Unquestionably, all should be rigorously and
carefully validated with a standardized method before
commercialization.39 Central pressures may be more easily
adopted by the clinician compared to calculated indices,
such as AIx and pulse pressure amplification, but, on the
other hand, they may be more prone to error since they rely
on the (in)accuracy of the cuff measurement.40 The
development of 24-h measurement of central BP is
appealing. It remains to be investigated whether the 24-h
values have better predictive ability for future events and
target organ damage than single measurements of central
BPs or peripheral BPs41 as already has been shown for 24-h
ambulatory peripheral BPs compared to single office BPs.
For a more extensive discussion of ambulatory measure-
ment of central aortic pressures and pulsatile hemody-
namics, the reader is referred to Chapter 8.

Correlation of central pressures and peripheral
pressures: A crucial issue to be addressed is whether
central indices have a predictive ability over and above
peripheral pressures. This can be difficult since central
pressures are usually derived by peripheral pressures, and
their correlation is extremely high (correlation coefficient of
approximately 0.9). Despite this strong correlation between
them, it seems that when central pressures are measured
properly,39 they can be at least as good or even better than
peripheral pressures. According to our meta-analysis, AIx
has a predictive value independent of peripheral pressures,
whereas central pulse pressure has a marginally better
predictive value compared to peripheral BP (P ¼ .057).
This marginal but existent superiority of central BPs was
supported by a recent large individual-data meta-analysis in
22,433 subjects from 15 studies,42 where although the
predictive ability for MI was similar for central and pe-
ripheral systolic BP, there was a statistically significant
superiority of central BP compared to peripheral BP for the
prediction of stroke, especially in subjects below 61 years.
However, it must be acknowledged that so far there are no

published data of an improved reclassification with the use
of central BP with the inclusion of peripheral BP in the
model.

Study populations: The majority of the studies have
been conducted in hypertensive subjects and patients with
renal dysfunction. Further, as wave reflection indices have
been strongly correlated with atherosclerosis and inflam-
mation, studies on patients on high underlying risk have
also been conducted. Finally, the pathophysiological close
relationship of the central pressure waveform with heart
failure makes it a very attractive biomarker both for the
prediction of incident HF,43,44 as well as for predicting
events in patients with HF. Undoubtedly, there is room for
further refinement since the degree of pressure amplifica-
tion toward the periphery is variable, depending on several
factors including age, gender, and heart rate. Further, an
extension of predictive ability over and above brachial BP
in a wider range of populations and disease states is
mandatory. Lastly, it should be noted that evidence for a
specific central pressure component or index does not
necessarily apply to the others.

Cut-off: The publication of reference values has been a
facilitation for the implementation of central BPs in clinical
practice.45 Unfortunately, studies have used different
measurement techniques and cut-offs (when used) to
identify subjects with increased central pressures. Guide-
lines have not adopted any single cut-off for central pres-
sures, but it has been proposed by several studies that a
value of 130/90 mmHg might be the ideal cut-off for pre-
diction of events.46

Association with intermediate endpoints: In a recent
meta-analysis, central BP was shown to be slightly, but
consistently superior to the peripheral BP in predicting end-
organ damage, such as carotid intima-media thickness,
PWV and LV mass index, except for albuminuria.47

Increased aortic AIx is associated with coronary artery
disease.48 In fact, in young patients with suspected coro-
nary artery disease, increased wave reflections can
discriminate patients with coronary artery disease from
those without. The late systolic augmentation of the central
pressure waveform is associated with an increase in LV
mass index independent of age and mean BP,49 and carotid
systolic pressure is an independent determinant of LV wall
thickness.50 Moreover, central pressure is also more closely
related to other important cardiovascular intermediate
endpoints, such as vascular hypertrophy, the extent of ca-
rotid atherosclerosis.51 Higher carotid pressure augmenta-
tion in older individuals has been linked to increased flow
pulsations entering the cerebral circulation, which may in-
crease the risk of cerebral microvascular damage.52

Central pressures as a therapeutic target: Despite
similar effects on brachial pressure, antihypertensive drugs
have differential effects on central pressure, and this may
explain the superiority of arterial vasodilating drugs in
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outcome trials. In the Conduit Artery Function Evaluation
study, a substudy of the Anglo-Scandinavian Cardiac Out-
comes Trial, a higher treatment-related decrease of central
pulse pressure, that was not evident in brachial pressure
measurements, was independently associated with clinical
benefit and reduced cardiovascular events.53 Other studies
have also shown that endpoints related to organ damage can
be predicted by indices of central hemodynamics after ther-
apy. Aortic and radial AIx, as well as amplification of the
pulse between central and radial arteries, were superior to
conventional cuff measures in predicting a reduction in LV
mass during antihypertensive therapy.54 Furthermore, the
reduction in carotid wall diameter and hypertrophy with
antihypertensive treatment was related to carotid pulse
pressure, but not tomeanBP.55 The pREterax in regression of
Arterial Stiffness in a contrOlled double-bliNd (REASON)
trial, which compared a perindopril/indapamide combination
against atenolol, showed that normalization of brachial sys-
tolic BP is achieved with a significantly greater reduction of
carotid systolic BP after a 12-month treatment with the
combination.56 In this study, compared with atenolol, the
perindopril/indapamide combination was associated with a
greater fall in LVmass, and this was related to carotid but not
brachial BP.57

Whether central pressures can provide superior results
compared to peripheral BP should they were the guide of
therapy instead of the latter2 awaits confirmation. In this di-
rection, in two recent small studies in which central BP in
hypertensives58 and AIx in heart failure59 were used as
therapeutic targets there were modest but clinically apparent
benefits for the patients. Specifically, in the first case mea-
surement of central pressures led to decrease in the number of
antihypertensive medications used, as well as to a marginal
improvement in reduction of LV mass; in the second case,
there was a slight improvement in exercise capacity.

Conclusions/future perspectives

Both cfPWV and central pressures have convincingly
shown their ability to predict future cardiovascular events
and could provide crucial prognostic information especially
in younger individuals at intermediate risk and with
borderline office or 24h BP values.60 Measurement of
cfPWV seems to be able to integrate the long-term dele-
terious effects of various cardiovascular risk factors1 and
principally of increased BP, overcoming the inherent
shortcomings of BP detection that stem from its large
variability even in 24 h readings. Also, cfPWV provides an
easily accessible window toward the possible hypertension-
related target organ damage. Contrary to central pressures
that need to prove their worth beyond the closely to them
correlated peripheral BPs, cfPWV has no other major
competitors that can describe better the vascular damage
caused by risk factors and aging.

However, the journey toward clinical implementation
and larger adaptation from guidelines is still long and full
of challenges. First, ongoing and future large randomized
controlled studies need to confirm the clinical utility of
cfPWV in decision-making by providing robust evidence of
its ability to guide therapy and improve prognosis. Second,
this should be done in a relatively simple and cost-effective
manner so that the regulatory authorities will give the green
light for its further clinical implementation by providing
reimbursement for its measurement. Finally, what seems
reasonable but still remains to be seen is that the experts in
the field should provide a clear and collective proposal to
the nonexperts on the field that would clearly state what
physicians should measure and how in order to avoid
confusion and alienation from the biomarker. It seems that
such a coalition is feasible and based on the promising
results on cfPWV the above-mentioned scenario seems to
be closer than ever.
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Chapter 34

Role of the heart and arterial tree in
physiologic adjustments during exercise
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Aerobic exercise challenges the cardiovascular system to
increase oxygen and nutrient delivery to the active skeletal
muscle to meet their increase in energy requirements. To do
so, a highly integrated response (depicted in Fig. 34.1) is
elicited by the cardiovascular system to increase blood flow
to specific tissues while also maintaining blood pressure.
This chapter examines the intense demands of aerobic ex-
ercise and how the heart and pulmonary, central, and pe-
ripheral arterieswork in concert tomeet the dramatic increase
in blood flow demand at the working skeletal muscle.

Cardiac output

Exercise is dependent on the ability of the heart to increase
cardiac output and match the metabolic demands of the
working tissue. Cardiac output increases five- to eightfold
from rest to heavy exercise depending on exercise training
status (Fig. 34.2). The magnitude of increase in cardiac
output during exercise matches exercise intensity, as
increased oxygen demand is met with increased blood flow.
The ability to increase cardiac output is dependent on (1)
compensatory increases in heart rate, (2) increases in stroke
volume, and (3) a prioritizing of left ventricular (LV) work
to overcome the load presented by the vasculature
(described by ventricular-vascular coupling).

Heart rate response during exercise

Heart rate increases linearly during exercise in an intensity-
dependent manner and eventually plateaus at maximal
exercise intensity (Fig. 34.2). Heart rate is critical to exercise-
induced increases in cardiac output, particularly during
moderate-to-high intensity exercise. Increases in heart rate
during exercise occur via redundant direct and indirect
(i.e., reflex-driven) pathways resulting in greater sympa-
thetic nerve activity (neural) and catecholamine release
(hormonal).

Initial increases in heart rate with exercise occur due to
withdrawal of parasympathetic outflow to the heart and
subsequent increases in sympathetic activation (Fig. 34.3).
When the motor cortex in the brain elicits the contraction of
peripheral skeletal muscles, a simultaneous coordinated
response is initiated from the cardiovascular control center
in the medulla. This coordinated response is known as
central command and is responsible for initial increases in
heart rate via parasympathetic withdrawal and sympathetic
activation.1e3 Central command is a feedforward mecha-
nism that increases activation based on perceived effort and
can be independent of actual muscle activation and force
production.4,5

The exercise pressor reflex is an important peripheral
feedback mechanism contributing to the increase in heart
rate during exercise. The exercise pressor reflex involves
both the mechanoreflex and chemoreflex from the periph-
ery (Fig. 34.3). Muscle contraction elicits mechanical
(muscle length and tension) and chemical stimuli (meta-
bolic by-products) that activate the mechanoreflex and
chemoreflex, respectively.6,7 While the mechanoreflex is
immediately activated by muscle contraction, the chemo-
reflex is delayed due to the time required for metabolites to
accumulate. The mechano- and chemoreflex activate group
III (thinly myelinated) and group IV (unmyelinated)
afferent nerve fibers within the skeletal muscle and increase
neural discharge frequency to the central nervous system.
In response, the central nervous system increases sympa-
thetic nerve activity, which increases heart rate.6,8,9 The
exercise pressor reflex remains active throughout exercise,
providing continuous feedback to the cardiovascular con-
trol center and modulation of autonomic activity.10,11

Heart rate additionally increases during exercise via the
direct effects of catecholamines and the Bainbridge reflex
(also known as atrial reflex). Catecholamines (epinephrine
and norepinephrine) released from the adrenal medulla (and
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FIGURE 34.1 Overview of the cardiovascular adjustments during aerobic exercise necessary to increase sympathetic nervous system activity, cardiac
output, and increase and redistribute blood flow to the lungs and active muscle.
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from synaptic spillover for norepinephrine) assist the neural
input to the heart to increase heart rate during exercise,
particularly at moderate and high intensities. The impact of
catecholamines on heart rate is dependent on b-adrenergic
receptor sensitivity.12 Downregulation or desensitization of
b-adrenergic receptors (as occurs in aging and disease) blunts
the typical heart rate response during exercise.12,13 The
Bainbridge reflex may also support increases in heart rate
during exercise. This reflex is triggered by stretch receptors
in the atria that detect increases in venous pressure (as would
occur with an increase in venous return during exercise,
discussed further below), and results in sympathetic-driven
increases in heart rate. Together, central command, the ex-
ercise pressor reflex, catecholamine release, and the Bain-
bridge reflex act in concert to elevate heart rate during

exercise, thereby supporting increases in cardiac output
necessary to match blood flow requirements in the active
tissue.

Stroke volume response during exercise

The amount of blood ejected per heart beat (stroke volume)
may increase 2-fold from rest to moderate exercise
(Fig. 34.2).14 Stroke volume increases until light to mod-
erate (40%e50% VO2 max) intensity after which it pla-
teaus.15 The stroke volume response during aerobic exercise
is the result of synergistic changes in preload, contractility
(inotropy), afterload, and ventricular filling time.

During upright exercise, the volume of blood available
for ventricular filling (i.e., preload) increases owing to

FIGURE 34.3 Overview of autonomic nervous system adjustments during aerobic exercise and its role in blood flow redistribution.
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synergistic changes in venous return, atrial contraction, and
ventricular relaxation. Venous return increases during
exercise as blood ismobilized through the venous network by
the skeletal muscle pump, abdominothoracic pump, and sym-
pathetic-mediated arterial and venous vasoconstriction.16e20

The vasoconstriction imposed in the splanchnic (liver,
gastrointestinal tract, pancreas, and spleen) and renal circu-
lation reallocates a large volume of blood as exercise in-
tensity increases, with these regions receiving w25% of
cardiac output at rest and onlyw3% of cardiac output during
maximal exercise.21 Increases in end-diastolic volume dur-
ing the initial stage of upright exercise are further supported
by increased contractility of the atria, forcing a larger volume
of blood from the atria into the ventricle in late diastole.22

Additionally, diastolic relaxation of the ventricle (lusitropic
function) is improved during exercise with the rapid
untwisting of the ventricle.23e25 The rapid untwisting of the
ventricle decreases ventricular pressure quickly and in-
creases the filling pressure gradient, creating a “suction-like”
force that enhances ventricular filling and aids in mainte-
nance of stroke volume as heart rate increases (discussed
further below).

Increases in end-diastolic volume during early stages of
upright exercise stretch the myocardium and result in a
more forceful ventricular contraction, following the Frank
Starling relationship.26 This end-diastolic volume-driven
increase in contractility is further augmented by increased
sympathetic activity to the myocardium. Contractility
additionally increases owing to the Bowditch effect,
whereby increases in heart rate alter calcium handling
within myocardial muscle fibers, enhancing actinemyosin
interaction and thus, contractility.27 Greater ventricular
contractility reduces the volume of blood remaining at end
systole (i.e., end-systolic volume). Ultimately, these com-
plementary mechanisms enhance the contractile function of
the heart during exercise and play a role in both increasing
stroke volume and maintaining stroke volume at high heart
rates.28

The ability of the ventricles to eject blood (i.e. increase
stroke volume) is dependent on the amount of pressure they
must generate to overcome the pressure in the main arteries
(pulmonary trunk for the right ventricle and aorta for the
left ventricle). As described in more detail below, in spite of
the increased cardiac output during exercise, aerobic exer-
cise only produces a modest increase in mean arterial
pressure, owing to arteriolar vasodilation in exercising
muscle, which normally reduces total peripheral resistance
(despite vasoconstriction elsewhere), thus preventing sub-
stantial exercise-induced increases in afterload. The impact
of afterload on the heart during exercise is described in
more detail in the next section. Even modest increases in
afterload can be compensated for by via cardiac inotropy
and the Anrep effect,29e31 whereby an acute increase in
afterload enhances ventricular contractility. Taken together,

the net increase in preload and contractility, and reduced
afterload during exercise ensure increases in stroke volume
as part of a concerted approach to augment cardiac output
at lower exercise intensities.

Initial increases in stroke volume slow and plateau at
moderate to vigorous exercise intensities. This plateau in
stroke volume is related to the reduced diastolic duration
from the increase in heart rate with increasing exercise
intensity. The faster heart rate, and thus shorter diastolic
duration, reduces ventricular filling time and causes end-
diastolic volume to plateau or slightly decrease as exer-
cise intensity increases.15 As such, initial, synergistic
changes in preload, contractility, and afterload that serve to
increase stroke volume become somewhat limited at mod-
erate to higher intensity exercise by heart rateemediated
reductions in filling time, thereby preventing further in-
creases in stroke volume.

Ventricular-vascular coupling

The ability of the cardiovascular system to match the de-
mands of exercise depend on the left ventricle overcoming
the load imposed by the arterial system to increase cardiac
output. This dynamic interaction between the left ventricle
and the arterial system is known as ventricular-vascular
coupling32 (explored more in-depth in Chapters 13e17).
Ventricular-vascular coupling is traditionally measured by
representing the heart and the arterial system as coupled
elastances. In this setting, elastance is defined by the
change in pressure for a given change in volume,33 as
illustrated for the ventricle with pressure volume loops
acquired at different preloads (Fig. 34.4). The slope of the
change in end-systolic pressure to end-systolic volume is a
measure of contractility and represents ventricular elastance
(Ees). The negative slope between end-systolic pressure
and end-diastolic volume is arterial elastance (Ea), meant to
represent total arterial load imposed on the ventricle. The
ratio of arterial elastance to ventricular elastance (Ea/Ees)
has been used to quantify ventricular-vascular coupling and
provides a measurement of the interaction between the
cardiac and arterial system.2 This method of coupling
assessment has inherent limitations (as discussed in detail
in Chapter 15), but to date has been the most widely used
method used to assess ventricular-vascular coupling during
exercise.

Optimal ventricular-vascular coupling at rest results in a
balanced cardiovascular system such that the system pro-
vides optimal transfer of blood without excessive changes
in pressure. Thus, under resting conditions, the cardiovas-
cular system is an efficient or coupled system that priori-
tizes energetic efficiency over cardiac work.34 During
exercise, however, the interaction between the ventricle and
vasculature becomes uncoupled as energetic efficiency is
sacrificed to favor greater cardiac work.35,36 Indeed, cardiac
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work (partially signified by stroke work, the area within the
pressure-volume loop) increases during exercise owing to
increased contractility (ejection fraction) and thus, stroke
volume. The widening of the pressure-volume loop (i.e.,
increase in stroke volume) during exercise also demon-
strates the changes in both ventricular and arterial elastance.
Contractility and stroke volume increase during exercise,
thereby reducing end systolic volume and increasing end
systolic pressure. As such, both ventricular (end systolic
pressure/end systolic volume) and arterial elastance (end
systolic pressure/stroke volume) increase during exercise;
but ventricular elastance increases to a greater degree to
overcome arterial load, thus supporting increases in cardiac
output. These changes subsequently impact the Ea/Ees
coupling ratio.35e38 The increase in ventricular elastance
has led to both reductions35,36 and maintenance of the Ea/
Ees ratio during exercise,37,38 depending on the simulta-
neous magnitude of change in Ea. Reductions in the Ea/Ees
ratio (increases in efficiency of the heart during exercise)
are blunted with age, suggesting an inability to attain
maximal stroke work36 among older individuals. The
traditional elastance model of ventricular-vascular coupling
is not without its limitations.39 True arterial load is best
characterized using pressure-flow relationships or aortic
input impedance. While this method is not often used
during exercise, optimal coupling would theoretically occur
when greatest ejection (highest flow) occurs at frequencies
where impedance is lowest. Increased heart rate during

exercise shifts the first harmonic of flow to a frequency
where impedance modulus is lowest.40,41 Exercise-induced
increases in heart rate optimally couple the heart and arte-
rial systems by aligning the greatest ejection with the
lowest aortic impedance, thereby improving ventricular
performance. Ultimately, redundant mechanisms increase
heart rate and stroke volume during exercise which shifts
the balance between ventricular performance and vascular
load to prioritize increases in cardiac output into the pul-
monary and central vasculature for oxygenation and dis-
tribution to the active tissue.

Exercise hemodynamics

Increases in cardiac output must be balanced between the
left and right sides of the heart during exercise. This co-
ordinated effort ensures adequate oxygenation of pulmo-
nary arterial blood and subsequent transportation to specific
active regions of the body. Thus, while the pulmonary
circulation and vasculature differ considerably from the
systemic circulation both anatomically and physiologically,
they must respond in concert to adequately support efficient
oxygenation of arterial blood and oxygen delivery to
exercising muscle.

Pulmonary hemodynamics during
exercise

The pulmonary circulation is designed as a low-pressure
system, reflected in the anatomical design of both the
right heart and the vasculature. Considering the pressure in
the pulmonary circulation is about 1/20th of that on the
systemic side, it is not surprising that both the right
ventricle and the pulmonary vasculature are thin walled and
highly compliant at rest. The pulmonary circulatory system
is not as adaptive as the systemic circulation to accom-
modate the high levels of blood flow observed during
intense and/or prolonged exercise; however, it serves a vital
function to increase oxygenation of deoxygenated blood for
transport to peripheral tissues. The discussion below will
highlight the effect of aerobic exercise on the hemody-
namics of pulmonary circulatory function as depicted in
Fig. 34.5.

Pulmonary arterial pressure and resistance
during exercise

Mean pulmonary artery pressure (PAP) increases from rest
to high-intensity exercise (Fig. 34.5).42e47 PAP can
approach over 40 mmHg in young healthy adults but may
increase to w46 mmHg among older (>50 years) adults.46

PAP may be even greater during exercise among highly
trained individuals, owing to the relationship between
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cardiac output and PAP (discussed below).43 Increases in
PAP during exercise reflect adjustments in its constituents:
cardiac output, pulmonary vascular resistance, and left
atrial pressure, where:

PAP ¼ (cardiac output � pulmonary vascular
resistance) þ left atrial pressure.

Ultimately, substantial changes in cardiac output,
coupled with increases in left atrial pressure, offset modest
reductions in pulmonary vascular resistance, thus
increasing PAP during exercise.

Increases in cardiac output appear linearly related to
changes in PAP during exercise.42e47 Moreover, PAP does
not change between workloads when cardiac output is not
altered.48,49 Theoretically, the relationship between PAP
and cardiac output may be curvilinear due to the low
distensibility of the pulmonary arteries, since the relation-
ship between pressure and distension is nonlinear.50 The
distensibility of the pulmonary vasculature, however, is
limited and may explain why most studies have found a
linear relationship between PAP and cardiac output.42e47

Increases in PAP during exercise are also related to left
atrial pressure. Left atrial pressure (assessed as pulmonary

artery wedge pressure) increases in a linear manner with
cardiac output during incremental exercise.43,46 Thus, in-
creases in cardiac output and left atrial pressure contribute
to increased PAP during exercise.

Vascular resistance decreases rapidly with initiation of
exercise in the pulmonary circulation, similar to responses
observed in the systemic circulation. The rapid fall in
pulmonary vascular resistance, however, seemingly pla-
teaus at cardiac outputs w7e10 L/min, with only a small
additional reduction or no change until maximal exer-
cise.43,44 This plateau in pulmonary vascular resistance
(approximately �D66%) at a low cardiac output is
considerably different from the consistent, large reductions
in resistance within the systemic circulation (approximately
�D300%) with increasing exercise intensity. The limited
reduction in pulmonary vascular resistance compared to the
systemic circulation is likely related to the relatively
“fixed” size of the pulmonary vascular system and its
limited ability to vasodilate. The initial fall in pulmonary
vascular resistance is thus attributed to pulmonary vascular
recruitment coupled with distention of the pulmonary
resistance vessels in response to increased blood flow.43,51

Following the initial reductions in pulmonary vascular

FIGURE 34.5 Overview of pulmonary vascular hemodynamic adjustments during aerobic exercise in response to an increase in cardiac output. Graphs
depict theoretical changes with increases in exercise intensity. PAO2, partial pressure of oxygen in alveoli; PaO2, partial pressure of oxygen in arterial
blood; PO2, partial pressure of oxygen; PV, pulmonary vascular; RBC, red blood cell; V:Q, ventilation-perfusion mismatch. Adapted from Coffman KE,
Carlson AR, Miller AD, Johnson BD, Taylor BJ. The effect of aging and cardiorespiratory fitness on the lung diffusing capacity response to exercise in
healthy humans. J Appl Physiol (1985). 2017;122:1425e1434; Dempsey JA. Respiratory determinants of exercise limitation: focus on phrenic afferents
and the lung vasculature. Clin Chest Med. 2019; 40:331e342.
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resistance, pulmonary vessel recruitment is usually maxi-
mized and the slow gradual decline in vascular resistance is
a function of the limited (1%e2%) distensibility of the
pulmonary arterial bed (discussed further below)43,51,52

Taken together, increases in PAP during exercise partially
reflects increases in cardiac output and left atrial pressure,
but is also driven by the limited vasodilatory reserve and
vessel distensibility that attenuates reductions in pulmonary
vascular resistance during exercise.

Pulmonary blood volume expansion, diffusion
capacity, and pulmonary artery distensibility
during exercise

Increases in cardiac output and PAP during exercise dou-
bles the pulmonary arterial blood volume in an approxi-
mately linear manner from rest to maximal exercise.
Theoretically, the blood volume expansion during exercise
enhances ventilationdperfusion coupling when matched
with sympathetic-mediated increases in minute ventilation
and downstream alveolar ventilation.43,53 This is accom-
panied by a linear increase in lung diffusing capacity and
alveolar-capillary membrane conductance from rest to
maximal exercise. Interestingly, aging reduces both lung
diffusing capacity and alveolar-capillary membrane
conductance but does not alter the rate of increase during
exercise compared to young individuals.53 Ultimately,
while increasing pulmonary arterial blood volume is
necessary and beneficial during exercise, this expansion of
blood volume reveals structural limitations within the pul-
monary vasculature that can influence exercise
hemodynamics.

Increases in blood volume in the pulmonary circulation
during exercise are primarily accommodated via distention
of the arterial wall. The distension of the pulmonary
vasculature reduces pulmonary arterial distensibility and
compliance,48,54 and increases pulmonary arterial stiffness
during exercise (Fig. 34.5).55 This blood volumeemediated
shift in compliance and stiffness increases with exercising
intensity and likely indicates a “mechanical constraint” of
the pulmonary arterial bed to increased blood flow, and this
constraint contributes to the increase in pressure with
increased cardiac output during exercise. This “stiffening”
of the pulmonary arterial bed during acute exercise may
contribute to increased right ventricular afterload and
reduced stroke volume in older populations.48 However,
the stiffening of the arterial bed may also contribute to an
increase in flow velocity, especially in highly trained in-
dividuals who exhibit very high cardiac output which can
decrease red blood cell transit time in highly trained
individuals.

Limitations in both pulmonary arterial wall distensi-
bility and vasodilation during substantial increases in car-
diac output and increased pressure (e.g., highly trained

individuals during exercise) increases blood velocity
through the pulmonary vasculature.43,56 The accelerated
speed of red blood cells through the pulmonary circulation
reduces red blood cell transit time at the level of the
capillary-alveolus interface.43,56 Although red blood cell
transit time may only decrease by w25% from rest to a
maximal cardiac output of 20 L/min for a normal healthy
sedentary or moderately active person, the reduction in
transit time at a cardiac output of 30 L/min for a highly
trained endurance athlete would be w50%.43 This sub-
stantial decrease in capillary transit time at high cardiac
outputs/blood velocities can lead to diffusion limitation,
whereby oxygen does not have sufficient time to fully
diffuse and equilibrate during the transient interaction be-
tween alveolus and red blood cell.43,56 The “incomplete
loading” of oxygen from the alveolus to the red blood cells
results in a widening of the alveolar-arterial oxygen dif-
ference and arterial hypoxemia. As such, oxygen desatu-
ration to levels of 85%e90% is not uncommon among
highly trained endurance athletes.57,58 Ultimately, while the
PAP-driven expansion of blood volume in the pulmonary
circulation during exercise is necessary to increase
oxygenation of arterial blood, it pushes the limits of the
pulmonary artery structure and function and may present
challenges under certain exercise conditions.

Central hemodynamics during exercise

The central vasculature serves as a highway during exer-
cise, facilitating transportation of oxygenated blood from
the heart downstream to the peripheral vasculature where
blood flow is directed to metabolically active tissue.
Exercise-induced changes in cardiac output and peripheral
redistribution of blood flow result in an expansion of pulse
pressure and modest increase in mean pressure. This sec-
tion will discuss the hemodynamic mechanisms driving
central blood pressure and blood pressure amplification
during exercise and their effects on hemodynamic pulsa-
tility, arterial stiffness, and characteristic impedance, as
depicted in Fig. 34.6.

Mean arterial pressure

Mean arterial pressure in the systemic circulation must in-
crease during exercise in order to establish an adequate
pressure gradient to drive adequate blood flow to active
tissue (Fig. 34.2). This occurs through offsetting changes in
systolic and diastolic pressure. Increases in systolic blood
pressure during exercise are driven by increased stroke
volume. The concomitant increase in mean arterial pressure
during aerobic exercise is relatively modest. Cardiac-driven
increases in systolic pressure are accompanied by periph-
eral vasodilation and reductions in total peripheral resis-
tance (thereby maintaining or decreasing diastolic blood
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pressure). The blood pressure response to exercise is highly
variable and dependent on underlying cardiovascular dis-
ease, fitness, sex, age, and exercise intensity.59,60 On
average, peak systolic blood pressure during exercise
ranges from w165 mmHg in young adults to w190 mmHg
in older adults,59 with exaggerated blood pressure re-
sponses linked to underlying cardiovascular disease.60 In-
creases in systolic pressure >200 mmHg during maximal
exercise among aerobically trained individuals may not be
pathological in nature but solely reflect very high cardiac
output and stroke volume.61 The regulation of the blood
pressure response to exercise is highly dependent on the
exercise pressor reflex (discussed previously in the context
of heart rate), arterial baroreflex, and compensatory auto-
nomic control during exercise (Fig. 34.3).

Carotid and aortic baroreceptors are responsive to
stretch and operate under a negative feedback loop to
intricately control beat-by-beat arterial pressure. At rest,
distension of the arterial wall from high pressure stretches
the baroreceptors and initiates afferent nerve discharge.
These afferent signals trigger subsequent efferent signals
from the brainstem, increasing parasympathetic outflow
and reducing sympathetic outflow, leading to reductions in
heart rate and total peripheral resistance, ultimately
decreasing blood pressure back to its original set point
value. During exercise, the arterial baroreflex maintains its

role in regulating blood pressure but is reset by central
command to operate around a higher exercise-induced
blood pressure.62e66 The upward and rightward resetting
of the baroreflex occurs in an intensity-dependent manner
from rest to heavy exercise and adjusts to greater sensitivity
toward preventing excessive increases in blood pressure
during exercise.66e68 Interestingly, the regulation of arterial
pressure is highly dependent on alterations in vascular tone
and subsequent changes in total peripheral resistance. At
rest, w25% of baroreflex-mediated changes in arterial
pressure are achieved through changes in cardiac output.
With increasing exercise intensity, however, baroreflex
control of arterial pressure becomes almost entirely reliant
on changes in total peripheral resistance.69,70 Ultimately,
baroreflex-mediated regulation of cardiac output and pe-
ripheral resistance contribute to changes in pulse wave
dynamics in the central vasculature during exercise.

Central pressure and pulse wave dynamics

Left ventricular contraction generates a forward traveling
compression wave, which increases central systolic pressure
and drives flow. Exercise-induced increases in contractility
increase the magnitude of the forward traveling compression
wave generated by the left ventricle (Fig. 34.6).71 This in-
crease in forward wave energy appears to largely explain
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exercise-induced increases in central systolic pressure,
rather than increases in wave reflection.71 The amount of
wave reflection, relative to the forward wave (i.e., wave
reflection magnitude) appears maintained during aerobic
exercise,71 despite substantial peripheral vasodilation. Our
recent unpublished observations indicate reductions in wave
reflection magnitude at the aorta during aerobic exercise
(see representative data in Fig. 34.6, aortic reflection
magnitude rest 32%, during exercise 18%). Emerging data
appear to concur with this observation, suggesting reflection
magnitude decreases among young, healthy adults despite
increased forward wave magnitude and shortened reflected
wave transit time.72 Although reductions in wave reflection
magnitude may relate to peripheral dilation of vasculature at
the working muscle, the integrated wave reflection response
during exercise is undoubtedly complicated by concomitant
vasoconstriction at nonexercising tissue, large artery stiff-
ening, constructive interference between upper and lower
body wave reflections, and poor retrograde transmission of
reflected pulse waves (i.e., reflected wave entrapment/
dissipation).73,74 As such, changes in aortic wave reflections
during exercise remain an active area of investigation, and
the mechanisms governing changes in wave reflection dur-
ing exercise may differ by population, exercise modality,
and intensity.

The contribution of pulse wave reflection to central
systolic pressure (i.e., augmentation pressure/index)
generally decreases during aerobic exercise.75e78 It should
be highlighted that augmentation index is a relatively poor
index of wave reflection, thus reductions in augmentation
index during exercise may reflect changes in heart rate and
pattern of ventricular ejection rather than wave reflection
per se.77 Reductions in augmentation index during exercise
appear attenuated with age, with older adults exhibiting
increases in augmentation pressure and left ventricle
wasted-pressure effort, and attenuated reductions in
augmentation index during aerobic exercise.75 As such,
pulse wave reflection may contribute to increases in central
systolic pressure during exercise when combined with age-
related aortic stiffening and impaired functional sym-
patholysis that may alter the speed and magnitude of pulse
wave reflection, respectively.75 Ultimately, changes in
cardiac chronotropy and central vascular pulse wave dy-
namics act to maximize flow output and transmission of
forward-traveling pulse waves during exercise while
minimizing wave reflection contributions to central systolic
blood pressure. These mechanisms governing central blood
pressure during aerobic exercise have further effects on the
degree of blood pressure amplification traveling from the
central to peripheral vasculature.

Pulse pressure amplification

The blood pressure waveform is distorted as it travels from
the central to peripheral vasculature within the nonuniform
viscoelastic arterial system.79 This “distortion” manifests as

an amplification of the blood pressure waveform, or an
amplification of pulse pressure, while traveling distally,
downstream.74,79 Pulse pressure amplification occurs pri-
marily owing to an increase in systolic blood pressure, with
minimal changes in diastolic and mean pressure.79 Data
indicate that peripheral pulse pressure increases to a greater
degree than central pulse pressure (i.e., greater pulse pres-
sure amplification) during aerobic exercise,75e78,80,81

although this is not universal.82,83 Pulse pressure amplifi-
cation increases during low-intensity exercise (i.e., 45%
age-estimated maximal heart rate) and does not increase
further during moderate- (50%e60% age-estimated
maximal heart rate) or higher-intensity exercise (70%
e80% age-estimated maximal heart rate).75,77,84 These in-
creases in pulse pressure amplification during exercise
likely stem from changes in heart rate, reducing the po-
tential contribution of wave reflection to central systolic
pressure.77

Increases in pulse pressure amplification during aerobic
exercise may be attenuated in older adults compared to
young and middle-aged adults75; however, this is not uni-
versal80 and may depend on presence of cardiovascular
disease risk factors.78 The degree of pulse pressure ampli-
fication during exercise also appears dependent on where
peripheral blood pressure is assessed (i.e., at nonworking
vs. active musculature). Pulse pressure amplification during
exercise increases to inactive musculature (i.e., brachial
artery during lower-body exercise),85 while amplification at
the level of working muscle may be attenuated82 owing to
local vasodilatory control in the working limb. Indeed, in-
creases in pulse pressure amplification are attenuated when
local vasodilator stimuli (e.g., heat, reactive hyperemia) are
applied on top of an exercise stimulus.81,86 While central
pulse wave dynamics appear to minimize pulse pressure
expansion in the central compared to peripheral vascula-
ture, increases in pulse pressure ultimately relate to the
manner in which blood flow is transmitted downstream.

Blood flow pulsatility

Blood flow in the arterial tree is inherently pulsatile (i.e.,
discontinuous) with greater blood velocity/flow occurring
during systole than diastole. Blood flow pulsatility is linked
with pulsatile pressure (i.e., pulse pressure) and forward
pulse wave energy. As such, exercise-induced increases in
pulse pressure and forward pulse wave energy are accom-
panied by concomitant increases in the degree of blood
velocity pulsatility during aerobic exercise.87e90 This has
primarily been examined within the cerebral vasculature
owing to growing links between hemodynamic pulsatility
and brain health91 and the implications of exercise on the
brain.92,93 Both extracranial (common carotid artery)89 and
intracranial (middle/anterior cerebral artery)87,88,90 blood
velocity pulsatility increase during aerobic exercise
(Fig. 34.6). The mechanism governing the increase in ce-
rebrovascular pulsatile blood flow may be multifactorial in
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nature. Increased cerebral blood flow pulsatility during
exercise could relate to downstream vasoconstriction via
sympathetic activation and catecholamine release;88 how-
ever, it remains plausible that local cerebral metabolic ac-
tivity constrains sympathetic-mediated vasoconstriction
(i.e., sympatholysis) within the cerebral vasculature.94 In-
creases in pulse pressure and its effect on cerebral blood
velocity may be a more likely explanation of exercise-
induced increases in cerebral blood flow pulsatility.90,95

Indeed, diastolic cerebral blood flow may decrease during
exercise because of an inability of dynamic cerebral
autoregulation to buffer the rapid decrease in pressure that
occurs in diastole.90 These reductions in diastolic velocity,
concomitant with increases in systolic velocity87 and for-
ward pulse wave energy, likely explain increases in cere-
bral blood velocity pulsatility during exercise. Chronic
exposure to pulsatile blood flow is linked with damage to
sensitive vascular beds, such as the brain and kidney,96

although causal data remain elusive. Importantly, there is
no evidence that transient increases in pulsatility associated
with exercise increases risk of accumulating such damage;
rather, participation in exercise training is likely protective
for organs like the brain.92,93,97

Large artery stiffness and characteristic
impedance

Acute aerobic exercise increases the stiffness of the large
elastic arteries (i.e., aorta, carotid; Fig. 34.6). Much of the
literature to date has focused on the aorta, documenting
significant increases in both proxy estimates (e.g., time to
reflection)71,76,77 and direct measures (e.g., pulse wave
velocity) of aortic stiffness.82,98e100 Aortic stiffness ap-
pears to increase during low and moderate-intensity aerobic
exercise by roughly 1.0e1.5 m/s on average across studies.
Similar observations have been made at the carotid artery,
with reduced distensibility (i.e., increased stiffness) during
aerobic exercise.101 The exact hemodynamic mechanisms
driving acute increases in large artery stiffness during ex-
ercise are likely multifaceted, and may include:

(A) Increases in mean and pulse pressure in the central
vasculature, which would shift the pressure load
burden within the artery wall from elastin to
collagen,102,103 functionally stiffening the vessel dur-
ing exercise.100 In support of this, reductions in aortic
time to pulse wave reflection (Tr; a proxy of aortic
stiffness) is associated with increases in mean pressure
during aerobic exercise.77

(B) Increases in heart rate during exercise would shorten
diastole and alter the time available for mechanical
recoil of the artery wall.104 The rate of diameter
change lags behind reductions in pressure during dias-
tole owing to vascular hysteresis and the nonlinear
pressure-diameter relationship in the viscoelastic large
arteries.40,105 The magnitude of this delay appears

dependent on the amplitude of stretch (imposed by
pulse pressure).105 As such, the shortened diastole
imposed by exercise-induced elevations in heart rate
likely prevents complete recoil of the aorta walls,
thereby stiffening the vessel.

(C) Increases in sympathetic activity during exercise may
directly modulate aortic stiffness,106,107 although this
is still debated.108

Ultimately, increases in large artery stiffness during
exercise may alter large artery characteristic impedance.
Changes in large artery characteristic impedance during
aerobic exercise are still somewhat unclear. Early work
suggested aortic characteristic impedance was maintained
during aerobic exercise, despite increases in aortic stiff-
ness.100 Maintenance of characteristic impedance in this
setting would require a roughly 10% increase in aortic
diameter to offset the effect of increased aortic stiffness
during exercise.100 Work in canine models indicates that
while aortic characteristic impedance is maintained during
exercise in young animals, it increases during exercise in
aged animals and impacts left ventricle performance.109

Increases in distension pressure during exercise would tend
to increase aortic diameter109 while also stiffening the aorta
owing to the preferential loading of collagen within the
wall. Age-related dilation of the aorta110 may limit further
increases in diameter with exercise-mediated increases in
distension pressure, thereby contributing to increased
characteristic impedance during exercise with aging.
Additional work is necessary to fully elucidate how aortic
stiffness, diameter, and characteristic impedance respond
during exercise, particularly since current data do not
suggest aortic diameter increases during exercise. Indeed,
imaging data obtained via MRI during exercise that report
reductions, rather than increases, in ascending and proximal
descending aorta cross-sectional area during exercise.98

Cumulatively, changes in aortic stiffness, aortic character-
istic impedance and pulsatile hemodynamics appear to
largely be a consequence of cardiac adjustments to exer-
cise. Taken together, the central hemodynamic response
during exercise reflects complementary changes within the
heart and peripheral vasculature that act to minimize arterial
contributions to the already augmented workload of the left
ventricle during exercise, supporting increases in blood
flow for redistribution to working tissue.

Blood flow redistribution

Increasing blood flow to meet the metabolic demand of
working cardiac and skeletal muscle is one of the major
challenges faced by the cardiovascular system during ex-
ercise. Increased blood flow delivers necessary oxygen and
nutrients to active tissues, removes metabolic by-products,
and is proportional to the oxygen requirement by the active
tissue.111,112 Cardiac output increases dramatically with
exercise and blood flow is preferentially redistributed away
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from inactive tissue to highly active tissue. One major
contributor to the redistribution is the highly malleable
splanchnic and renal vasculature. Splanchnic and renal
blood flow is dramatically reduced to w25% of resting
values during high intensity exercise and is compensated by
a large increase in oxygen extraction.21,113,114 Subsequent
redistribution of the splanchnic/renal blood volume results
in large increases in absolute blood flow in the coronary
vasculature and active muscle beds, with w85% of cardiac
output directed to the active muscle during peak exer-
cise.21,113 This redistribution of blood flow away from less
active tissue during exercise facilitates a dramatic and
critical increase in blood flow to active skeletal muscle and
tissue. The redistribution of blood flow that ultimately
supports metabolic processes and muscular work necessary
for exercise is largely dependent on the reciprocal actions
of systemic sympathetic activation and local regulation of
blood flow.

Total peripheral resistance and functional
sympatholysis

Blood flow is inversely related to total peripheral resis-
tance. During exercise, the cardiovascular control center
increases sympathetic nerve activity which serves to in-
crease total peripheral resistance (Fig. 34.3). The increased
sympathetic activity, however, does not have a systemic
effect. Sympathetic activity causes vasoconstriction in
inactive tissue; however, in active skeletal muscle, the
metabolite build-up and release of local vasodilators at-
tenuates the sympathetic vasoconstriction by interfering
with a-adrenergic receptor vasoconstriction.115 This
mechanism has been deemed functional sympatholysis.116

This balancing act between sympathetic-vasoconstriction
and functional sympatholysis increases total peripheral
resistance in the inactive tissue and decreases total pe-
ripheral resistance in the active tissue, thus contributing to
blood flow redistribution. This concept of blood flow
regulation is critical because (1) without partial vasocon-
striction, total peripheral resistance would dramatically fall
and result in a mean arterial pressure too low to maintain
perfusion pressure, (2) without local vasodilation, skeletal
muscle would not receive adequate blood flow for meta-
bolic exchange, and (3) without redistribution, much of the
increased cardiac output would be delivered to tissues
which do not need it, therefore reducing the arteriovenous
O2 gradient essentially indicating an inefficient use of the
cardiac output. As exercise intensity increases, the attenu-
ation of sympathetic vasoconstrictor tone is increased
suggesting functional sympatholysis occurs in an intensity-
dependent manner;117 however, there is not a complete
attenuation of all sympathetic activity at the level of the
active muscle.118,119 This phenomenon allows blood flow
to reach the metabolically active muscle without

compromising blood pressure control. In order to maintain
adequate arterial pressure when large muscle mass is
working though, some vasoconstriction is imposed which
reduces perfusion of the active muscle.120 Thus
sympathetic-mediated vasoconstriction is critical in main-
taining arterial pressure in the face of functional sym-
patholysis and local vasodilation that give rise to increased
blood flow during exercise.

Exercise hyperemia

Blood flow increases to active skeletal muscle almost
immediately following a single contraction. This quick and
timely response is due to both rapid vasodilation and the
mechanical effects of muscle contraction.121e123 The
initiation and maintenance of exercise hyperemia (i.e.,
increased blood flow) is largely due to vasodilation in the
microcirculation, with minor contribution from the skeletal
muscle pump, rather than increased pressure, as mean
arterial pressure only increases modestly during aerobic
exercise. Large conduit arteries, such as the femoral and
brachial arteries, are also capable of vasodilating during
exercise; however, this is not a functionally significant
change for the regulation of blood flow. Exercise hyper-
emia is thus a coordinated response of the vasculature in
and around the skeletal muscle and is successfully initiated
and maintained by vasoactive substances, conducted
vasodilation, and flow-mediated dilation.

Vasoactive substances

Local vasodilation is caused by chemical substances
released from the muscle (e.g., nitric oxide, prostaglandins,
adenosine, lactate, Kþ), endothelium (e.g., nitric oxide,
adenosine, Kþ, ATP, prostaglandins), and red blood cells
(e.g., ATP, nitric oxide) (See reviews113,124; overview pre-
sented in Fig. 34.7). The magnitude of vasodilatory sub-
stance release appears intensity-dependent, with higher
intensities eliciting a greater vasodilatory stimulus and larger
reduction in total peripheral resistance. Several redundant
mechanisms exist through which vasodilation can occur
within the microcirculation and increase local blood flow.

Muscle contraction changes the surrounding environ-
ment (i.e., lowers pH) and initiates production of several
substances within the muscle itself that induce vasodilation,
such as nitric oxide, prostaglandins, lactate, hydrogen ions,
potassium, and adenosine. The production of ATP and
muscular contraction leads to an accumulation of metabo-
lites and byproducts that alter the environment within the
muscle, which traditional dogma suggests cause vasodila-
tion.125 Indeed, exercise-induced increases in lactate, po-
tassium,126,127 and adenosine,128 and decreases in pH129

have been proposed to influence local regulation of blood
flow and vasodilation. Nitric oxide and prostacyclin are
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also two proposed central vasodilators given that each is
stimulated by several vasodilator compounds and me-
chanical stimuli, as discussed below.130 Unfortunately,
determining which vasodilator is the largest contributor to
exercise hyperemia is experimentally difficult owing to the
inherent redundancy. As such, no single vasodilator has
currently been shown to contribute >30% of the vaso-
dilatory response to exercise, suggesting local vasodilation
during exercise involves multiple vasoactive substances.
Indeed, while lactate and pH modify vasodilation, they do
not solely determine exercise hyperemia.126,129 However,
adenosine (by itself or as ADP or ATP) is considered one of
the stronger vasodilator substances released by the exer-
cising skeletal muscle owing to strong correlations between
adenosine concentration and leg blood flow during exer-
cise.128 Endogenous nitrate is also converted to nitrite and
ultimately nitric oxide, particularly during hypoxia, impli-
cating another pathway by which vasodilation is induced in
active muscle.124,131 The individual importance of these
chemical and metabolic substances within the active muscle
is complicated by their complex interplay as part of the
integrated exercise hyperemic response. Ultimately, the
complex interaction between vasodilators and redundant
mechanisms within the vasculature system is critical to
maintain blood flow and thus nutrient delivery and waste
removal during exercise.

Conducted vasodilation

Adequate vasodilation of the feed arteries is necessary to
achieve adequate perfusion pressure to the downstream
terminal arterioles where the highest resistance to flow
occurs.132 Interestingly, the local vasodilator response
initiated in the smallest arterioles proximal to the capillaries
is conducted upstream to larger feed arteries. Thus, initial
distal arteriolar vasodilation spreads proximally through the
vasculature via cell-to-cell communication between neigh-
boring smooth muscle and endothelial cells. This upstream
transmission of vasodilation is termed conducted vasodi-
lation.133,134 Conducted vasodilation is a complex and
highly integrated process that ensures upstream resistance
decreases and blood flow increases to facilitate down-
stream/local metabolic exchange during exercise.

Flow-mediated vasodilation

The initial increase in blood flow with exercise is driven by
local vasodilatory factors; however, sustained vasodilation
during exercise is additionally linked to the effect of
increased blood flow on the endothelium. Increased local
blood flow during exercise from local vasodilators and
conducted vasodilation produces a frictional force (i.e.,
shear stress) on endothelial cells. Elevated shear stress
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results in increased production of endothelial nitric oxide
synthase (which synthesizes nitric oxide) and other vaso-
active molecules (e.g., nitric oxide, prostacyclin, and
endothelial-derived hyperpolarizing factor).113,130 The
response of the endothelial cells to the shear stress is termed
flow-mediated vasodilation and is important for mainte-
nance of increased blood flow during exercise.

Mechanical actions of the muscle

Exercise hyperemia is also minimally contributed to by
muscle contraction. Muscle contraction influences both the
arterial and venous circulation. When the muscle contracts,
arterial blood flow is temporarily reduced or cut-off. When
the muscle relaxes, however, blood flow increases. This
increased flow influences shear stress on the vessel, leading
to a flow-mediated dilation and increased nitric oxide and
prostacyclin release. In the venous circulation, muscle
contraction leads to a pumping effect where venous return
is enhanced and subsequently perfusion due to the magni-
fied pressure gradient. This concept is referred to as the
skeletal muscle pump. The mechanical compression of
muscle contraction squeezes blood toward the heart by
taking advantage of the inherent composition and structure
of the veins. Each contraction-induced compression of the
highly compliant venous walls forces blood flow toward the
heart, with one-way valves preventing backflow (contrib-
uting to increased preload, discussed in cardiac output).
This movement of blood volume from the nearby venous
bed increases the pressure gradient in the capillary bed. As
the muscle relaxes, the expanded pressure gradient leads to
an increase in muscle blood flow. Given the rhythmic na-
ture of muscle contractions during dynamic exercise, me-
chanical contraction of skeletal muscle does not limit
overall blood flow to the active skeletal muscles.

Cardiovascular limitations to exercise

Aerobic exercise capacity is dependent on an integrated
response that facilitates the intake, delivery, and con-
sumption of oxygen. The Fick principle describes oxygen
consumption as the product of oxygen delivery (cardiac
output: heart rate, stroke volume) and oxygen extraction at
the working muscle (arterial-venous oxygen content dif-
ference).135 The magnitude of each of these variables can
increase determining the upper limit of whole-body oxygen
consumption (i.e., VO2 max). The ability of the cardio-
vascular system to deliver oxygenated blood to working
tissues during whole body exercise, however, can become
limited at different steps throughout the oxygen pathway.
Whether exercise is limited by central (cardiac output) or
peripheral (muscle) mechanisms is highly debated within
the literature. The limiting mechanism is likely dependent
on several factors such as exercise training status, age, and/

or chronic conditions. Potential mechanisms limiting oxy-
gen consumption, and thus exercise capacity, have been
reviewed extensively elsewhere136,137 but will be summa-
rized here within the context of (1) pulmonary diffusing
and oxygen carrying capacity, (2) cardiac output, and (3)
skeletal muscle oxygen extraction.

Oxygen delivery depends on the arterial oxygen con-
tent, which is determined in part by pulmonary diffusion
capacity. Attenuated increases in pulmonary diffusion ca-
pacity during exercise would reduce oxygen content in
arterial blood and are associated with reduced exercise
capacity.53 Indeed, pulmonary diffusion capacity may limit
exercise in certain populations vulnerable to exercise-
induced diffusion limitation (e.g., highly trained athletes,
chronic obstructive pulmonary disease patients).56,136 In
this setting, exercise capacity can be improved by supple-
menting with oxygen to offset exercise-induced
hypoxemia.138e140 In young, healthy individuals, howev-
er, pulmonary diffusion capacity does not limit exercise and
increasing arterial oxygen content via hyperoxia does not
necessarily increase oxygen consumption.141,142 Red blood
cell mass is an additional contributor to exercise capacity
owing to its direct influence on arterial oxygen content.
Greater red blood cell mass increases hemoglobin content
(the transporter of oxygen in the blood), which augments
oxygen-carrying capacity and thus, oxygen delivery.137

While the arterial oxygen content (via pulmonary diffusion
capacity or red blood cell mass) can influence exercise
capacity in certain populations, it is likely less limiting in
generally healthy populations.

Increased delivery of oxygen to the working tissue can
only be accomplished by augmenting blood flow via car-
diac output. Traditional dogma suggests that cardiac output
(and specifically stroke volume) is the primary physiolog-
ical determinant of exercise capacity in most adults.137

Cardiac output has been estimated to account for 70%
e85% of the limitation in exercise capacity.136 Conse-
quently, an inability to increase cardiac work (and decrease
ventricular-vascular coupling) during exercise is associated
with reduced oxygen consumption,143 and may be related
to impaired ventricular vascular coupling at rest (higher
ratio owing to greater ventricular elastance)144e146 which
reduces functional reserve during exercise.35e38 Alterna-
tively, the pulmonary circulation and right ventricle may
become limiting in certain environments/populations43,53

such as aging and elite athletes. Older adults and highly
trained athletes may exhibit substantial increases in pul-
monary artery stiffness during exercise, owing to age-
related elevation of resting artery stiffness and extreme
increases in cardiac output (for athletes)/PAP during exer-
cise, respectively. These large increases in pulmonary ar-
tery stiffness augment right ventricular afterload, thereby
limiting stroke volume48 and cardiac output during high
intensity exercise.43 As such, elevated pulmonary artery
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stiffness is associated with reduced exercise capacity in
certain populations.54 Additionally, increased respiratory
muscle work during high intensity exercise may create a
“steal” phenomenon whereby competition between respi-
ratory and skeletal muscle blood flow reduces oxygen de-
livery to locomotor muscles and limits exercise capacity.147

Cumulatively, left or right ventricular limitations that
impair increases in cardiac output may limit the ability to
perform aerobic exercise.

Oxygen delivery to the periphery does not guarantee
extraction by the active tissue. Exercise capacity may
therefore be dependent on the ability of the mitochondria to
extract and use oxygen during exercise. Although early
data suggested oxygen extraction is maximized (extracting
w88% of arterial oxygen content) at the active muscle
during heavy whole-body exercise,136 more recent data
suggest oxygen consumption among untrained individuals
appears limited by mitochondrial oxygen demand, rather
than oxygen supply (e.g., cardiac output).135 It is evident
that the role of the periphery in limiting exercise capacity
requires further research to determine the magnitude of its
contribution. In summary, multiple mechanisms throughout
the oxygen cascade can limit aerobic exercise capacity and
may differ based on environment, age, sex, and clinical
conditions.

Summary

Aerobic exercise requires a complex, coordinated response
from the cardiovascular system to ensure adequate blood
flow to metabolically active tissue and maintenance of
blood pressure. The complementary cardiac and vascular
responses during exercise act to minimize vascular contri-
butions to the already prioritized increase in cardiac work
during exercise. Increases in cardiac output are directed to
metabolically active and away from inactive vascular beds
through reciprocal actions of the sympathetic nervous
system and local regulators of blood flow. Blood flow to
skeletal muscle is maximized through multiple, redundant
vasodilatory mechanisms that can be conducted upstream
to ensure adequate oxygen delivery and removal of meta-
bolic waste. Ultimately, the highly integrated cardiovas-
cular response can become limiting at multiple levels of
oxygen intake (pulmonary circulation), delivery (cardiac
output, blood flow distribution), and use (mitochondrial O2

extraction); however, the limiting factors may vary by
population, modality, and environment.

Examining cardiovascular adjustments during exercise
remains a formidable challenge owing to experimental/
methodological constraints that are inherent with exercise
(e.g., intense movement, physiological noise). Emerging
methodologies and innovative research designs are making
measurement of cardiovascular responses during exercise
more achievable, lending optimism to the prospect of

gaining new insight into the mechanisms and regulation of
cardiovascular hemodynamics during exercise. Future work
is still necessary to better understand clinical implications
for cardiovascular adjustments to aerobic exercise and the
degree to which responses differ in clinical populations
with limited cardiovascular function or exercise capacity.
Future work delineating the coupling of pulmonary circu-
lation and right heart function with left heart function and
impact on myocardial work and cardiac output is needed.
Additional work is necessary to better interrogate changes
in large artery characteristic impedance, artery stiffness,
and upper/lower body pulse wave reflection during exer-
cise. Further examination of ventricular-vascular coupling
during exercise in health and disease requires use of
pressure-flow relationships and aortic input impedance,
rather than reliance on elastance which is not sensitive to
pulsatile load.39 Finally, the impact of sex, race, and
ethnicity on the integrative cardiovascular response to
aerobic exercise needs to be better understood. Although
the mechanisms governing vasodilatory responses during
exercise are redundant and complex, additional work
seeking to understand limiting factors within specific
chronic diseases may help inform therapeutic treatments.
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Introduction

Exertional dyspnea is one of the commonest symptoms for
which medical evaluation is sought, but dyspnea may
develop from a number of causes. Cardiac catheterization
provides direct assessment for evidence of heart failure
(HF), but resting hemodynamics are often normal in
ambulatory patients with early stage HF.1 Common and
simple stressors such as saline loading can provide some
value but are inferior to exercise testing.2 Noninvasive
cardiopulmonary exercise testing (CPET) provides valuable
information on gas exchange and aerobic capacity but may
not discern cardiac from noncardiac sources of dyspnea.1,3

Invasive exercise hemodynamics provides the most robust
and direct method to evaluate the causes for exercise
intolerance and serves as the gold standard to confirm or
refute the presence of HF or pulmonary hypertension
(PH).1,3e5 In this chapter we will review the emerging
utility of invasive exercise physiology assessment in
modern clinical practice.

Role for invasive hemodynamics in diagnostic
ambiguity

The diagnosis of HF is often challenging because symp-
toms or signs of HF commonly overlap with other condi-
tions.5 HF can be defined objectively as the inability of the
heart to perfuse the body without pathological increases in
filling pressure during rest or exertion. The diagnosis of HF
therefore relies upon the demonstration of elevated filling
pressures, on the basis of either physical examination,
radiography, natriuretic peptide levels, or echocardiography
data. Certain symptoms such as orthopnea and paroxysmal
nocturnal dyspnea are highly specific for HF, while more

common symptoms of dyspnea and fatigue are more sen-
sitive but less specific. Echocardiography often provides
valuable information including assessments of ventricular
structure and function and valve disease but is less accurate
to assess right- and left-filling pressures, particularly in an
earlier or milder stage of HF where hemodynamics become
abnormal only during exertion.3,6 When these tests are
inconclusive, invasive hemodynamic assessments, which
have the ability to directly assess ventricular filling pres-
sures, pulmonary arterial pressures, cardiac output (CO),
pulmonary vascular resistance (PVR), and measures of O2

transport and utilization, provides much greater accurate
information for diagnosing HF. The insertion of an arterial
catheter can also provide continuous arterial pressure
measurements in a peripheral artery during exercise, which
are valuable to assess arterial resistive and pulsatile he-
modynamics, as well as ventricularearterial interactions,
during exercise.

Physiology of invasive hemodynamic
assessment

HF is defined hemodynamically as an inability of the heart
to pump blood to the body at a rate commensurate with its
needs or to do so at the cost of elevated filling pressures.7

This definition applies to both HF with reduced ejection
fraction (HFrEF) and HF with preserved ejection fraction
(HFpEF), and indeed, invasive hemodynamics studies have
shown that both HF phenotypes share similar elevations in
right heart filling pressure (right atrial pressure [RAP]) and
left heart filling pressure (pulmonary capillary wedge
pressure [PCWP] and left ventricular [LV] end-diastolic
pressure [LVEDP]).8,9 These hemodynamic perturbations
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are correlated with dyspnea severity, pulmonary limita-
tions, impairment in aerobic capacity, and associated with
increased risk of mortality in HF.10e14 Noninvasive mo-
dalities such as echocardiography are specific when frankly
abnormal but frequently have low sensitivity to identify
elevated filling pressures at rest or during exertion.3,6

Despite clinical euvolemia, normal natriuretic peptide
levels, echocardiography, and normal resting filling pres-
sures at rest, patients may show a number of hemodynamic
changes during exercise (Figs. 35.1 and 35.2). Given its
definitive and comprehensive nature, invasive CPET has
emerged as the gold standard test to assess cardiac filling
pressures.1,3

Assessment of left-sided filling pressures

The determination of left-sided filling pressures (PCWP or
LVEDP) is clinically important because it allows estimation
of pulmonary venous pressure as it relates to dyspnea and
PH, but also used clinically as an estimate of LV preload.
Preload can be defined by the magnitude of distention or
stretching of ventricular myocytes before the onset of
contraction, which dictates the extent of myofiber shortening
in the subsequent contraction according to FrankeStarling
principle.4 The PCWP or LVEDP is a useful surrogate for
preload and correlates with the LV end-diastolic volume
[LVEDV] which determines end-diastolic myofiber stretch.
Filling pressures for any preload (LVEDV) are determined
by both the compliance properties of the myocardium and
extrinsic pericardial restraint mediated by the right heart and
pericardium. The PCWP reflects the LVEDV reasonably
well at lower filling pressures but as the PCWP increases

there is a weaker correlation between PCWP and preload due
to the impact of pericardial restraint increasing the PCWP
through an external compressive contract force without
contributing to end-diastolic myocyte stretch. LV transmural
pressure (LVTMP), which reflects LV preload independent
of right heart congestion and pericardial restraint, can be
estimated by subtracting extrinsic pericardial pressure (esti-
mated from RA pressure) from the PCWP.3,15e17 Determi-
nation of how much of the PCWP elevation is due to
pericardial interaction as opposed to LV filling is particularly
important during exercise where pericardial interaction may
play an increasingly important role due to the acute heart
dilation from an acute increase in venous return.

Regardless of mechanism, the risk of pulmonary
congestion increases with acute increases in pulmonary
venous and left-sided filling pressures. Notably, Reddy
et al.18 reported that the development of lung congestion
assessed by lung ultrasound during exercise was signifi-
cantly associated with exertional elevations in PCWP and
left atrial (LA) stiffness in well-compensated ambulatory
patients with HFpEF. On the other hand, patients with
established HF often display increased LV filling pressure at
rest, but the correlation between pulmonary venous pressure
and lung congestion may be surprisingly weak. This is
because many HF patients develop adaptations that allow
them to tolerate even marked elevations of LA pressure
without developing clinical or radiographic lung
congestion.19e22 The pulmonary adaptation to increased
PCWP in HF is believed to be caused by reduced capillary
filtration due to basal membrane thickening, enhanced
alveolar fluid clearance, and increased lymphatic drainage.23

Melenovsky and colleauges24 demonstrated that pulmonary

FIGURE 35.1 Typical right atrial pressure (RAP; red) and pulmonary capillary wedge pressure (PCWP; black) tracings in a patient with HFpEF at rest
(A) and with exercise (B) and in a control patient at respective states (C and D). HFpEF, heart failure with preserved ejection fraction.
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congestion in patients with established HF is associated with
increased PVR and reduced PA compliance, suggesting that
lung congestion itself may contribute to PH severity in
advanced HF.

Right atrial pressure

HF is characterized by neurohumoral activation and sodium
retention that leads to excessive fluid accumulation in the
systemic and pulmonary circulations, which coupled with
abnormalities in right heart-pulmonary artery coupling re-
sults in elevation of right-sided filling pressures reflected by
the RAP.25 RAP is also a surrogate marker for pericardial
pressure,17 so when RAP and PCWP both become elevated
in tandem to very high levels, this suggests that the heart
has filled to the point at which the pericardium restrains
further filling, and there is enhanced diastolic ventricular
interaction (DVI) with the right heart and pericardium
driving the PCWP elevation.26 This is a distinct hemody-
namic signature in patients with HF and a key reason for
measuring RAP continuously throughout exercise testing.
Patients with HF and elevated RAP are more likely to
develop lung congestion during exercise, due to the com-
bined effects of increased fluid filtration caused by high
PCWP and reduced pulmonary lymphatic drainage due to
central venous hypertension.18

Concept of pericardial restraint

The elastic pericardium exerts a compressive contact force
on the surface of the myocardium that becomes more
substantial when heart volume increases, as can occur in
many forms of HF including HFrEF, HFpEF, and patients
with pulmonary arterial hypertension (PAH).26 Pericardial
restraint plays an important role in determining hemody-
namics, LV preload and ventricular function. For example,
total heart enlargement and cardiomegaly in HFpEF in
particular with right heart enlargement creates the substrate
for increased pericardial restraint and DVI, where the right
heart influences the left in parallel.27 When DVI is
enhanced, left heart filling pressures can be elevated
disproportionate to the degree of LV diastolic stiffness and
LVEDV is lower than expected (i.e., LVEDP and LVEDV
become uncoupled), resulting in failure to augment CO
through failure of FrankeStarling reserve.28 This phe-
nomenon is also commonly observed in patients with se-
vere tricuspid regurgitation (TR) as well, where exertional
right heart filling pressure elevation may mediate decreases
in left heart filling during exercise despite increases in left-
sided “filling” pressures.15 Similar physiology has also
been observed in a subset of patients with HFrEF where LV
filling pressures and RAP increase in a 1:1 ratio, with no
further enhancement in stroke volume (SV), owing to the
restraining effects of the pericardium that prevent additional
preload recruitment.29,30

Measurement of flow

The Fick principle

The Fick principle enables measurement of CO from
directly measured O2 consumption (VO2) together with
blood sampling to measure O2 contents obtained from a
systemic artery and PA to calculate arterial-venous O2

content difference (AVO2 diff). The Fick principle states
that uptake of oxygen in blood by the lung (mL/min) is
equal to the product of the AVO2 diff of the oxygen and
the blood flow to the lung. Therefore, if the arterial O2
content, venous O2 content and oxygen consumption are
measured, the CO can then be calculated. A 4 Fr to 6 Fr
radial arterial cannula is used to measure arterial blood
pressure and allow sampling of arterial blood gases.
Simultaneous PA blood samples are obtained to measure
systemic and mixed venous O2 contents (¼ O2
saturation � hemoglobin � 1.34). AVO2 diff is calcu-
lated from systemic arterial and PA O2 contents. Oxygen
consumption can be directly measured at the mouth at
rest and during exercise using a metabolic cart. CO is
calculated by using the direct Fick equation (CO ¼ VO2/
AVO2 diff). SV can be calculated as the quotient of CO
and heart rate.

FIGURE 35.2 PCWP increased to a greater extent in HFpEF compared
with NCD with feet up and during exercise. PCWP returned to baseline
almost immediately in recovery. HFpEF, heart failure with preserved
ejection fraction; NCD, noncardiac dyspnea; PCWP, pulmonary capillary
wedge pressure. Figure adapted with permission from Borlaug BA,
Nishimura RA, Sorajja P, Lam CS, Redfield MM. Exercise hemodynamics
enhance diagnosis of early heart failure with preserved ejection fraction.
Circ Heart Fail. 2010;3:588e595.
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CO assessment using VO2 measured versus
assumed

Many clinical laboratories do not have the ability to directly
measure VO2, and therefore instead rely on regression
equations to estimate what the directly measured VO2

would be, usually based predominantly upon body size.
However, these regression equations have substantial error,
and with differing metabolic needs such as obesity or
systemic illness, there can be great deviation from esti-
mated VO2.

31e33 Thus, use of directly measured VO2

should be performed when the Fick method is utilized for
CO assessment. If VO2 cannot be measured, thermodilution
CO is preferred.

Thermodilution CO

Thermodilution is a form of the indicator dilution method,
in which a bolus of cold saline is injected rapidly via the
proximal port of the right heart catheter into the RA. The
injectate mixes with blood and the change in temperature
over time is recorded at the thermal sensor located at the
distal portion of the right heart catheter. The area under this
curve of change in temperature over time is calculated,
which is inversely related to CO. This method can assess
CO without blood gas data and expired gases analyses and
therefore has advantages in the absence of directly
measured VO2. However, there are several limitations to
thermodilution CO limiting its application compared to the
direct Fick method with directly measured VO2.

34 In cases
with low CO, blood is rewarmed by the walls of the cardiac
chambers and surrounding tissue, resulting in over-
estimation in CO estimation. The back and forth flow
across the tricuspid valve in severe TR can result in un-
derestimation of CO.35 In patients with atrial fibrillation,
irregular heart rates and cycle lengths can result in vari-
ability in thermodilution CO estimates. In the presence of a
left to right shunt, the thermodilution CO represents the
total pulmonary blood flow including the left to right shunt
and therefore differs from Fick CO perfusing the systemic
circulation.36 Furthermore, errors in measuring thermodi-
lution CO may be introduced by technical errors, such as
increase injection temperature, an inappropriate injection
speed, or lower injection volume. Variability may be high
between injections, particularly when attempted during
exercise, where Fick CO represents the preferred method.

Vascular load

The determination of vascular load of the circulatory sys-
tem relies on modeling the circulation in terms of assuming
steady state or pulsatile flow. Quantifying load assuming
the circulation is nonpulsatile provides a measure of mean
systemic vascular resistance (SVR). As discussed in

Chapters 15e17, this measure of load fails to account for
pulsatile loading conditions and provides an incomplete
description of vascular loading.

Systemic vascular load

SVR is determined by dividing mean arterial pressure
minus central venous pressure (CVP) and CO, converted to
standard units. Pulsatile arterial load may be assessed in a
general way by the central aortic pulse pressure
(PP ¼ systolic blood pressure-diastolic blood pressure),
effective arterial elastance (Ea), and total arterial compli-
ance (TAC). Ea is a lumped measure of the total stiffness of
the arterial system, which is assessed by end-systolic cen-
tral blood pressure/SV.37 Ea is most strongly related to
SVR and is also influenced by heart rate. TAC is an
approximation of the pressureevolume relationship for the
lumped arterial system. Although multiple methods exist to
assess TAC (as detailed in Chapter 3), it is usually esti-
mated as SV index/central PP in the catheterization
laboratory.38

Ventricular and vascular stiffening increase with aging
and comorbidity (e.g., hypertension and/or diabetes) and
are abnormally elevated in patients with HFpEF. Acute
afterload elevation in the setting of ventricularearterial
stiffening causes greater increase in blood pressure, which
may then feedback to further impair diastolic relaxation,
leading to dramatic increases in filling pressures during
exercise (Fig. 35.3).39 Many patients such as those with
HFpEF may manifest arterial reserve limitations only dur-
ing exercise. Reddy et al.40 compared indices of arterial
stiffness and pulsatile hemodynamics (both steady state and
pulsatile load) at rest and during exercise in subjects with
HFpEF and hypertensive control subjects (who themselves
display vascular stiffening) to examine their relationships to
cardiac hemodynamics and determine whether exertional
arterial stiffening can be mitigated by inorganic nitrite. This
study concluded that arterial load in HFpEF were similar to
those in hypertensive control subjects at rest, but during
submaximal exercise, HFpEF subjects displayed higher Ea
index and reduced TAC index and at peak exercise there
was greater reflected wave burden compared to control
subjects. Importantly, these pulsatile arterial loads were
directly correlated with higher LV filling pressures and
depressed CO reserve (Fig. 35.4).40 This pulsatile load in-
crease appeared to be partially treatable with inorganic ni-
trite, as measures of wave reflection and arterial loading
were improved following nitrite as compared to placebo.

Pulmonary vascular load

In patients with HF and chronic elevations in LA pressure,
there may be structural vascular remodeling and changes in
PA tone leading to increases in PVR and reductions in PA
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FIGURE 35.4 At rest (left panel), the aortic pressure waveform, Pa (orange) is shown as a composite of the forward wave, Pf (blue) and reflected
wave, Pb (green).Wave reflections, which develop at the points of impedance mismatch along the arterial tree, are reflected back to the aorta causing
systolic pressure augmentation. Total arterial compliance, which reflects the ability of the arteries to store blood during systole without untoward
elevation in pressure, is not significantly compromised, and pulmonary capillary wedge pressure (PCWP) is near normal. During exercise (right panel),
venous return and cardiac output increase. Stiffening of the aorta, along with a lack of small vessel vasodilation in the periphery (inadequate reduction
in systemic vascular resistance), augments pressure wave reflections, Pb (green) and pressure augmentation of the central aorta during mid to late
systole. Total arterial compliance reserve becomes saturated, such that increases in stroke volume cause greater elevation in aortic pulse pressure,
further augmenting left ventricular load. These changes are then correlated with pathologic increases in PCWP that promote symptoms of dyspnea, and
impairment in forward cardiac output reserve, limiting oxygen transfer to the body. Figure adapted with permission from Reddy YNV, Andersen MJ,
Obokata M, et al. Arterial stiffening with exercise in patients with heart failure and preserved ejection fraction. J Am Coll Cardiol. 2017;70:136e148.

FIGURE 35.3 (A) Combined ventricularearterial stiffening in heart failure with preserved ejection fraction may lead to dramatic elevations in blood
pressure with afterload increase (red arrow). This feeds back to increase LV end-diastolic pressures (arrowhead), by altering the slope or position of the
diastolic pressureevolume relation, and/or (B) by prolonging LV pressure decay during isovolumic relaxation (arrowhead). Figure adapted with
permission from Borlaug BA, Paulus WJ. Heart failure with preserved ejection fraction: pathophysiology, diagnosis, and treatment. Eur Heart J.
2011;32:670e679.
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compliance. Increases in PCWP preferentially increase pul-
satile RV loading by reducing compliance greater for any
increase in resistance. Pulmonary vascular disease (PVD)
commonly coexists with HF, can also worsen PH for any
degree of LA pressure elevation. Given that the RV is highly
sensitive to afterload, PH is an important contributor to RV
dysfunction in HF in part due to pulsatile RV loading.41,42

Assessment during exercise

Normal range of resting and exercise value

In order to interpret the data from an invasive CPET, it is
important to recognize the normal response to exercise.
Normal ranges of resting and exercise values are shown in
Table 35.1.43 With the onset of exercise, there is an in-
crease in venous return to the heart mediated by the com-
bined actions of the skeletal muscle and respiratory pumps,
together with sympathetic-mediated venoconstriction that
shifts blood from the capacitance veins to the central cir-
culation. The heart must cope with this increase in venous
return by enhancing diastolic relaxation and suction.
However, there is diastolic reserve limitation during exer-
cise in patients with HFpEF (Fig. 35.5).4 When venous
return exceeds output, there is central congestion. This
develops in the lungs in isolated left HF, and in the right
heart in patients with PH in the absence of left HF or other
causes of right HF. The increase in filling pressures is often
exacerbated by pericardial restraint and DVI as total heart
volume increases. This effect is greater in patients with
obesity, right heart dilatation, and atrial fibrillation.

The duties of the LV are fundamentally to keep the
lungs dry by filling to an adequate preload volume without
pathologic increase in LA pressure, and to pump blood to
the body at a rate commensurate with its metabolic needs,
reflected by total body VO2. This latter component is one
area were invasive CPET provides an advantage against
other modalities: the ability to measure both O2 delivery
and consumption in tandem. In health, studies dating back
over 50 years have showed that CO increases with respect
to VO2 by a ratio of 6:1.

44,45 The lower limit of normal may
be higher with supine exercise, as some studies have shown
that HF-free controls have higher CO reserve with respect
to VO2.

7,46 Further study is required to define the lower
limits of normal with supine exercise. By measuring the
change in VO2 (in mL/min) during exercise, one can
determine what the expected change in CO should be, if the
heart is adequately performing its duty as a pump.

Preforming an exercise hemodynamic study

Setup

In the catheterization laboratory under mild sedation while
lying supine, access is obtained in the right internal jugular
vein followed by placement of a 9 Fr sheath (Arrow, Mor-
risville, NC). Access is also obtained in the right radial artery
using a 4e6 Fr catheter. Solid state pressure transducers are
leveled at mid-chest. A 7 Fr balloon-tipped catheter (Balloon
wedge, Arrow, Morrisville, NC) is advanced to the RA. In
our laboratory, a 2 Fr micromanometer is then advanced to
the tip of the balloon-tipped catheter and balanced to the

TABLE 35.1 Normal range of resting and exercise values.43

Normal resting

values

Normal exercise

values Comments

RAP (mmHg) 0e6 <15 Normal range with exercise not well-defined

Mean PA (mmHg) �20 <30 with TPR<3
WUa

Often >30 above age 50 years in normal adults, but not
with high TPR

PA/CO slope (mmHg/L/min) e <3 Less established for supine exercise

PCWP (mmHg) <15 <25 Some references indicate normal resting values of <12
or <15;
>20 during exercise may be abnormal in patients <50
years of age

PCWP/CO slope
(mmHg/L/min)

e <2 Less established for supine exercise

PVR (WU) <2e3 <2e3 True normal <2 WU but clinical risk increases
>3 WU;
PVR should drop with exercise normally

CI/CO (L/min*m2 or L/min) 2.2e4.0
(L/minam2)

>4.8*DVO2

(L/min)
Expected increase in CO is 6 mL/min for each 1 mL/min
increase in VO2

b

aTPR, total pulmonary resistance, defined by mean PA pressure divided by CO.
bPredicted cardiac output reserve is equal to 6*DVO2. Cardiac output reserve is then calculated as observed minus rest CO divided by predicted cardiac
output reserve. This ratio has been referred to as the exercise factor and should be 0.8 or 80%.
Table adapted with permission from Jain CC, Borlaug BA. Performance and interpretation of invasive hemodynamic exercise testing. Chest. 2020.
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mean fluid-filled catheter. The reason for the micro-
manometer is the poor frequency response of the fluid-filled
catheter, which becomes limiting during exercise in partic-
ular. CVP is measured continuously through the sidearm of
the 9 Fr jugular sheath, taking care to assure that distal
sheath pressure is equal to direct RA pressure. Transthoracic
echocardiography may also be performed simultaneously
with catheterization to evaluate for ventricular function,
valve disease, and lung congestion. Pressures in the RA, PA,
RV, and PCWP were measured at end-expiration using the
mean of �3 beats. PCWP position is confirmed via
appearance on fluoroscopy, characteristic waveforms, and
wedge saturation �94%, with mean pressure taken at mid-A
wave. In our laboratory, CO is determined by the Fick
method from directly measured VO2 (MedGraphics, St.
Paul, MN) together with blood sampling to measure O2

contents and pO2 obtained from the radial artery and PA to
calculate AVO2diff. The protocol for the procedure is
summarized in Box 35.1.43

Supine versus upright

Invasive CPET can be performed in either the supine or
upright positions. While our catheter laboratory performs
studies either way, our preferred approach is to utilize supine
exercise, where venous return is maximized, increasing the
sensitivity to detect diastolic reserve impairments. Normal
ranges are also more familiar in the supine position, which is
how cardiac catheterization has been performed since first
introduced in the 1940s. It is important to recognize that RA,
PA, and PCWP pressures are higher in the supine position as
compared to upright. However, prior studies have shown that
the changes with exercise are similar in both positions, as are
changes in the relationships between PA and PCWP.47,48 Of
note, PVR falls more with upright exercise, particularly at
low levels of exercise. With upright exercise there may be
greater ringing artifact (fluctuations due to catheter move-
ment) and catheter whip, as well as greater variability in
PCWP when measured in different West zones (Box 35.2)49

which is less relevant to supine exercise.50

FIGURE 35.5 Diastolic reserve limitations during exercise in patients with heart failure with preserved ejection fraction (HFpEF). (A) In a typical
HFpEF patient, there is dramatic elevation in mean left ventricular diastolic pressure (mLVDP) during exercise associated with limited hastening of
isovolumic relaxation (reduction in the time constant of relaxation, s). Inadequate relaxation reserve during exercise is coupled with an acute shift upward
and to the left in the diastolic pressure-volume relationship, with an increase in operant diastolic elastance (Ed) as shown in an example patient (B) and in
group data (C and D). The solid lines/bar graphs show raw unadjusted pressure-volume data and the dashed lines/hashed bar graphs show elastance data
corrected for the effects of incomplete relaxation. Figure adapted with permission from Borlaug BA. Mechanisms of exercise intolerance in heart failure
with preserved ejection fraction. Circ J. 2014;78:20e32.
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BOX 35.1 Setup for Invasive CPET.43

1. Obtain access into the right internal Jugular (IJ) vein (9 Fr sheath) and right radial artery (e.g., 4 Fr monitoring line).

2. Start measurement of oxygen consumption (VO2) for calculation of Fick cardiac output through mouthpiece or tight-fitting

mask. This expired gas analysis continues throughout the remainder of the case.

3. Prepare and flush 7 Fr balloon wedge (BW) with a micromanometer (MM, 2 Fr) advanced through a sidearm.

4. Insert BW into the right atrium. Level the MM to the fluid-filled catheter and obtain right atrial pressure (RAP).

5. Transduce and record pressures from the radial arterial line, the right IJ sheath (RAP), and the BW at each stage.

6. Pass BW into the right ventricle. Verify no drift in the MM, and then record pressure.

7. Pass BW into the pulmonary artery (PA). Verify no drift in the MM and record pressures. Obtain blood gas samples from the

PA, SVC (to rule out left to right shunt) and radial arterial line simultaneously. Annotate the time of blood sampling to

correspond with the expired gas analysis for Fick output.

8. With flush on, advance BW in the PCWP position. Confirm PCWP position with waveform analysis, fluoroscopic appear-

ance, and saturation >94%. Transduce pressure, verifying no drift in the MM, and record pressures.

9. Place feet into cycle ergometer pedals. After 30 s with feet up, take records while in PCWP position.

10. Begin exercise protocol (20 W). The duration of this stage is 3 min for tests without simultaneous imaging and 5 min if

imaging is being performed to allow adequate time for image acquisition. After 2e4 min, pressure data and blood samples

obtained as in the baseline phase.

11. Advance to next stage, in older adults with dyspnea, we generally use 20 W stage increments (3 min each) until peak.

12. Measurements of PCWP, PA, RAP, and arterial pressure tracings and arterial/PA blood samples 30 s prior to stage end for each

incremental stage. Obtain Borg scores for perceived dyspnea and exertion at each stage.

13. When perceived patient effort reaches maximal tolerated effort (i.e., Borg perceived effort score >16, Borg dyspnea score

>6), repeat steps 11 and 12. Confirmatory evidence of maximal effort includes respiratory exchange ratio >1.05.

14. Once all measurements obtained, stop exercise. Recovery pressure records taken at 1 min postexercise.

15. Remove patient’s feet from the bike pedals and remove BW catheter from the sheath after all information obtained. Remove

access sites per usual protocol.

BOX 35.2 The concept of West zones.

The lung is divided into three zones as described above. In each of zones, the magnitude of pulmonary artery pressure (Pa),

pulmonary venous pressure (PV), and alveolar pressure (PA) are different. PA exceeds both Pa and PV in Zone 1. In Zone 2, where

arterial exceeds alveolar but alveolar exceeds venous. Most zones in the supine position are called Zone 3, where both Pa and PV
exceed PA. With upright exercise, venous pressure can be very low at the apex of the lungs, creating Zone 2 conditions. In that

case, vascular pressure is not be measuring but rather alveolar pressure.



Measurement of pressures

End-expiration versus respiratory averaged

All pressures should be measured at end-expiration, which
is when intrapleural pressure is closest to zero, lungs are at
functional reserve capacity, and there is minimal airflow
impacting intracardiac pressures. During exercise, some
have advocated for use of pressures averaged over the
entire respiratory rather than end-expiration, and this has
advantages in patients with obstructive lung disease in
whom intrinsic positive end-expiratory pressure (auto-
PEEP) develops. For such patients where changes in
intrathoracic pressure are dramatic and considered to
contribute to elevated intravascular pressures, pressures
averaged over the respiratory cycle may more accurately
account for the effect of intrathoracic pressure and auto-
PEEP compared to end-expiratory pressure. However, for
the vast majority of patients without these conditions, end-
expiratory values can be readily obtained and accurately
reflect the transmural hydrostatic pressure in the pulmonary
veins and capillaries. In these patients using pressure
averaged throughout the respiratory cycle can underesti-
mate transmural pressure due to the effect of inspiration
falsely lowering measured pressures. Indeed, end-
expiration PCWP was found to display a stronger rela-
tionship with the development of lung congestion as
compared to PCWP averaged over the respiratory cycle.18

Cardiac output reserve

Invasive CPET also enables the assessment of CO reserve,
which requires measurement of CO and oxygen con-
sumption in tandem. Conventionally, CO is considered to
increase by 6 mL for every 1 mL increase in whole-body
oxygen consumption if the heart is adequately performing
its duty as a pump as described above. Thus, if VO2 in-
creases from 250 mL per minute at rest to 1250 mL per
minute at peak exercise (1000 mL/min), a 6 L per minute
increase in CO is expected. Values <80% of this level are
considered to indicate impairment in CO reserve, which is
frequently observed in both HFrEF and HFpEF.7,46,51,52

Subtle abnormalities in resting contractility in patients with
HFpEF become dramatic during stress because of the
inability to enhance systolic function that attenuates the
increase in SV during exercise to limit CO reserve.
Although resting LV ejection fraction (LVEF), SV, and CO
are generally normal in HFpEF, the ability to enhance those
with exercise relative to metabolic needs is impaired.

Added value of simultaneous exercise
echocardiography

Exercise echocardiography provides valuable information
including assessments of ventricular and valve structure and
function. It is particularly useful to discriminate causes of the
prominent V wave in the PCWP tracing that is commonly

observed in patients with HF, which may be related to poor
LA compliance or worsening mitral regurgitation. In the
absence of significantmitral regurgitation, it suggests that the
large V wave would be more a reflection of increased LA
stiffness, as is commonly observed in patients with HF.53

Furthermore, one advantage of echocardiography is the
ability to perform simultaneous lung ultrasound, which en-
ables evaluation of increases in pulmonary congestion during
exercise.18 Echocardiography with short axis imaging also
allows determination of the degree of pericardial restraint
with LV underfilling which can be estimated from the degree
of LV collapse and eccentricity index resulting in a more D-
shaped LV and septum.A higher eccentricity index andmore
collapsed LV for a given PCWP elevation reflects a greater
degree of pericardial restraint. For these reasons, we often
perform concurrent echocardiography during invasive
CPET. Echocardiography also allows for themeasurement of
time-resolved blood flow velocity across the LV outflow
tract, which in tandem with estimated central aortic pres-
sures, can provide comprehensive assessments of arterial
properties and ventricularearterial interactions (as detailed
in Chapters 3 and 17).

Clinical utility in the evaluation of
suspected heart failure

HFpEF

Diagnostic uncertainty

In contrast to HFrEF, the diagnosis of HFpEF is challenging
because ejection fraction is normal, cardiac congestion is
difficult to evaluate noninvasively, and many patients display
hemodynamic abnormalities only during exercise.1,3,18

Despite normal resting hemodynamics, HFpEF patients
develop cardiac injury and an impairment in myocardial
function that worsen with exercise, leading to marked
elevation in pulmonary vascular pressures that causes lung
congestion, altered breathing mechanics and dyspnea.5

To diagnose HFpEF, clinical history, physical exami-
nation, and imaging tests are essential, but in patients with
stable HFpEF or early stage HFpEF, current measures are
poorly sensitive (Table 35.2).54 Regarding blood tests,
plasma natriuretic peptide levels increase in response to
elevations in cardiac wall stress, which is related to
chamber dimension and distending pressure. However,
compared with patients with HFrEF, patients with HFpEF
have lower wall stress owing to a smaller cavity size and
thicker ventricular walls.55 Many patients with HFpEF
have normal distending cardiac pressures at rest and
increased distending pressures only during exercise when
the patient becomes symptomatic. Therefore, resting
plasma natriuretic peptide levels are substantially lower in
patients with HFpEF than in patients with HFrEF and are
indeed often normal. For these reasons, the diagnosis of
HFpEF can be often challenging.
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TABLE 35.2 Clinical, laboratory and imaging predictors of HFpEF.54

Parameters Odds ratio C-statics Sensitivity (%) Specificity (%) P value

Clinical

Age >60 years 6.20 0.704 80 60 <.0001

Obesity 3.46 0.651 65 65 <.0001

Grade II obesity or highera 4.02 0.615 35 88 <.0001

Chronic kidney disease stage 3 or higher 3.38 0.584 26 90 <.0001

Hypertension 5.33 0.664 86 47 <.0001

Atrial fibrillation 12.35 0.652 35 96 <.0001

Diabetes mellitus 2.80 0.579 28 88 .0003

Prediabetes or diabetes 2.82 0.624 55 70 <.0001

Laboratory

NT- proBNP >125 pg/mL 3.74 0.649 77 53 <.0001

NT- proBNP >275 pg/mL 4.82 0.680 59 77 <.0001

NT- proBNP >450 pg/mL 4.93 0.657 46 85 <.0001

Electrocardiography

First degree AV block 1.92 0.532 15 92 .006

PR interval per millisecond 1.02 0.644 69 56 <.0001

Pacemaker 21.30 0.560 13 99 <.0001

Chest radiography

Cardiomegaly 7.56 0.601 24 96 <.0001

Pleural effusion 4.96 0.537 9 98 .002

Echocardiography

Global longitudinal strain <16% 2.10 0.591 62 56 .0004

LV hypertrophy 2.55 0.570 26 88 .0006

LA volume index >30 mL/m2 5.65 0.704 70 71 <.0001

E/e0 ratio >9 5.23 0.687 78 59 <.0001

E/e0 ratio >13 5.20 0.661 46 86 <.0001

Septal e0 velocity <7 cm/s 2.90 0.619 48 76 <.0001

PASP >35 mmHg 5.05 0.657 46 86 <.0001

RV fractional area change <48% 4.88 0.673 39 88 <.0001

TAPSE <21 mm 3.69 0.637 46 81 <.0001

Qualitative RV dysfunction 4.26 0.578 22 94 <.0001

Qualitative RV dilatation 3.45 0.598 32 88 <.0001

AV, atrioventricular; HFpEF, heart failure with preserved ejection fraction; LA, left atrial; LV, left ventricular; NT-proBNP, N- terminal pro-B-type natri-
uretic peptide; PASP, pulmonary artery systolic pressure; RV, right ventricular; TAPSE, tricuspid annular plane systolic excursion.
aDefined as a BMI �35 kg/m2.
Table adapted with permission from Reddy YNV, Carter RE, Obokata M, Redfield MM, Borlaug BA. A simple, evidence-based approach to help guide diag-
nosis of heart failure with preserved ejection fraction. Circulation. 2018;138:861e870.
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Evaluation of specific phenotypes

HFpEF is a heterogeneous syndrome. Clinical trials to date
have not identified a treatment that improves the prognosis
of people with HFpEF,5,56 but phenotyping patients into
pathophysiologically homogeneous groups may enable
better targeting of treatment.57

Obesity has reached epidemic proportions worldwide
and is a common finding in people with HFpEF (60%
e75%).5 Obesity has many deleterious effects on the car-
diovascular system, mediated by changes in volume status,
cardiac loading, energy substrate utilization, tissue meta-
bolism, and systemic inflammation, which are believed to
promote disease progression such as HFpEF. Several
studies have reported that obesity was associated with more
adverse hemodynamic measures, poorer RV function,
increased volume retention, greater ventricular interaction,
reduced exercise capacity and efficiency, greater symptom
severity, increased vulnerability to kidney dysfunction, and
poorer quality of life.58e62 Furthermore, obesity is related
to reduced natriuretic peptide levels in plasma as a result of
increased clearance via natriuretic peptide receptors in ad-
ipocytes63 as well as with a reduction in cardiac chamber
distention owing to heightened pericardial restraint.59

These distinctions suggest that obesity may be considered
as a specific HFpEF phenotype. Exercise testing is often

necessary not only to unmask the diagnosis of HFpEF in
these individuals but also can identify unique pathophysi-
ological impairments including enhanced DVI and
increased pulmonary vascular burden which may have
therapeutic implications.

PH is common and contributes to increased morbidity
and mortality in patients with HFpEF. Lam and colleagues
demonstrated that echo-estimated PH was very common in
HFpEF, present in greater than 80% of stable outpatients.
For each 10 mmHg increase in estimated systolic PA
pressures, there was a 30% increased risk of death.64 PH in
HFpEF may be caused by high downstream PCWP,
increased impedance to flow through the pulmonary ves-
sels, or both. The former has been termed isolated post-
capillary PH (IpcPH) and the latter combined post- and
precapillary PH (CpcPH).65

Gorter et al.28 evaluated and compared cardiovascular
structure, function, and reserve capacity in patients with
non-PH-HFpEF, IpcPH-HFpEF, and CpcPH-HFpEF by
performing invasive hemodynamic CPET. Exercise ca-
pacity was reduced in HFpEF patients with PH, evidenced
by lower workload achieved and decreased peak VO2. CO
increased similarly with exercise in non-PH and IpcPH-
HFpEF but was lower for any exercise workload in
CpcPH-HFpEF (Fig. 35.6A). While all groups displayed

FIGURE 35.6 (A) Baseline and peak exercise for cardiac output. (BeC) PCWP and mean PAP and as a function of venous return. (D) As compared to
both non-PH- and IpcPH-HFpEF, CpcPH-HFpEF patients displayed greater increase in pulmonary arterial elastance (Ea) during exercise a P < .05 versus
non-PH-HFpEF; and b P < .05 versus IpcPH-HFpEF. CpcPH, combined post- and precapillary pulmonary hypertension; HFpEF, heart failure with
preserved ejection fraction; IpcPH, isolated postcapillary pulmonary hypertension; PAP, pulmonary artery pressure; PCWP, pulmonary capillary wedge
pressure; PH, pulmonary hypertension. Figure adapted with permission from Gorter TM, Obokata M, Reddy YNV, Melenovsky V, Borlaug BA. Exercise
unmasks distinct pathophysiologic features in heart failure with preserved ejection fraction and pulmonary vascular disease. Eur Heart J.
2018;39:2825e2835.
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similar absolute increases in PCWP with exercise, PCWP
elevation occurred at lesser CO in CpcPH-HFpEF
(Fig. 35.6B). Pulmonary artery pressures increased in all
groups with exercise, but the greatest increases were
observed in the CpcPH group, with higher pressures rela-
tive to blood flow (Fig. 35.6C). Patients in the CpcPH-
HFpEF group experienced greater reduction in PA
compliance on exercise along with higher exercise PVR
and pulmonary artery elastance, in keeping with impaired
pulmonary vascular reserve (Fig. 35.6D). Furthermore,
recent studies reported that many patients with HFpEF also
have coexisting PVD, which could also contribute to
worsen PVR.28,66e69 Patients with HFpEF and PH display
worse pulmonary vascular load with impaired RV reserve,
which is associated with poorer exercise capacity and worse
clinical outcomes.28,69 In patients with early stages of
HFpEF, this may become manifest exclusively by abnormal
pulmonary vasodilation during exercise. It has been pro-
posed that these patients with HFpEF represent a unique
HFpEF phenotype with enhanced ventricular interaction
and pericardial restraint with LV underfilling and limited

SV reserve during exercise (Fig. 35.7). HFpEF patients
with this phenotype may share biological overlap with
PAH,70,71 which is defined by high PA pressure but normal
PCWP.

The LA plays a key role in HFpEF progression. In the
early stage of HFpEF, it may compensate for LV diastolic
dysfunction through its booster function as an important
barrier between the LV and the pulmonary circulation, but
with prolonged LV dysfunction, there is LA dilatation,
resulting in LA mechanical failure.56 LA strain assessed by
speckle tracking globally reflects atrial function, remodeling
and distensibility components that become progressively
more impaired in the setting of chronic LV diastolic
dysfunction, as in patients with HFpEF. Notably, a previous
study53 showed that LA reservoir strain and LA compliance
allow for discrimination of HFpEF from noncardiac dyspnea
with similar or greater accuracy as compared to commonly
used echocardiographic parameters of diastolic function.
Therefore, LA volume contraction or failure to dilate could
contribute to pulmonary venous hypertension and unfavor-
able symptoms in patients with HFpEF.

FIGURE 35.7 Ventricular interdependence with exercise in heart failure with preserved ejection fraction and pulmonary vascular disease. (A) Increase
in venous return during exercise was associated with more dramatic increase in RAP in CpcPH-HFpEF compared to the other HFpEF groups. (B) While
patients with non-PH-HFpEF and IpcPH-HFpEF displayed an increase in LVTMP, CpcPH-HFpEF patients developed a paradoxical decrease in LVTMP
as venous return to the right heart increased during exercise. (CeD) The reduction in LVTMP was increased as exercise pulmonary vascular resistance and
TPG increased, indicating that left heart underfilling was directly related to the severity of pulmonary vascular disease. a P < .05 versus Non-PH-HFpEF;
and b P < .05 versus IpcPH-HFpEF. CpcPH, combined post- and precapillary pulmonary hypertension; IpcPH, isolated postcapillary pulmonary hy-
pertension; LVTMP, left ventricular transmural pressure; PH, pulmonary hypertension; PVR, pulmonary vascular resistance; RAP, right atrial pressure;
TPG, transpulmonary gradient. Figure adapted with permission from Gorter TM, Obokata M, Reddy YNV, Melenovsky V, Borlaug BA. Exercise unmasks
distinct pathophysiologic features in heart failure with preserved ejection fraction and pulmonary vascular disease. Eur Heart J. 2018;39:2825e2835.
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Bayesian approach can guide decision to
refer for invasive assessment

In the patient with unexplained dyspnea, assessment of the
pretest probability of HFpEF is first performed by clinical,
echocardiographic, and laboratory testing. In the past two
years, two scoring systems have been developed ap-
proaches for the diagnostic work-up of HFpEF: the
H2FPEF score54 and the HFAePEFF score72 (Fig. 35.8).
With either system, patients deemed at high and low
probability are generally diagnosed as having or not having
HFpEF, respectively, without further testing. In patients
with intermediate probability of HFpEF, hemodynamic
exercise testing is needed, which can be performed using
cardiac catheterization or stress echocardiography. If exer-
cise Doppler echo is clearly negative test, no further testing
would be required, but its result is positive or equivocal, we
need to consider invasive exercise test for diagnosis.3

HFrEF

Value in determining cardiac component of
limitation

In patients with HFrEF undergoing evaluation for advanced
therapies, bringing the sophisticated expired gas analysis
techniques of CPET together with invasive exercise he-
modynamics evaluation can determine the severity of the

cardiac component of limitation compared to peripheral
abnormalities beyond the heart. A previous study46 re-
ported that both CO response to exercise and peak exercise
VO2 were independently associated with worse clinical
outcome in ambulatory patients with chronic HF who had
been referred for cardiac transplantation. In contrast, there
are a well-characterized subset of HFrEF patients where
peripheral abnormalities are prominent,73 and conceptually
such patients may have relatively preserved CO reserve and
likely derive less benefit from advanced HF therapies such
as transplantation.74 Invasive CPET may provide greater
insight into the selection for potential heart transplantation
candidates, although the conventional selection criteria of
candidates for cardiac transplantation had limited by resting
hemodynamics, echocardiography, and NYHA functional
classification so far. Thus, invasive CPET has been ex-
pected to be used as a robust method to determine cardiac
component of limitation even in HFrEF.

Degree of pulmonary hypertension, RV
dysfunction

PH in HFrEF is initially felt to be a reflection of passive
elevation in downstream PCWP, but in some patients,
sustained elevation PCWP leads to pulmonary vascular
remodeling and changes in pulmonary arterial tone leading
to increases in PVR and reductions in PA compliance. In an

FIGURE 35.8 Diagnostic Approach for HFpEF. In the patient with unexplained dyspnea, assessment of the pretest probability that HFpEF is present is
first performed via clinical, echocardiographic, and laboratory testing. Two scoring systems have been developed for this purpose: the H2FPEF score54

(left) and the HFAePEFF72 (right). With either system, patients deemed at high and low probability are generally diagnosed as having or not having
HFpEF, respectively, without further testing. In patients with intermediate probability of HFpEF, hemodynamic exercise testing is needed, which can be
performed using cardiac catheterization or stress echocardiography. BNP, B-type natriuretic peptide; LAVI, left atrial volume index; LVMI, left ventricular
mass index, NT-pro BNP, N-terminal pro-B-type natriuretic peptide. Figure adapted with permission from Borlaug BA. Evaluation and management of
heart failure with preserved ejection fraction. Nat Rev Cardiol. 2020.
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invasive hemodynamics assessment, Schwartzenberg et al8

showed that PA mean pressure and PCWP were similar in
subjects with HFpEF and HFrEF. Exercise markedly ele-
vates RV afterload through increases in downstream PCWP
and PA mean pressures. RV preload also increases by ex-
ercise via greater increases in CO and venous return from
peripheral. In this study, PA mean pressure and resistance
were largely reversible with intravenous sodium nitro-
prusside, suggesting that there is a substantial reactive
component.

RV dysfunction from increased RV afterload is a major
cause of morbidity and mortality in all HF cohorts. The
pulmonary circulation and the afterload are very different
from the systemic circulation. PH and pulmonary fibrosis
do not significantly change the hyperbolic dependence
between PVR and compliance.42 This fixed relationship
helps explain the difficulty of reducing total RV afterload
by therapies that have a modest impact on mean PVR.
Higher PCWP appears to enhance net RV afterload by
elevating pulsatile, relative to resistive load and may
contribute to RV dysfunction.

PAH

Utility in atypical PAH

The term PH is sometimes confused with what used to be
called PAH, defined by high PA pressure but normal LV
filling pressure. This is now referred to by consensus as
Group 1 PH.65 Group 1 PH is different disorder than
HFpEF with IpcPH, but increasing evidence suggests that it
has many similarities to HFpEF with CpcPH.68,70,75

Recently, Opitz and colleagues identified a group out of
registry patients with special characteristics who have he-
modynamic criteria for PAH as well as more than three risk
factors of clinical features of HFpEF.71 They named this
group as “atypical PAH.” This group of patients responded
less well to pulmonary vasoactive therapy when compared
with Group 1 PH (PAH), but better than the registry pa-
tients who met criteria for HFpEF with PH. As such, the
authors suggested that “atypical PAH” exists as part of a
disease continuum between Group 1 PH (PAH) and PH
associated with HFpEF. Further support for this disease
continuum hypothesis, comes from Assad and colleagues,
who recently reported that subjects with CpcPH display
genes and biological pathways in the lung known to
contribute to “PAH” pathophysiology.70 Exercise testing
uncouples occult left heart disease in these subjects with
atypical PAH many of whom have risk factors for HFpEF,
and such identification may help predict possible response
to therapy.

Valve disease

Paradoxical LG AS

Severe aortic stenosis (AS) is usually diagnosed on the
basis of both an aortic valve effective orifice area (EOA)

&1.0 cm2 (or &0.6 cm2/m2 converted to standard units)
and a mean transvalvular pressure gradient S40 mmHg.
However, low CO (e.g., SV index <35 mL/m2) may lead to
an important reduction in transvalvular pressure gradients
even if the stenosis is very severe. There are some patients
with severe AS on the basis of EOA might develop a
restrictive physiology, resulting in low CO and lower than
expected transvalvular pressure gradients despite the pres-
ence of a preserved LVEF (e.g., LVEF >50%), what is
called “Paradoxical LG AS.” Paradoxical LG AS accounts
for 10%e25% of patients with severe AS and is charac-
terized by pronounced LV concentric remodeling, small LV
cavity size, and a restrictive physiology leading to impaired
LV filling pressure, altered myocardial function and is
associated with poor prognosis.76e81

A recent study found that paradoxical LG AS display
elevated arterial afterload (lower total arterial compliance
and greater effective arterial elastance) compared with pa-
tients with high gradient severe AS and moderate AS.82 In
this study, nitroprusside reduced afterload and reducing LV
filling pressures in patients with paradoxical LG severe AS.
Furthermore, an inverse relationship between baseline SV
index and change in SV index with afterload reduction was
observed, which could reclassify to moderate AS in 25% of
patients. The findings suggest that heightened sensitivity to
afterload is a significant contributor to LG AS pathophys-
iology. Reduction of afterload might be a useful method to
increase flow and distinguish between true severe and
pseudo severe AS in patients with paradoxical LG AS. The
importance of arterial low in LG AS is discussed in more
detail in Chapter 37.

Severe TR with pericardial restraint

TR is a common valvular lesion that is usually caused by
ventricular and annular dilation. Patients with TR are often
asymptomatic, but with more advanced disease, patients
complain of exertional fatigue, edema, and anorexia. The
cause of exercise intolerance in patients with TR is com-
plex. To clarify the cause of impaired exercise tolerance in
patients with TR, invasive CPET is a robust method.
Andersen et al.15 demonstrated that impaired exercise ca-
pacity in patients with TR who had no evidence of left heart
disease and PVD was related to an inability to adequately
increase CO relative to metabolic needs, coupled with
elevated systemic and pulmonary venous pressures
assessed by invasive CPET. This impairment in perfusion is
coupled with abnormal increases in PCWP that is related to
right heart congestion and DVI rather than a primary left
heart lesion because LVTMP dropped with exercise,
consist with inadequate LV preload, despite elevated left-
sided filling pressure (Fig. 35.9).3,15e17 When RV and
pericardial pressures are low, LVEDP (and PCWP) accu-
rately reflects true LV preload (LVEDV). However, when
there is right heart overload and pericardial restraint,
LVEDP and LVEDV become uncoupled. This phenome-
non is commonly observed in HF patients, wherein
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reduction in right-sided venous return may increase LV
stroke work.

More advanced assessment

Peripheral O2 utilization

Peak VO2 is limited in equal parts by peripheral O2 utili-
zation (AVO2 diff) as well as CO.83 As such, enhanced
peripheral O2 distribution, utilization, and extraction (i.e.,
AVO2 diff reserve) during exercise plays an equally
important role as CO reserve in maximizing achieved VO2.
Although the heart increases its output during exercise, this
enhanced flow needs to be distributed to tissues where
perfusion is most needed, which is achieved by regional
vasodilation in skeletal muscle and vasoconstriction in
nonexercising regions such as the skin, splanchnic beds,
and kidneys.4 In patients with HF, there are some who are
predominantly limited by peripheral factors, even when the
EF is low. Accordingly, combining expired gas analysis
techniques of CPET together with invasive exercise he-
modynamics evaluation and direct arterial and venous
blood sampling provides the direct method to evaluate both
CO and peripheral O2 utilization (AVO2 diff), which can
detect these causes for exercise intolerance.

Ventilation and expired gas analysis

Breath-by-breath VO2, carbon dioxide production (VCO2),
tidal volume (VT), minute ventilation (VE), respiratory rate,

minute ventilation (VE ¼ VT � respiratory rate), and
inspiratory time (TI) can be measured throughout the
invasive CPET to quantify functional capacity. Objective
effort is estimated by the respiratory exchange ratio
(RER ¼ VCO2/VO2). Ventilatory efficiency is assessed by
the slope of VE to VCO2, and ventilatory drive is assumed
by the ratio of VT to TI. Pulmonary dead space (VD) is the
volume that does not participate in gas exchange, and
the sum of anatomical dead space (conduit airways such as
the mouth and trachea) and alveolar dead space. The ratio
of dead space ventilation to tidal volume (VD/VT) is
determined from the modified alveolar gas equation. Obo-
kata et al.13 demonstrated that elevation in left heart filling
pressure with exercise is correlated with worse symptoms,
greater ventilatory drive, more tachypneic breathing,
impaired ventilation, and worse exercise capacity in HFpEF
(Figs. 35.10 and 35.11).

Conclusion

Invasive CPET combines the robust expired gas analysis
capabilities of CPET with the definitive assessments of
pressure, flow, and resistance from cardiac catheterization,
providing the most robust evaluation of exertional intoler-
ance available in clinical practice. This chapter summarizes
the performance and proper interpretation of invasive
CPET, which relies upon careful integration of pressure
waveforms, blood gas data, expired gas analysis, and as-
sessments of O2 transport. Given the comprehensive nature

FIGURE 35.9 Typical RAP (red) and PCWP (black) tracings in a patient with severe TR at rest (A) and with exercise (B) and in a control patient at
respective states (C and D). Note the prominent CeV waves with absent � descent (ventricularized waveforms) and near-equalization of right and left
heart pressures in the TR patient. During inspiration, there is no drop in RAP (Kussmaul sign) despite reduction in PCWP associated with the drop in
intrathoracic pressure, such that the transmural pressure gradient becomes transiently negative. In the control patient, PCWP and RAP are normal at rest
and with exercise, and PCWP consistently exceeds RAP. PCWP, pulmonary capillary wedge pressure; RAP, right atrial pressure; TR, tricuspid regur-
gitation. Figure adapted with permission from Andersen MJ, Nishimura RA, Borlaug BA. The hemodynamic basis of exercise intolerance in tricuspid
regurgitation. Circ Heart Fail. 2014;7:911e917.
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FIGURE 35.10 Baseline, low-
level (20 W) and peak exercise for
(A) respiratory rate, (B) tidal vol-
ume (VT), (C) minute ventilation
(VE), (D) inspiratory drive [tidal
volume/inspiration time (VT/TI)],
(E) dead space ventilation relative to
tidal volume (VD/VT), and (F) peak
oxygen consumption in heart failure
with preserved ejection fraction and
control subjects. *P < .05 between
groups. Figure adapted with
permission from Obokata M, Olson
TP, Reddy YNV, Melenovsky V,
Kane GC, Borlaug BA. Haemody-
namics, dyspnoea, and pulmonary
reserve in heart failure with pre-
served ejection fraction. Eur Heart
J. 2018;39:2810e2821.

FIGURE 35.11 Correlation of
peak VD/VT ratio with peak pul-
monary vascular resistance, pulmo-
nary arterial compliance.
Figure adapted with permission
from Obokata M, Olson TP, Reddy
YNV, Melenovsky V, Kane GC,
Borlaug BA. Haemodynamics,
dyspnoea, and pulmonary reserve in
heart failure with preserved ejection
fraction. Eur Heart J. 2018;39:2810
e2821.
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of these assessments and excellent safety profile, invasive
CPET has emerged as the gold standard method to evaluate
patients with potential HF.
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Arterial stiffness and pulsatile
hemodynamics in heart failure
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Introduction

Heart Failure (HF) is an important clinical and public health
problem in developed countries. In the United States, HF
affects w6 million American adults �20 years of age1 and
is associated with high mortality, poor quality of life, and
important societal costs.2

Given the growing burden of HF, understanding
mechanistic abnormalities that contribute to the patho-
physiology of HF and that can be targeted with therapy is
important.3,4 Arterial load exerts a profound impact on left
ventricular (LV) structure and function. Assessments of
pulsatile arterial hemodynamics have provided important
insights into the pathophysiology of LV remodeling and
fibrosis, myocardial dysfunction, and failure. Moreover,
pulsatile arterial load may interact with the distal micro-
vasculature, promoting microvascular dysfunction and
impaired oxygen delivery to peripheral skeletal muscle, all
of which contribute to exercise intolerance in HF. Arterial
pulsatile hemodynamic mechanisms likely contribute to the
frequent presence of HF comorbidities, such as chronic
kidney disease and dementia (see Chapters 40 and 41),
particularly in patients with HF with preserved ejection
fraction (HFpEF).

Arterial load, particularly increased late systolic load
from arterial wave reflections, represents an increasingly
recognized mechanistic abnormality with an established
causal link to LV maladaptive remodeling and dysfunction
in experimental models. Similarly, prominent arterial wave
reflections have been shown to correlate with LV remod-
eling (both hypertrophy and fibrosis), LV and left atrial
(LA) dysfunction, and incident HF risk in humans. Wave
reflections may be susceptible to modification by pharma-
cologic interventions, which could have important impli-
cations for HF prevention and treatment. This chapter is

largely based on recent reviews of the topic by the author
and collaborators,5e8 and discusses our current knowledge
of the role of pulsatile arterial hemodynamics in HF,
including HF with reduced ejection fraction (HFrEF) and
HFpEF. This chapter does not deal with pulmonary arterial
load and its role in pulmonary hypertension and right
ventricular dysfunction, which are discussed in detail in
Chapters 55e58.

Heart failure: definition and
classification

HF has classically been defined according to its patho-
physiology as a syndrome resulting from an inability of the
heart to pump enough blood to meet the body’s needs or to
do so at the expense of elevated LV filling pressures. Such
definition, although conceptually attractive, has a number
of theoretical and practical limitations.9 Similarly, opera-
tional HF case definitions used in epidemiologic and clin-
ical research are highly varied and can be discordant.
Recently, the Heart Failure Society of America (HFSA), the
HF Association of the European Society of Cardiology
(HFA-ESC), and the Japanese HF Society (JHFS) released
a document proposing a Universal Definition and Classi-
fication of HF.9 The proposed universal definition of HF
(Fig. 36.1) is based on symptoms and or signs of HF caused
by a structural and/or functional cardiac abnormality, as
determined by an EF of <50%, abnormal cardiac chamber
enlargement, early diastolic atrioventricular inflow to
annular tissue velocity ratio (E/e0) >15 (a marker of
elevated ventricular filling pressures), moderate/severe
ventricular hypertrophy, or moderate/severe valvular
obstructive or regurgitant lesion. This should be corrobo-
rated by at least one of the following:
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(1) Elevated natriuretic peptide levels, or;
(2) Objective evidence of cardiogenic pulmonary or sys-

temic congestion by diagnostic modalities, such as im-
aging (e.g., by chest radiograph or elevated filling
pressures by echocardiography) or hemodynamic mea-
surements (e.g., right heart catheterization, pulmonary
artery catheter) at rest or with provocation
(e.g., exercise).

HF can be classified according to several different
criteria, including the stage of the disease continuum, the
severity of symptoms or functional limitation, its etiology
(for example, ischemic/nonischemic, valvular, hyperten-
sive, infiltrative, peripartum, viral myocarditis
chemotherapy-induced cardiomyopathy), or the LV EF
category. The recent HFSA/HFA-ESC/JHFS document
also standardized the definition and subclassification of HF
according to EF categories and provided a revised classi-
fication of the stages of HF (Fig. 36.2).9 Briefly, the revised
stages of the HF continuum include:

l Stage A (“at risk” for HF): Patients at risk for HF, but
without current or prior symptoms or signs of HF and
without structural cardiac changes or elevated bio-
markers of heart disease (particularly, natriuretic pep-
tide levels). This category includes patients with

hypertension, atherosclerotic cardiovascular disease,
diabetes, obesity, known exposure to cardiotoxins, a
positive family history of cardiomyopathy or genetic
cardiomyopathy.

l Stage B (Pre-HF): Patients without current or prior
symptoms or signs of HF, but who exhibit at least
one of the following: structural heart disease (such as
LV hypertrophy, cardiac chamber enlargement, ventric-
ular wall motion abnormalities, myocardial tissue ab-
normalities, or valvular heart disease), abnormal
cardiac function such as reduced left or right ventricular
systolic function, diastolic dysfunction and/or evidence
of increased filling pressures, elevated natriuretic pep-
tide or cardiac troponin levels (especially in the setting
of exposure to cardiotoxins).

l Stage C HF: Patients with current or prior symptoms
and/or signs of HF caused by a structural and/or func-
tional cardiac abnormality.

l Stage D (Advanced) HF: Severe symptoms and/or signs
of HF at rest, recurrent hospitalizations despite
guideline-directed medical therapy, refractory or intol-
erant to guideline-directed medical therapy, requiring
advanced therapies such as consideration for cardiac
transplantation, mechanical circulatory support, or palli-
ative care.

The document also endorses the widely used New York
Heart Association (NYHA) functional classification to
characterize the symptoms and functional capacity of pa-
tients with symptomatic (Stage C) or advanced (Stage D)
HF. The NYHA functional classification system catego-
rizes HF on a scale of I to IV, as follows:

l Class I, no limitation of physical activity.
l Class II, slight limitation of physical activity.
l Class III, marked limitation of physical activity.
l Class IV, symptoms occur even at rest and discomfort

with any physical activity.

Finally, the document also proposed a revised classifi-
cation of HF according to LV EF, as follows:

l HF with reduced EF (HFrEF): HF with LV EF � 40%.
l HF with mildly reduced EF (HFmrEF): HF with LV EF

of 41%e49%.
l HF with preserved EF (HFpEF): HF with LV

EF � 50%.
l HF with improved EF (HFimpEF): HF with a baseline

LV EF � 40%, a �10-point increase from baseline
LV EF, and a second measurement of LV EF of >40%.

This chapter deals predominantly with studies of arterial
stiffness and pulsatile hemodynamics in stage CeD HF
(typically including patients with NYHA classes IIeIV).
We will also discuss the role of increased large artery
stiffness and adverse pulsatile hemodynamics in promoting

FIGURE 36.1 Universal definition of heart failure according to the
Heart Failure Society of America (HFSA), the HF Association of the
European Society of Cardiology (HFA-ESC), and the Japanese HF Society
(JHFS). Reproduced from reference Bozkurt B, Coats A, Tsutsui H. Uni-
versal definition and classification of heart failure. J Card Fail. 2021.
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LV remodeling and dysfunction prior to the onset of HF
symptoms (i.e., stage B HF). Discussions regarding large
artery stiffness and pulsatile hemodynamics in conditions
that define Stage A HF (i.e., conditions placing patients at
risk for HF, such as diabetes, hypertension, obesity, and
atherosclerotic cardiovascular disease) are discussed in
Chapters 29, 30, 38, 39, 49, and 52e54. Regarding the
proposed classification by LV EF, we will largely focus on
HFpEF and HFrEF, since the literature regarding arterial
stiffness and pulsatile hemodynamics in HFimpEF and
HFmrEF is very limited at present.

The arterial tree in HF

For didactic purposes, the chapter discusses the role of the
aorta first, followed by the more distal muscular arteries (in
the context of the role of arterial wave reflections) and
finally, the microvasculature, in HF. We will then briefly
discuss the therapeutic implications of pulsatile load in
patients with HFrEF and HFpEF.

The aorta in HF

As described throughout this book, the aorta plays an
important hemodynamic role. The proximal aortic geome-
try and wall material properties determine the aortic root
characteristic impedance (Zc), which in turn represents the
arterial pulsatile load to the LV in the absence of wave
reflections, as discussed in detail Chapters 1, 3, 10 and 17.

Aortic Zc is a dominant factor as a determinant of pulsatile
load in early systole, prior to the arrival of wave reflections
originating in more distal arterial segments.5,8,10e14 A small
aortic diameter, a stiff aortic wall, or both, can determine an
increased Zc and pulsatile load from the aortic root.
Moreover, an increased aortic wall stiffness causes an
increased aortic pulse wave velocity (PWV) which leads to
a premature arrival of wave reflections to the LV during
mid-to-late systole, as will be discussed in more detail in
later sections of this chapter.

The aorta in HFpEF

It has long been known that proximal aortic stiffness is
increased in HFpEF. Hundley et al. demonstrated that pa-
tients with HFpEF exhibit a significant reduction in the
cardiac cycle-dependent change in ascending aortic area
and distensibility, assessed with magnetic resonance
imaging (MRI), compared to young or old control healthy
participants (Fig. 36.3A). Moreover, thoracic aortic
distensibility was strongly correlated with aerobic exercise
capacity measured as peak exercise oxygen consumption
(VO2; Fig. 36.3B).15 This correlation persisted after
adjustment for age and sex. Patients with HFpEF also
exhibited increased ascending aortic wall thickness in this
study.

More recently, Weber et al.16 assessed pulsatile arterial
function and invasively measured aortic PWV among
patients with dyspnea and a preserved LV ejection fraction.

FIGURE 36.2 Stages in the development and progression of HF. CVD, cardiovascular disease; DM, diabetes mellitus; HTN, hypertension.
Reproduced from reference Bozkurt B, Coats A, Tsutsui H. Universal definition and classification of heart failure. J Card Fail. 2021.
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In this study, the presence or absence of HFpEF was
established based on invasively derived filling pressures
and natriuretic peptide levels. Pulse pressure, aortic PWV,
and measures of arterial wave reflections were higher in
patients with HFpEF. Moreover, this study suggested that
adding measures of aortic stiffness and pulsatile arterial
hemodynamics can improve the diagnosis of HFpEF in this
clinical setting, although the latter point requires further
validation.

Whereas the above studies in HFpEF indicate an overall
increase in aortic stiffness in this population, it is important
to remember that there is substantial phenotypic heteroge-
neity among patients with HFpEF, some of which may be
driven by specific comorbidities. Chirinos et al. assessed
the role of diabetes mellitus on LV and arterial structure
and function in patients with established HFpEF.17 It was
demonstrated that, despite few differences in clinical
characteristics, diabetic participants with HFpEF exhibited
a much greater LV mass index and indexed extracellular
volume measured by T1 mapping MRI (a measure of
diffuse LV interstitial expansion), as well as pronounced
aortic stiffening, as demonstrated by a markedly increased
carotid-femoral PWV and proximal aortic Zc, relative to
nondiabetic HFpEF participants. Diabetic participants also
exhibited other features of adverse pulsatile hemody-
namics, including increased forward wave amplitude,
backward wave amplitude, and oscillatory power.

Interestingly, adverse pulsatile hemodynamics were also
evident in 24-h ambulatory monitoring in the diabetic
group, despite the absence of significant differences in 24-h
systolic blood pressure between the groups.

Another comorbidity that may impact the arterial
HFpEF phenotype is chronic obstructive pulmonary disease
(COPD). Jain et al.18 compared key cardiovascular phe-
notypes between patients with COPD, HFpEF, or both,
using MRI and arterial tonometry to assess cardiac structure
and function, pulsatile hemodynamics, and thoracic aortic
stiffness. Participants with HFpEF and COPD demon-
strated a more concentric LV geometry, a greater LV mass,
and LV extracellular volume, as well as greater thoracic
aortic PWV and aortic Zc. These results indicated that
individuals with comorbid HFpEF and COPD have a
greater degree of systemic large artery stiffening, LV
remodeling, and LV fibrosis than those with either
condition alone.

Although diabetes and COPD are common comorbid-
ities in HFpEF, a wide range of relevant demographic and
comorbidity factors can affect the phenotypic heterogeneity
of the HFpEF population. These factors include older age,
female sex, history of hypertension, obesity, atrial fibrilla-
tion, and coronary artery disease, among others.19,20

Patients with HFpEF also have highly variable underlying
cardiac structural and functional abnormalities.21 There-
fore, more formal approaches to characterizing the

FIGURE 36.3 (A) Short-axis magnetic resonance images of the left ventricle (LV) acquired at the midpapillary muscle level at end systole (top row) and
the magnitude component of the phase-contrast images of the ascending thoracic aorta (bottom row) from a participant in each of the three patient groups
(healthy young, healthy old and HFpEF (i.e., “diastolic heart failure”), in the study by Hundley et al.15 The myocardium is gray, and the blood pool within
the cavity is white in the images of the LV. The blackened silhouettes on the images of the aorta represent the difference in aortic area between end-
diastole and end-systole. Cardiac cycle-dependent changes in aortic area and aortic distensibility decreased with advancing age and were most
reduced in older participants with HFpEF. (B) Relation between peak volume of oxygen (VO2) and proximal thoracic aortic distensibility (vertical axis)
for healthy young participants (blue diamonds), healthy old participants (yellow squares), and patients with HFpEF (black triangles). Modified from
reference Hundley WG, Kitzman DW, Morgan TM, et al. Cardiac cycle-dependent changes in aortic area and distensibility are reduced in older patients
with isolated diastolic heart failure and correlate with exercise intolerance. J Am Coll Cardiol. 2001; 38:796e802.
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phenotypic heterogeneity in HFpEF are advantageous to
discern specific mechanistic abnormalities in various sub-
groups of patients. A useful approach is cluster analysis,
which applies empirical statistical and/or machine learning
techniques designed to detect naturally occurring sub-
groups of patients, maximizing within-group similarities
and between-group differences on the basis of multiple
measurable characteristics.22e25 Clustering approaches can
provide a potentially valuable way to identify discrete
subphenotypes (or “phenogroups”) of HFpEF patients, and
have been applied in various studies.23e25 Cohen et al.
recently assessed large artery stiffness and related pheno-
types in HFpEF phenogroups identified among participants
enrolled in the Treatment of Preserved Cardiac Function
Heart Failure With an Aldosterone Antagonist Trial
(TOPCAT). Using latent class analysis, a well-established
clustering technique, the study identified three distinct
clinical phenogroups, which exhibited clear differences in
clinical features, circulating biomarker profiles, cardiac
structure and function, large artery stiffness (assessed via
carotid-femoral PWV in a subgroup of participants),
prognosis, and response to randomized spironolactone
therapy, as follows (Fig. 36.4):

l Phenogroup 1 (“Younger with mild symptoms”)
exhibited younger age, higher smoking prevalence, pre-
served functional class, and the least evidence of LV
hypertrophy and large artery stiffening. It is unclear if
phenogroup 1 constituted individuals with genuine
HFpEF, or whether it was composed predominantly
by individuals with noncardiac causes of dyspnea. A
noncardiac cause of dyspnea (such as lung disease)
was supported by the observation that phenogroup 1
exhibited the highest prevalence of smoking and highest
levels of MMP-9 (a protein involved in respiratory tract
remodeling and known to be elevated in individuals
with asthma and COPD).26

l Phenogroup 2 (“Older with stiff arteries, small LVs, and
AF”) was characterized by the oldest mean age and the
highest prevalence of female sex and atrial fibrillation.
This phenogroup also exhibited normotrophic or even
hypotrophic concentric LV remodeling, LA enlarge-
ment, and markedly increased large artery stiffness.
Phenogroup 2 demonstrated the highest levels of
several markers of innate immunity, which have been
previously associated with vascular injury as well as
aging.27 This phenogroup also exhibited the highest
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FIGURE 36.4 Summary of biomarker, echocardiographic, vascular, and clinical differences across the three identified HFpEF phenogroups.
Afib, atrial fibrillation; CKD, chronic kidney disease; NAFLD, nonalcoholic fatty liver disease; NYHA, New York Heart Association. Modified from
reference Cohen JB, Schrauben SJ, Zhao L, et al. Clinical phenogroups in heart failure with preserved ejection fraction: detailed phenotypes, prognosis,
and response to spironolactone. JACC Heart Fail. 2020; 8:172e184.
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levels of osteoprotegerin, which is a regulator of tissue
calcification that has been linked with increased large
artery stiffness, independent of atherosclerotic
disease.28

l Phenogroup 3 (“Obese, diabetic with advanced symp-
toms”) demonstrated a very high prevalence of obesity
and diabetes, as well as chronic kidney disease, concen-
tric LV hypertrophy, echocardiographic signs of high
LV filling pressures, high renin, and biomarkers of
tumor necrosis factor-alpha-mediated inflammation,
liver fibrosis, and tissue remodeling. This phenogroup
demonstrated evidence of increased large artery stiff-
ness and pulsatile load, but not of resistive arterial
load (i.e., microvascular resistance). This phenogroup
exhibited the greatest functional impairment and most
severe symptoms, with the highest risk of the primary
endpoint of cardiovascular death, HF hospitalization,
or aborted cardiac arrest. Interestingly, spironolactone
randomized therapy appeared to selectively benefit par-
ticipants in phenogroup 3.

Overall, these findings suggested distinct disease
mechanisms across clinical phenogroups of HFpEF, which
may benefit from targeted therapeutic interventions. Further
studies are required to characterize more detailed measures
of aortic stiffness and pulsatile arterial load in various
HFpEF phenogroups.

The aorta in HFrEF

Increased aortic stiffness is also important in HFrEF.
Pepine et al. reported an increase in invasively measured
aortic Zc, among patients with nonischemic cardiomyopa-
thy compared to age-matched control participants.29 In this
study, evidence of increased wave reflections was also
found among HFrEF participants. Rerkpattanapipat et al.30

examined patients with HFrEF as well as age matched and
younger control participants. The investigators measured
aortic distensibility using MRI and quantified aerobic ex-
ercise capacity (VO2) using ergometry with expired gas
analysis. In this study, patients with HFrEF exhibited a
markedly decreased distensibility of the ascending aorta
and increased aortic wall thickness. Aortic distensibility
was strongly and significantly correlated with peak VO2,
and the correlation remained after adjusting for age and LV
ejection fraction.30 Reduced abdominal aortic distensibility
was also reported by Giannattasio et al. among patients
with HFrEF compared to age- and sex-matched controls.31

Interestingly, although aortic stiffening clearly has the
potential to contribute to systolic LV dysfunction, some
data support a bidirectional relationship, by which LV
dysfunction may also result in secondary aortic abnormal-
ities leading to increased pulsatile load. In a canine model
of LV dysfunction induced by rapid pacing, Eaton et al.
demonstrated that aortic Zc increased in response to LV

systolic dysfunction and this preceded changes in systemic
vascular resistance.32 In another study using a similar
canine model, Khan et al. demonstrated that the aortic
changes in response to a reduced LV systolic function were
due to a change in geometry (smaller diameter and thicker
wall), rather to changes in the material properties of the
wall (stress-strain stiffness), suggesting that under-
expansion of the aorta by a reduced stroke volume may
play an important role.33 This phenomenon may partially
explain the reduced distensibility and increased aortic wall
thickness reported in humans with HFrEF by Rerkpatta-
napipat et al.30

Large artery stiffness as a predictor of
incident HF

Large artery stiffness predicts the incidence of new-onset
HF. In the Framingham cohort, carotid-femoral PWV was
associated with an increased risk of incident HF over
approximately 10 years, and was associated with both
incident HFpEF and HFrEF.34 In the recent CAVI-J study,
which included 2932 participants aged 40e74 years in
Japan, an increased cardio-ankle vascular index (a metric
strongly influenced by large artery stiffness) was associated
with HF hospitalization over aw5 year follow-up period.35

Although the direct causal contribution of aortic stiffening
on HF risk remains to be quantified in humans, multiple
mechanisms link aortic stiffening to the pathogenesis of LV
dysfunction and HF. Whether reducing aortic stiffness us-
ing specific therapeutic interventions can reduce the risk of
HF remains to be determined.

Large artery stiffness as a predictor of
outcomes in established HF

In advanced HFrEF, a lower pulse pressure can be asso-
ciated with a worse prognosis. In these patients, a low pulse
pressure is due to a very poor LV function and small stroke
volume. In patients with less severe HFrEF, the relationship
may become direct, since in these patients, pulse pressure is
more reflective of arterial stiffness and increased pulsatile
afterload. In HFpEF, the relationship between pulse
pressure and outcomes tends to be direct (a higher pulse
pressure being associated with a worse prognosis). In some
studies, patients with the lowest pulse pressure also have a
worse prognosis, likely due to a small stroke volume,
despite a preserved EF due to pronounced concentric
remodeling and a small LV cavity.

Given the important confounding effect of LV structure
and function on pulse pressure, more direct measurements
of large artery stiffness are likely to be informative. An
increase in carotid-femoral PWV, aortic PWV or brachial-
ankle PWV has been shown to be related to the risk of HF
hospitalization, CV, and all-cause mortality in HF patients,
regardless of EF.36,37
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Arterial wave reflection in heart failure

Every beat, the LV generates a pulse wave that travels
forward in the arteries and gets partially reflected at sites of
impedance mismatch, such as points of branching or
changes in wall diameter or material properties along the
arterial tree. Innumerable reflections merge into a discrete
reflected wave, which travels back to the heart.12,13,38 Of
note, the source of wave reflections is not necessarily the
same as the resistance microvasculature, which determines
mean arterial pressure.12,13,38 Therefore, it is possible to
modify wave reflections without affecting mean pressure,
and vice versa. Important sources of wave reflection
include arterial bifurcations, the tapering of the aorta, sites
of tortuosity or focal wall stiffening, and/or narrowing in
conduit arteries, as well as more distal arterial
segments.12,13,38

The time of arrival of the reflected wave to the proximal
aorta is strongly dependent on the PWV of conduit vessels,
particularly the aorta, which transmits forward and back-
ward traveling waves from and toward the LV,
respectively.38e41 Stiffer aortas, which exhibit greater
PWV, conduct forward and backward traveling waves at
greater velocities and therefore promote an earlier arrival of
wave reflections to the LV (Fig. 36.5).10,12,38,42,43 As a
consequence of the aortic stiffening that occurs with aging

and various disease states, the hemodynamic effects of
wave reflections shift from diastole to systole, with prom-
inent effects during mid-to-late systole in older adults,38,42

particularly in women12,13,42,44e47 and in patients with
HFpEF.16,48,49 In these conditions, wave reflection can
have a substantial impact on the LV loading sequence
(increasing mid/late relative to early systolic load), as dis-
cussed in detail in Chapter 16.

Despite the key role of the aorta as a determinant of
reflected wave transit time, it is useful to consider the role
of wave reflection along with muscular artery function,
given that the latter can modulate the timing and magnitude
of wave reflection for any given aortic PWV (Fig. 36.5).
Moreover, muscular arterial function represents a readily
modifiable target for pharmacologic interventions. How-
ever, it should be emphasized that, as mentioned above,
wave reflections occur throughout the arterial tree,
including the aorta, intermediate-sized conduit arteries, and
more distal arterial segments.

Wave reflection and LV hypertrophy

As discussed in various other sections of this book,
exaggerated mid-to-late systolic pulsatile load from arterial
wave reflections can lead to LV remodeling. For any given
level of systolic (peak) blood pressure, prominent
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Muscular arteries modulate the
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FIGURE 36.5 Cardiac Consequences of Arterial Stiffening and premature wave reflection. Earlier arrival of wave reflections favor a loss of
coronary perfusion pressure on one hand, and increased mid-to-late systolic load on the other, due to a shift of wave reflection arrival from diastole to
systole. In populations with stiff aortas, muscular artery function may become a key determinant of the apparent distance to reflection sites and thus the
effects of wave reflections on the central aorta, for any given PWV. BW, backward wave; FW, forward wave; PWV, pulse wave velocity. Reproduced from
Chirinos JA, Segers P, Hughes T, Townsend R. Large-artery stiffness in health and disease: JACC state-of-the-art review. J Am Coll Cardiol.
2019; 74:1237e1263.
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mid-to-late systolic loading has been shown to exert dele-
terious effects on LV structure and function in animal
models and has been associated with LV hypertrophy in
humans, as discussed in more detail in Chapter 16.38,50,51

Aortic constriction studies in rats50 that induced early
versus late systolic load demonstrated a causal effect of late
systolic loading on LV hypertrophy and fibrosis, despite
identical peak LV pressure levels. In humans, changes in
wave reflection magnitude occurring during antihyperten-
sive therapy predicted regression of LV mass indepen-
dently of blood pressure reduction.52 A relationship
between reflection magnitude (approximated from
measured pressure and an assumed physiologic flow
waveform) and LV mass has been reported in large
community-based studies that included normotensive and
hypertensive individuals.45,53 Finally, in patients with
repaired aortic coarctation, reflection magnitude estimated
from the ascending aortic distension waveform and
measured aortic flow using MRI was independently asso-
ciated with LV hypertrophy.54 When interpreted in the
context of available animal data, available human studies
support a role for wave reflections in the development of
LV hypertrophy, independent of absolute blood pressure
levels. Also consistent with animal data implicating wave
reflection in the development of LV fibrosis, a relationship
between reflection magnitude and LV diffuse interstitial
fibrosis has been reported in patients with severe aortic
stenosis undergoing aortic valve replacement.55 Whether
this relationship is present in other forms of severe LV
pressure overload (i.e., in the absence of aortic stenosis) in
humans remains unclear.

Effect of mid-to-late systolic load on LV
diastolic dysfunction

Multiple animal studies have demonstrated the deleterious
effect of mid-to-late systolic load on LV relaxation.51,56e60

Hori et al. used a canine model of aortic clamping and
demonstrated that, for a given increase in peak systolic LV
pressure, mid-to-late systolic loading interventions pro-
longed the time constant of diastolic LV relaxation much
more than early loading. Gillebert et al.51 studied the effect
of the timing of systolic load in a canine model using rapid
balloon inflations in the ascending aorta at different times
during ejection (inducing either early systolic load or mid-
to-late systolic load), demonstrating that, for a given in-
crease in peak systolic LV pressure, mid-to-late systolic
loading prolonged tau much more than early systolic
inflation.51 These results are consistent with several other
animal studies57e62 as discussed further in Chapter 16.

Consistent with available animal studies demonstrating
a cause-effect relationship between mid-to-late systolic load
and impaired LV relaxation, human studies have shown
that indices of wave reflections and/or mid-to-late systolic

myocardial wall stress (MWS) are independently associated
with diastolic dysfunction,48,61,63e72 LA remodeling and
dysfunction,65,73,74 decreased longitudinal LV systolic
function (despite preserved EF),67,75 and elevated brain
natriuretic peptide levels.66,71,76,77

The effect of mid-to-late systolic load on LV relaxation
and remodeling may relate to differential cellular processes
in different phases of ejection. During early ejection, active
development of fiber cross-bridges occurs in the electrically
activated myocardium and peak MWS develops,78 which is
followed by a transition from contraction to
relaxation.67,69,78e80 Before this transition, active cross-
bridge formation takes place and loading increases the
number of interacting cross-bridges (cooperative activity), a
physiological mechanism that favors matching of the
number of cross-bridges with systolic load.51,81 However,
when increased load occurs after the onset of myocardial
relaxation, the number of interacting cross-bridges can no
longer adapt, resulting in a mismatch between the number
of cross-bridges and load, increasing the stress on indi-
vidual cross-bridges and decreasing cross-bridge cycling.
However, more complex interplays between cross-bridge
recruitment, cooperative activity, cross-bridge inactiva-
tion, and cross-bridge cycling rate are likely at
play.69,70,79,81

As discussed in detail in Chapter 16, under normal
conditions MWS rapidly decreases during mid-systole as a
result of the geometric reconfiguration induced by early
systolic LV ejection, resulting in a shift of the LV pressure-
stress relation that favors lower MWS levels for any given
LV pressure.78 This shift protects the cardiomyocytes
against late systolic load, but may be impaired in LV
hypertrophy or LV systolic dysfunction. The resulting
mismatch between early and late systolic load may result in
impaired shortening-deactivation in cardiomyocytes.69 The
phenomenon of shortening-deactivation (which is associ-
ated with reduced calcium sensitivity of the contractile
apparatus) decreases force development after early systolic
rapid shortening, and increases the relaxation rate of mus-
cle.69,70 This represents a perfect “match” to the normal
physiology (i.e., markedly reduced MWS in mid-to-late
systole), because sustained myocardial force development
in this period is unnecessary to preserve fiber shortening
and LV ejection against the load imposed by wave
reflections. However, in the presence of contractile abnor-
malities that compromise early ejection, the mid-systolic
dynamic geometric reconfiguration of the LV that favors
a reduced MWS relative to pressure is impaired. In these
conditions, shortening-deactivation does not operate fully,
such that force development continues or increases in
mid-to-late systole.69,70 However, much remains to be
learned about the molecular pathways that mediate malig-
nant effects of late systolic load at the cellular level, and
this should be the focus of future research.
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Arterial wave reflection and the risk of
incident HF

Wave reflection magnitude has been shown to strongly
predict new onset HF among 5934 participants in the
Multiethnic Study of Atherosclerosis (MESA), who were
free of clinically apparent cardiovascular disease at baseline
(Fig. 36.6). During 7.61 years of follow-up (and after
adjustment for systolic and diastolic blood pressure, age,
gender, body mass index, diabetes, ethnicity, antihyper-
tensive medication use, total and HDL-cholesterol, current
smoking, heart rate, and glomerular filtration rate), reflec-
tion magnitude strongly predicted HF (Hazard ratio per
10% - increase ¼ 2.69; 95% CI ¼ 1.79e4.04; P < .0001)
and was a stronger predictor than blood pressure and all
other modifiable risk factors listed above. When we strati-
fied the population based on the presence or absence of
hypertension and the presence or absence of high reflection
magnitude (Fig. 36.6B and C), we found that, compared to
nonhypertensive subjects with low reflection magnitude
(lowest risk category), hazard ratios for hypertensive sub-
jects with low reflection magnitude, nonhypertensive sub-
jects with high reflection magnitude and hypertensive
subjects with high reflection magnitude were 1.81 (95%
CI ¼ 0.85e3.86), 2.16 (95% CI ¼ 1.04e4.43), and 3.98
(95% CI ¼ 1.96e8.05), respectively.

Furthermore, we assessed the strength of the association
between reflection magnitude and incident HF using mul-
tiple parameters. Reflection magnitude was associated with
the largest Wald statistic of all predictors (including age),
the greatest reduction in Akaike’s information and
Bayesian information criteria (indicating improvement in
model fit). With the exception of age, a nonmodifiable risk
factor, reflection magnitude was associated with the great-
est net reclassification improvement for prediction of HF.
Therefore, reflection magnitude was a robust and strong
predictor of incident HF in this cohort after adjustment for
other known predictors. In the same population, systemic
vascular resistance, total arterial compliance, and effective
arterial elastance (EA) did not predict HF.83 A limitation of
this study is the utilization of a synthetic flow approach that
approximates reflection magnitude. Further studies are
required to assess the association between reflection
magnitude and incident HFpEF versus HFrEF.

Hemodynamic role of the microvasculature in
HF

The microvasculature as a determinant of LV
load

The resistive load imposed by small arterioles throughout
the body is the main determinant of the so called “effective
arterial elastance” (EA), which represents the arterial load in
the pressureevolume plane (see Chapter 15). Whereas

effective arterial elastance is a misnomer (since it bears
little relation with arterial stiffness or pulsatile arterial
load), EA does impact the LV EF for any given LV

FIGURE 36.6 (A) Cumulative hazard for heart failure among subjects
stratified according to tertiles of reflection magnitude (RM). (B) Hazard
function for incident of heart failure in subjects stratified according to the
presence or absence of hypertension (prevalence: 45%) or reflection
magnitude above (“high” RM) or below (“low” RM) the 55th percentile
(prevalence of “high” RM: 45%), adjusted for other significant heart
failure predictors. (C) Analogous hazard functions after further adjustment
for ethnicity, antihypertensive medication use, total-cholesterol, HDL-
cholesterol, current smoking, glomerular filtration rate, and heart rate.
Reproduced with permission from Chirinos JA, Kips JG, Jacobs DR, Jr,
et al. Arterial wave reflections and incident cardiovascular events and
heart failure: MESA (Multiethnic Study of Atherosclerosis). J Am Coll
Cardiol. 2012; 60:2170e2177.
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end-systolic stiffness (the gold-standard load-independent
parameter of LV contractility). For an in-depth discussion
of ventricularearterial coupling in the pressureevolume
plane, please refer to Chapter 15.

In the setting of marked reductions in LV contractility
and LV end-systolic stiffness (as occurs in HFrEF), a high
EA can contribute to an impaired energetic efficiency of the
ventricularearterial system. In this setting, substantial re-
ductions in SVR, with consequent reductions in EA with the
use of arteriolar vasodilators can improve ventriculare
arterial coupling, stroke volume, and the energetic state of
the failing LV.

In HFpEF (which by definition is accompanied by a
normal LV EF and a normal to high LV end-systolic
stiffness), the pressureevolume plane is much less infor-
mative regarding the variability in energetic aspects of
ventricularearterial coupling, but it does provide some
insights into ventricularearterial interactions. In particular,

in the setting of a high EA, increased LV systolic stiffness
can be necessary to preserve the ejection fraction (thus
being implicit in HFpEF), but this results in increased blood
pressure lability.84 In the setting of increased LV
end-systolic stiffness, a given reduction in EA (which as
mentioned above is primarily influenced by systemic
vascular resistance) will lead to a proportionally greater
blood pressure decrease versus a stroke volume increase
(Fig. 36.7). Furthermore, an increased LV systolic stiffness
at rest will impair the LV chamber contractile reserve (and
stroke volume reserve) during exercise. This is particularly
problematic in this condition because patients with HFpEF
demonstrate an impaired microvascular vasodilatory
reserve during exercise, which thus limits the exercise-
induced reduction in EA.

85e88

This constellation of abnormalities presents a unique
challenge for vasoactive therapeutic strategies in HFpEF
because important reductions in systemic vascular
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FIGURE 36.7 Role of microvascular hemodynamic function in hemodynamics at rest and during exercise. At rest (left panels), the
ventricularearterial system of patients with HFpEF is characterized by increased LV systolic stiffness (i.e., increased EES, upper left panel, red line).
Therefore, any therapeutic intervention that reduces vascular resistance at rest (black curved arrow) (which is the key arterial determinant of “effective
arterial elastance,” represented in green lines) will induce a large pressure decrease (blue arrow) relative to the increase in stroke volume (orange arrow).
Furthermore, given the presence of stiff conduit arteries and premature wave reflections that augment systolic, rather than diastolic aortic pressure, a
reduction in mean arterial pressure may decrease diastolic arterial pressure excessively (left lower panel), leading to a reduction of perfusion pressure in
key organs. During exercise (right panels), however, a reduction in vascular resistance is essential. A combination of vasoconstriction in most vascular
beds (splanchnic vasculature, nonexercising muscle, etc) along with vasodilation in exercising muscle (local functional sympatholysis) is key for the
optimization the cardiac output distribution and oxygen supply-demand matching in the periphery. In addition, the lack of reduction in SVR during
exercise increases LV load and contributes to the limitation in cardiac output reserve. Microvascular function is also essential for enhancing coronary
perfusion during exercise. However, pulsatile hemodynamics also affect myocardial oxygen demand (workload) and supply (diastolic perfusion pressure)
during exercise (see text). DBP, diastolic blood pressure; MAP, mean arterial pressure.
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resistance in this population may result in important side
effects (such as dizziness and hypotension). However,
enhancing vasodilatory reserve (i.e., a selective reduction in
systemic vascular resistance with exercise) is a logical goal
to enhance aerobic capacity, as discussed below.

Effects of peripheral microvascular function
on exercise capacity

In addition to the role of vasodilatory reserve on arterial
load and ventricularearterial interactions during exercise,
an abnormal vasodilatory response has profound implica-
tions for peripheral oxygen delivery and utilization
(Fig. 36.7). Vasodilatory responses during exercise mediate
the peripheral redistribution of blood flow to working
muscle tissue, which is a key component of the normal
hemodynamic response to exercise,89 and depends on local
vasodilatory mechanisms within locomotive muscle,
allowing it to advantageously compete with other vascular
beds for the available cardiac output.89 This is a highly
suitable adaptive response to balance oxygen supply and
demand, given the marked increase in metabolic demands
imposed by active skeletal muscle contraction.89,90 Skeletal
muscle vasodilation during exercise allows the local
vasculature to overcome humoral and reflex-mediated
vasoconstriction.89 In particular, exercise is accompanied
by systemic sympathetic activation, and “functional sym-
patholysis” must occur in exercising muscle to overcome
the intense systemic sympathetic vasoconstrictive response.
Based on these principles and experimental evidence, it
follows that impaired microvascular responses within
skeletal muscle can have important adverse consequences
for oxygen extraction, creating a marked imbalance be-
tween oxygen delivery and demand in muscle, ultimately
resulting in a large oxygen deficit, accentuated intracellular
metabolic perturbations, and enhanced glycogenolysis even
at low levels of activity.89

The importance of flow distribution within muscle
should also be noted, given that blood flow within active
muscles is not homogeneous, but greater in highly oxida-
tive muscles, which require greater vasodilatation.91,92

Hypoxic vasodilation favors preferential vasodilation in
tissues with high oxidative capacity, which seems impor-
tant to optimize the matching of oxygen supply and de-
mand.89,90 Finally, microvascular vasodilation in skeletal
muscle during exercise is important to washout metabolites
(such as hydrogen ions), preventing an excessive afferent
stimulus for metaboreflex responses which result in sym-
pathetic activation and vasoconstriction.

Given the important role of the peripheral microvascu-
lature in HF, various studies have assessed exercise-
induced vasodilatory responses in HFrEF and HFpEF, as
discussed below.

l Peripheral vasodilatory reserve in HFrEF: Sullivan
et al.93 compared hemodynamic and metabolic re-
sponses to maximal upright bicycle exercise between
participants with HFrEF and healthy controls. In this
study, mean arterial pressure was not different between
the two groups at rest or at matched submaximal work
rates, whereas leg vascular resistance was higher in
patients compared with normal subjects at rest, submax-
imal, and maximal exercise. Patients with HFrEF also
demonstrated increased leg oxygen extraction and
lactate production accompanied by a decreased leg ox-
ygen consumption during exercise. These findings were
consistent with impaired local vasodilation leading to
leg hypoperfusion in HFrEF, which was associated
with decreased leg oxygen utilization (despite increased
leg oxygen extraction) and anaerobic skeletal muscle
metabolism. Barrett-O’ Keefe et al.94 compared the
hemodynamic responses to small muscle mass exercise
(static-intermittent handgrip and dynamic single-leg
knee-extension) between HFrEF patients and age-
matched control subjects. These exercise interventions
induce activation of a small amount of muscle mass
that does not provoke significant central cardiopulmo-
nary stress, thus better isolating peripheral responses.
The investigators demonstrated that despite similar
increases in mean arterial pressure during exercise,
HFrEF patients exhibited an attenuated increase in
arm and leg blood flow. Whereas the former was
evident only at high workloads, the latter was present
across all work rates, albeit with more substantial atten-
uations at higher intensities. Wilson et al.95 reported
that the impaired local vasodilatory reserve may be
limited to HFrEF patients with a markedly reduced aer-
obic capacity, whereas impaired cardiac output reserve
is a contributor to reduced blood flow in HFrEF,
regardless of aerobic capacity. Although the majority
of available studies indicate an attenuation in exer-
cising limb perfusion attributable to impairments in pe-
ripheral vasodilatory capacity in HFrEF, some data
argue against the presence of impaired peripheral vaso-
dilation in this condition.96 This may be related to a
small sample size and/or the heterogeneity in the etiol-
ogy or severity of HFrEF in different studies.

l Peripheral vasodilatory reserve in HFpEF: Although
an impaired systemic vasodilatory reserve in HFpEF
was reported long ago by Borlaug et al.,87 thus
providing indirect evidence of impaired local vasodila-
tion in exercising muscle, few studies have specifically
assessed local skeletal muscle vasodilatory reserve in
this condition. Using cardiovascular magnetic reso-
nance imaging during submaximal exercise, Punta-
wangkoon et al. reported a reduction in superficial
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femoral artery blood flow upon cessation of supine
cycling exercise in HF patients (including both HFpEF
and HFrEF) compared to healthy controls, despite
similar flow in the ascending and descending aorta.
These differences, consistent with an impaired blood
flow distribution attributable to reduced local conduc-
tance (the inverse of resistance) in exercising skeletal
muscle in HF, persisted after adjustment for LV EF.
Lee et al.97 compared leg blood flow during dynamic,
single leg knee-extensor exercise between HFpEF pa-
tients and healthy controls and reported a lower leg
vascular conductance at high but not low workloads
in HFpEF, which resulted in reduced local blood flow
despite similar mean arterial pressure between the
groups. Similarly, Ratchford et al.98 concomitantly
evaluated brachial artery blood flow during progressive
intermittent handgrip exercise (at 15%, 30%, and 45%
of maximal voluntary contraction) among individuals
with HFpEF and control overweight individuals with
hypertension. In this study, systemic stroke volume
and cardiac output were not different between groups
across exercise intensities, whereas forearm blood
flow was significantly lower (w20e40%) in individuals
with HFpEF at higher exercise intensities (30% and
45% of maximum voluntary contraction), and forearm
vascular conductance was w20% lower in HFpEF
only at the highest exercise intensity. Overall, these
studies support the presence of an attenuation in the
vasodilatory response in muscle during exercise in
HFpEF, particularly at higher exercise intensities, which
is sufficient to induce hypoperfusion of skeletal muscle
and is likely to contribute to exercise intolerance in this
condition.

The relationship between microvascular dysfunction
and adverse central pulsatile hemodynamics remains
unclear. On one hand, it is possible that long-term adverse
central pulsatile hemodynamics may contribute to micro-
vascular damage in skeletal muscle, although this is less
likely than in other organs given the relatively high
vascular resistance of the skeletal muscle microvasculature
at rest. On the other hand, common risk factors and
biochemical pathways may impact vasodilatory responses
and pulsatile arterial hemodynamics, and these may
represent both mechanistic links between macrovascular
and microvascular dysfunction in HFpEF and suitable
targets for therapy, as will be discussed later in this chapter.
Regardless of whether mechanisms leading to microvas-
cular and macrovascular dysfunction in HFpEF are
interrelated, it is clear that both can contribute to the
syndrome in general and to impaired exercise capacity in
particular, given the important role of pulsatile arterial load
on the LV at rest and during exercise.5,7,99

Role of the coronary microcirculation

Abnormalities of the coronary microcirculation are
increasingly recognized determinants of myocardial
function.100e103 Myocardial blood flow must increase
during exercise to match the metabolic demands of the
myocardium. Myocardial blood flow occurs predominantly
in diastole given the compression of the coronary micro-
vasculature that occurs during systolic myocardial
contraction. Impaired myocardial microvascular reserve
may impair diastolic myocardial perfusion during exercise,
worsening myocardial function and exercise intolerance.
Resting myocardial blood flow and flow reserve in response
to various stimuli are determined by a complex set of
factors, including myocardial tissue architecture, coronary
microvascular resistance, and importantly, aortic root pul-
satile hemodynamics (see Chapter 18).5,6

In patients with a normal LV ejection fraction, normal
epicardial perfusion, and risk factors for HFpEF, a
decreased myocardial flow reserve is associated with dia-
stolic dysfunction, increased LV filling pressures, and
abnormal LA function.104 Moreover, patients with estab-
lished HFpEF exhibit myocardial microvascular rarefaction
and impaired coronary flow reserve.100,103,105 Kato et al.
assessed coronary flow reserve responses to adenosine
among 163 HFpEF patients and found that an impaired
response was associated with the risk of all-cause death and
hospitalization due to HF exacerbation during a median
follow-up of 4.1 years.106

Inflammation has been proposed as a key determinant of
coronary microvascular dysfunction in HFpEF, but a direct
causal link remains to be proven.107,108 Moreover, micro-
vascular dysfunction in the coronary bed likely represents a
component of systemic microvascular dysfunction. More
research is required to understand the determinants and the
implications of coronary microvascular dysfunction in
HFpEF. Finally, the relative role of microvascular rarefac-
tion, abnormal vasodilatory responses in small vessels, and
aortic pulsatile hemodynamics as determinants of abnormal
coronary flow reserve in HFpEF requires further study.

Coronary flow reserve also seems to be important in
HFrEF. Canneti et al. demonstrated an impairment in cor-
onary blood flow reserve in response to adenosine among
patients with idiopathic dilated cardiomyopathy despite
normal epicardial coronary arteries.109 Similarly, Morales
et al. demonstrated that myocardial blood flow reserve in
response to dipyridamole was depressed in patients with
idiopathic dilated cardiomyopathy even the in absence of
overt HF.110

An important aspect neglected by the studies mentioned
above is the role of aortic root pulsatile hemodynamics. As
discussed in detail in Chapter 18, the diastolic pressure-
time integral is a key determinant of coronary blood flow,
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given that it represents the driving pressure promoting
perfusion across the coronary microvascular bed. Coronary
blood flow is directly related to the aortic diastolic pressure-
time integral, for any given coronary microvascular resis-
tance and coronary sinus/right atrial pressure. Therefore,
coronary flow reserve (assessed via coronary sinus flow
measurements) or myocardial flow reserve (assessed via
perfusion techniques such as positron emission tomography
or MRI perfusion imaging) cannot be equated to coronary
microvascular dilatory reserve. Adverse aortic pulsatile
hemodynamics can clearly impact the diastolic pressure-
time integral and therefore reduce coronary blood flow
independently of microvascular rarefaction or vasodilation.
Specifically, large artery stiffening and low total arterial
compliance will determine a steep pressure decay during
diastole,111 as the arterial volume decreases due to diastolic
blood flow to the venous circulation across the systemic
capillary bed. Similarly, wave reflections that shift from
diastole to systole as a result of a short reflected-wave
transit time, fail to augment diastolic pressure and thus
coronary perfusion. Despite the importance of these he-
modynamic factors as determinants of coronary blood flow,
available studies have not separated them from true coro-
nary microvascular resistance and vasodilatory coronary
reserve. The extent to which aortic root hemodynamics
versus coronary microvascular function are involved in the
abnormal coronary/myocardial flow reserve abnormalities
in HFpEF described above remains to be determined, but it
should be recognized that increased large artery stiffness
and wave reflections may conspire with coronary micro-
vascular dysfunction to impair coronary flow, particularly
during exercise (in which diastolic duration is shortened).
Optimizing aortic root pulsatile hemodynamics may thus
represent a suitable therapeutic approach to improve
myocardial oxygen supply and demand in HF. A detailed
discussion regarding the role of aortic root pulsatile he-
modynamics as a determinant myocardial blood supply can
be found in Chapter 18.

Macrovascular-microvascular cross-talk: role of
large arterial pulsatile hemodynamics in
microvascular dysfunction and HFpEF
comorbidities

There is an increasing recognition of the role of large artery
stiffness and abnormal arterial pulsatile hemodynamics on
microvascular disease, which is relevant for the damage of
target organs such as the brain, the kidney, and possibly,
the liver, and endocrine pancreas.43,112e116 Cognitive
dysfunction/dementia, renal dysfunction, and diabetes are
highly prevalent in HFpEF, and can significantly influence
prognosis.117e121

Aortic stiffening and increased wave reflections have
important adverse consequences on microvascular pressure
and flow. Conduit arteries normally exert a powerful
cushioning function, which results in nearly steady flow in
the microvasculature despite the intermittent LV ejection.
Aortic stiffening results in a loss of this cushioning function
and promotes increased pulsatility in the microvasculature.
Peripheral vascular resistance, largely imposed by small
arteries, governs the amount of mean capillary flow for any
given mean arteriovenous pressure gradient (which in turn,
depends mostly on mean arterial pressure). Given that mean
pressure varies minimally throughout the arterial system,
differences in vascular resistance primarily determine the
vastly different flow rates seen in various vascular beds.
Since resistance is highly correlated with arteriolar tone, it
is thought that in low-resistance, high-flow vascular beds, a
low precapillary arteriolar tone allows for greater trans-
mission of proximal pulsatility into the capillaries, resulting
in increased pulsatile pressure (barotrauma) and pulsatile
flow (with excessive pulsatile shear forces). In contrast, the
high arteriolar tone in high-resistance vascular beds un-
couples the proximal pulsations from the distal capillaries,
which are more effectively protected from excessive
pulsatility.

Consistent with these principles, accumulating evidence
links cerebral microvascular disease and renal disease with
increased aortic stiffness.43,112,114,115 Similarly, the
pancreatic islets exhibit very high flow per gram of tissue,
and thus low-resistance high-flow physiology.122 Recent
evidence indeed suggests a role for large artery stiffening in
the development of diabetes, although a causal link remains
speculative at present.123e125

Vascular beds with increased resistance (such as skel-
etal muscle) are relatively (but not entirely) protected from
increased central pulsatility. Increased large artery stiffness
is also associated with impaired microvascular dysfunction
(postischemic vasodilation) in the forearm vascular bed.113

As discussed above, axial skeletal muscle microvascular
function (vasodilatory reserve) is key for exercise-induced
vasodilation, flow redistribution, and oxygen extraction
during exercise, and is impaired in HFrEF and HFpEF,
although its mechanistic link with large artery hemody-
namics remains unclear.

Wave reflections are also important for microvascular
dysfunction. Wave reflections from the lower body increase
central (aortic) pressure pulsatility and thus promote
microvascular pulsatility in target organs such as the brain.
A more controversial issue is the role of local wave
reflection at the aortic-carotid interface, which has been
suggested to protect the brain. This is based on the obser-
vation that aging is associated with a disproportionate
increase in aortic stiffness relative to muscular arterial
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stiffness, promoting impedance matching and a reduction in
wave reflection in first-order arterial bifurcations in older
adults.114 Loss of wave reflection proximal to target organs
(such as at the aorta-carotid interface) has thus been pro-
posed as a mechanism for excessive pulsatile power
transmission to the distal circulation. However, impedance
matching is not only dependent on wall stiffness, but
strongly dependent on vessel size.126 Therefore, despite
substantial differences in PWV between the aorta and
muscular arteries, optimization of the size ratio between
parent and daughter vessels in the arterial tree126 optimizes
impedance matching in individual first order bifurcations
even before the aorta stiffens with age and disease. The
configuration of parent and daughter arterial branches,
which appears perfectly designed to favor forward energy
transmission, is also responsible for the fact that reflections
at single bifurcations tend to be quite small, relative to the
composite reflected wave arising from the sum of millions
of tiny reflections elsewhere. For example, it has been
reported that 90% of reflection coefficient values at the
aorta-carotid interface were between 0% and 15%,114

corresponding to power transmission coefficients as high as
97.75%e100%, indicating that such reflections return as
little as 0%e2.75% of the pulsatile energy to the parent
branch. It is also worth noting that reflections at a single
interface tend to increase pulse (and systolic) pressure in
the distal branches, which is in principle, deleterious to
target organs.

Despite these considerations, some investigators pro-
pose an important role of discrete reflections at the entry of
low-resistance vascular beds, which requires serious
consideration and further study. A recent study by Haidar
et al. indicated that a reduced impedance gradient between
the proximal aorta and the common carotid arteries leads to
a predominant increase in the local flow transmission co-
efficient despite the low overall reflection coefficient of the
bifurcation. Another important factor suggested to play a
key role in energy penetration to the brain is the relative
impedances of the parent branch (proximal aorta), carotid
branches, and distal aortic segments, coupled with distal
carotid bed reflections and re-reflections.127 Interestingly,
this study indicated that reflections arising from the distal
carotid circulation and re-reflection of these waves at the
carotid origin can reduce pulsatile power transmitted into
the cerebral vasculature. This is due to the fact that re-
reflections at the carotid origin are “open” reflections;
that is, reflections arising from the distal carotid circula-
tion, travel down the common carotid in a retrograde di-
rection, and encounter a high-to-low impedance change at
its origin from the arch. Open reflection changes the sign of
waves and thus results in compression waves being re-
reflected at the interface as forward-traveling suction
waves that reduce pulsatile pressure and flow (see Chapters
1, 3 and 11).

Despite the potential protective role of local reflections
at the aortic-carotid interface and within the cerebral
vasculature, it is also important to note that most wave
reflections arise from locations distal to the upper body
first-order bifurcations and in fact, the larger reflected wave
returning from arterial locations distal to the aortic arch
penetrates the carotid artery as a “forward” wave (thus
increasing pressure and flow in the carotid bed).43,128 The
innumerable reflections from arterial locations distal to the
aortic arch form a larger composite reflected wave, which
thus demonstrates a larger reflection coefficient, and carries
a larger amount of reflected power than the single reflection
at the aorta-carotid interface. Furthermore, impedance
matching at the aortic-carotid interface may paradoxically
promote the penetration of the reflected wave returning
from the lower body into the carotid territory. Interestingly,
arteries upstream of the cerebral microvasculature appear to
attenuate high-frequency flow pulsations (such as those
contained in the early systolic carotid flow peak produced
by the initial cardiac contraction), much more effectively
than low-frequency oscillations (such as those contained in
the reflected wave returning from the lower body).43,128

Therefore, the pulsatile energy from reflected waves arising
in the lower body appears to more effectively penetrate into
the cerebral microvasculature.43,128

Clearly, wave reflections cannot be simply categorized
as benign or malignant events for target organs such as the
brain, but its origin and interaction with local hemody-
namics must be carefully considered. However, the pre-
ponderance of evidence suggests that the bulk of systemic
wave reflections arising in places other than target organs
themselves can be deleterious to target organs via their
effects on central pressure pulsatility. Interestingly, vaso-
dilators that reduce wave reflection (such as calcium
channel blockers) have been shown to reduce cognitive
decline in older adults with systolic hypertension.43,112,129

This effect on cognitive function is not true for all anti-
hypertensive agents, and is likely independent on the ef-
fects of these drugs on brachial blood pressure.

Aortic stiffness and abnormal pulsatile arterial hemo-
dynamics are also deleterious for the kidney, as discussed
in detail in Chapter 40. The loss of renal autoregulation
(because of altered myogenic tone) is a feature of aging,
hypertension, and diabetes,130e133 all of which are
commonly present in patients with HF. Loss of autor-
egulation favors the transmission of higher pulsatile pres-
sure and flow to the renal microcirculation, leading to
glomerulosclerosis. Available data suggest that systemic
wave reflections are also deleterious to the kidney, which is
expected to the degree that they increase aortic pressure
pulsatility.134 Measures of wave reflection have been
shown to predict a poor prognosis in patients with estab-
lished renal disease.135,136 Similarly, augmentation index is
positively associated with a faster progression of
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established kidney disease,137,138 and backward wave
amplitude is independently associated with a lower
glomerular filtration rate139 and with faster renal function
decline over time in the general population, even after
adjustment for forward wave amplitude.140 Furthermore,
measures of wave reflection correlate positively with renal
resistive index (a measure of renal microvascular
dysfunction).141

In summary, a host of arterial hemodynamic abnor-
malities may play a role into the pathophysiology of LV
remodeling, dysfunction, abnormal myocardial oxygen
supply and demand, exercise intolerance, and the frequent
presence of some comorbidities (Fig. 36.8). The arterial
tree, therefore, represents an important therapeutic target in
patients with HF.

Therapeutic implications

Although modifying aortic wall stiffness represents a high
priority goal, the chronic material changes in the aortic
wall, including elastin breakdown and degradation,
collagen and elastin cross-linking, fibrosis and calcification,
impose a formidable challenge for substantial modifications
of aortic wall stiffness with short-term pharmacologic in-
terventions. Implantable mechanical interventions to
modify arterial pulsatility represent an interesting area of
investigation that could be applied in HF, but these are
currently in early stages of preclinical development.142

Relatively few studies have assessed the impact of phar-
macologic interventions on aortic wall stiffness and
pulsatile hemodynamics in HF, as discussed below.

Spironolactone

Spironolactone has been studied in both HFpEF and
HFrEF. In a randomized controlled trial comparing spi-
ronolactone (25 mg/d) versus placebo in elderly patients
with stable HFpEF and controlled blood pressure, Upadhya
et al. demonstrated that spironolactone therapy for nine
months reduced BP but did not improve exercise capacity,
quality of life, LV mass, or large artery stiffness.143 Inter-
estingly, this contrasts with earlier findings by Edwards
et al. in a population of patients with chronic kidney disease
and LV hypertrophy but not established HF, in which
randomized spironolactone therapy (25 mg/d for 40 weeks)
significantly reduced carotid-femoral PWV and ascending
aortic distensibility.144 However, it is unclear to what
extent the latter results were related to the reduction in
mean arterial pressure observed in that trial. Among
TOPCAT HFpEF participants enrolled in the Americas, the
rates of the primary outcome (a composite of cardiovas-
cular death, aborted cardiac arrest, or hospitalization for the
management of HF), as well as individual secondary out-
comes (cardiovascular death, and hospitalization for HF)
were significantly reduced by spironolactone.145 However,
spironolactone has multiple systemic effects and it is
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FIGURE 36.8 Role of arterial hemodynamic dysfunction in HF and HF comorbidities. Abnormal macrovascular and microvascular hemodynamic
dysfunction promotes LV diastolic dysfunction, LV maladaptive remodeling (hypertrophy, fibrosis), and causes a reduced vasodilatory reserve during
exercise, which in turn impairs coronary flow, peripheral flow redistribution, oxygen delivery, and extraction in exercising muscle. Abnormal pulsatile
arterial hemodynamics also contribute to microvascular disease in the brain and the kidney (dementia, chronic kidney disease, which are frequently
encountered comorbidities in HF, particular older patients with HFpEF).
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unclear to what extent any potential benefit of this inter-
vention is mediated by effects on the arterial tree. Similarly,
although mineralocorticoid receptor antagonism is clearly
beneficial in stage C HFrEF,146 the extent to which this
benefit is mediated by arterial effects is unknown. A more
detailed discussion of the effects of mineralocorticoid re-
ceptor antagonists on arterial stiffness can be found in
Chapter 50.

Vasodilators

The important role of muscular arteries in modulating wave
reflection and pulsatile load to the LV suggests that tar-
geting muscular arteries may be a viable therapeutic strat-
egy in HF. Nitric oxide (NO) is an endogenous regulator of
wave reflection. Unfortunately, most exogenous NO donors
and vasoactive agents exhibit nonselectivity for muscular
arteries, producing predominant reductions in arteriolar
tone and thus SVR. As described above, this can be
beneficial in HFrEF due to the reduced LV end-systolic
stiffness, which coupled with a high EA can contribute to
an impaired energetic efficiency of the ventricularearterial
system. In this setting, reductions in SVR, with consequent
reductions in EA induced by arteriolar vasodilators, can
improve ventricularearterial coupling, stroke volume, and
the energetic state of the failing LV without markedly
affecting mean arterial pressure.5,8,11 Indeed, various agents
that have shown beneficial effects in HFrEF (hydralazine,
organic nitrates, angiotensin converting enzyme inhibitors,
angiotensin receptor blockers) exert arteriolar vasodilatory
effects and may reduce wave reflection, although it is un-
clear to what extent their beneficial effects are due to
various hemodynamic versus neurohormonal factors,
particularly for the case of renin-angiotensin-aldosterone
system antagonists. A more detailed discussion regarding
the effects of commonly used vasodilators on arterial
stiffness and arterial hemodynamics can be found in
Chapter 49.

In contrast to HFrEF, in which arteriolar vasodilation
coupled with effects on muscular arteries can be beneficial,
the arterial hemodynamic characteristics of HFpEF dictate a
set of much more specific “ideal” characteristics for a
hemodynamic intervention, namely, one that: (1) Reduces
wave reflections and mid-to-late systolic load at rest (which
could improve diastolic function and exert long-term,
“disease-modifying” effects on LV maladaptive remodel-
ing); (2) Does not significantly reduce mean arterial or
systemic vascular resistance at rest, avoiding hypotension;
(3) Enhances exercise-induced vasodilation (reduction in
SVR) to reduce LV afterload during exercise; (4) Has
selectivity for enhancing local vasodilation in hypoxic/
acidotic environments, in order to match blood flow to
metabolic demands (i.e., directing blood flow to exercising
muscle); (5) Does not vasodilate low-resistance

microvascular beds (target organs), due to their vulnera-
bility to the prominent central pulsatility seen in this older
population.

NO donors

NO is a key regulator of various cardiac and peripheral
physiologic adaptations to exercise. Two major pathways
exist for the production of NO in the cardiovascular system:
the classic, NO-synthase dependent pathway, and the more
recently recognized nitrate-nitrite-NO pathway
(Fig. 36.9).147

In the classic pathway, NO synthases (NOSs) catalyze
the formation of NO from L-arginine and molecular oxy-
gen. In the nitrate-nitrite-NO pathway, inorganic nitrate
(derived from dietary ingestion or from the oxidation of
endogenous NO) undergoes a regulated two-step reduction
process (nitrate/nitrite/NO). Nitrate (NO3-) is actively
concentrated and secreted by the salivary glands and sub-
sequently absorbed in the gastrointestinal tract with high
bioavailability (>90%). With each enterosalivary cycle, a
small proportion of nitrate is reduced to nitrite (NO2-) by
oral cavity commensal bacteria. Some reduction of nitrite to
NO occurs in the acid pH of the stomach, with the
remainder nitrite undergoing systemic absorption. Circu-
lating nitrite is an immediate precursor to NO.

Nitrite reduction to NO occurs under particular condi-
tions: (a) via hypoxia-dependent reduction, catalyzed by
deoxy-hemoglobin, deoxy-myoglobin, xanthine oxido-
reductase, and other nitrite reductases; (b) via a more
recently described normoxia-dependent reduction pathway
that operates in the wall of conduit muscular systemic ar-
teries148 (Fig. 36.9). Therefore, the nitrate-nitrite-NO
pathway mediates a series of effects via normoxic vasodi-
lation of conduit muscular arteries148 (which thus operates
both at rest and during exercise and reduces wave
reflection)99,148e150 in combination with selective micro-
vascular dilation in hypoxic/acidotic conditions (such as
occurs in exercising muscle)147,149,151,152 that seem ideal to
improve the prevalent arterial hemodynamic abnormalities
in HFpEF. Moreover, inorganic nitrate, in contrast to
organic nitrate, does not significantly vasodilate the cere-
bral vasculature or increase the amount of hydraulic energy
transmitted into the carotid artery in HFpEF.151,153

Interestingly, two separate studies have recently
demonstrated that patients with HFpEF exhibit a reduced
circulating NO metabolite pool154,155 (composed largely of
nitrate and to a lesser extent, nitrite), which may limit the
activity of this pathway. Exogenous inorganic nitrate sup-
plementation is being investigated as a therapeutic
approach in HFpEF. However, there are significant
challenges related to the pharmacokinetic and side effect
profile of various preparations. Whereas the administration
of nitrite (the main “active” NO donor in this pathway) is
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possible, nitrite has a very short half-life (w35e40 min),
potentially leading to important waxing and waning of
hemodynamic effects, which may activate counter-
regulatory responses. In the INDIE HFpEF trial, inhaled
inorganic nitrite administered thrice daily for four weeks
failed to improve peak oxygen consumption, daily activity
levels assessed by accelerometry, quality of life, functional
class, cardiac filling pressures assessed by echocardiogra-
phy, or NT-pro brain natriuretic peptide levels.156 In
contrast to the very short half-life of inorganic nitrite, oral
inorganic nitrate has a half-life of w5e8 h, allowing for
steady-state pharmacokinetics with thrice daily adminstra-
tion.151,153 Small trials have demonstrated acute or short
term effects of inorganic nitrate on peak exercise capacity
and submaximal exercise endurance in HFpEF.149,153,157 In
the single-dose study by Zamani et al., the reduction in
measures of wave reflection correlated with the improve-
ment in peak VO2. The main disadvantage of oral nitrate is
the variable activation to nitrite by mouth bacteria. An
ongoing trial (KNO3CK OUT HFpEF) is assessing the
potential efficacy of orally administered potassium nitrate
in HFpEF. A more detailed discussion of the nitrate-nitrite-
NO pathway can be found in Chapter 51.

Interestingly, organic nitrates do not share the ideal
vasoactive characteristics exhibited by inorganic nitrate. In

contrast to inorganic nitrate, organic nitrates in HFpEF: (1)
induce a less consistent reduction in wave reflection; (2)
can markedly reduce mean arterial pressure at rest; (3) lack
the selective vasodilatory effect during exercise in exer-
cising muscle; (4) exert prominent cerebrovascular vaso-
dilatory effects, which account for the high incidence of
headaches (and may also expose the already susceptible
cerebrovascular microvasculature to excessive pressure and
flow pulsatility); (5) induce tolerance or pseudotolerance;
(6) increase oxidative stress.151,158,159 In a recent multi-
center trial, isosorbide mononitrate reduced outpatient
activity in a dose-dependent manner in this population.160

In another trial,161 isosorbide dinitrate, with or without
hydralazine, failed to improve wave reflections, LV
remodeling or the 6-minute walk distance in HFpEF.
Furthermore, in the isosorbide dinitrate-hydralazine arm, an
increase in wave reflections at 24 weeks was seen, which
was associated with worsened 6-minute walk distance and
an increased myocardial T1 (assessed by MRI T1 map-
ping), suggesting adverse interstitial remodeling/fibrosis. In
both trials, organic nitrates were poorly tolerated. This is in
contrast with available studies with inorganic nitrate which
suggest a better tolerability profile.147,149,151,153,157,162e164

Inorganic nitrate may also have therapeutic potential in
HFrEF.165 It has been shown to increase skeletal muscle
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power166 and to improve exercise tolerance167 in two
previous studies in nonischemic cardiomyopathy, as well as
a trial in patients with predominantly nonischemic cardio-
myopathy,168 whereas Hirai et al.169 reported no effect on
exercise capacity in a male population of predominantly
ischemic cardiomyopathy. Further research and larger trials
are necessary to determine the potential efficacy and ther-
apeutic role of inorganic nitrate in HFrEF.

Soluble guanylate cyclase stimulators/
activators

The binding of NO to soluble guanylate cyclase (sGC) (the
primary acceptor and sensor of NO) boosts the enzymatic
activity of sGC to catalyze the conversion of guanosine
triphosphate into inorganic pyrophosphate and cyclic gua-
nosine monophosphate. The latter then acts on downstream
effectors, to regulate multiple physiological processes in the
cell.170 The VICTORIA trial demonstrated that vericiguat,
a novel oral soluble guanylate cyclase stimulator, reduced
the risk of death from cardiovascular causes or hospitali-
zation for HF in patients with HF and an LV EF <45%,
although formal evaluations of the effect of this medication
on central hemodynamics in humans are lacking.171 A
recent study assessed the central pulsatile hemodynamic
effects of vericiguat in hypertensive dogs.172 It was found
that vericiguat did not exert significant effects on mean
arterial pressure or diastolic blood pressure. In contrast,
parameters of arterial wave reflection exhibited significant
reductions starting from the first hour of administration.
Significant dose-dependent reductions in reflection magni-
tude and augmentation index were seen, with minimal ef-
fects detected on forward wave amplitude (which changed
only with high doses). This study demonstrates that sGC
stimulation can reduce wave reflection even at doses that do
not reduce blood pressure, likely via effects on muscular
arteries rather than resistance arterioles. The extent to
which this effect mediates its benefits in HFrEF remains
unknown.

Importantly, sGC stimulators (including vericiguat)
have not proven effective in improving quality of life or
peak aerobic exercise capacity in HFpEF.173,174 Whereas
the recent study in hypertensive dogs mentioned above
suggests that sGC stimulation can produce some of the
desirable hemodynamic effects for the HFpEF population
(1 and 2 above), it is unlikely that sGC stimulators exhibit
exercise-induced selective effects that may be key to
improve exercise hemodynamics. sGC stimulators are dis-
cussed in more detail in Chapter 51.

Neprilysin inhibitors

Neprilysin inhibitors represent another important drug class
with relevant hemodynamic effects in HF, which work by
blocking the action of neprilysin, a membrane metallo-

endopeptidase that cleaves natriuretic peptides, glucagon,
glucagon-like peptide-1, bradykinin, substance P, neuro-
tensin, oxytocin, enkephalins, angiotensin I, endothelin-1,
adrenomedullin, amyloid b, and others. Sacubitril/valsar-
tan (formerly called LCZ696) consists of an ARB, valsar-
tan, and a neprilysin inhibitor, sacubitril, in a 1:1 molecular
ratio.174 The PARADIGM Heart Failure trial demonstrated
that sacubitril/valsartan was superior to enalapril in
reducing the risk of death and hospitalization for HF in
HFrEF.175 In contrast, the PARAGON trial demonstrated
that sacubitril-valsartan did not reduce the risk of hospi-
talization for HF and death from cardiovascular causes
among patients with HF and an LV EF � 45%. However,
in prespecified subgroup analyses, there was suggestion of
heterogeneity with possible benefit with sacubitril-valsartan
in patients with lower EF (45%e57%) and in women.
Interestingly, in the latter trial, pulse pressure was signifi-
cantly lower in the sacubitril/valsartan group compared
with the valsartan group one year after randomization.
Moreover, pulse pressure was an independent predictor of
cardiovascular events in this trial.

The EVALUATE-HF study was specifically designed
to compare the effect combined angiotensin-neprilysin in-
hibition with sacubitril-valsartan versus enalapril on
changes in central aortic stiffness in patients with HFrEF,
and demonstrated no significant difference in the primary
end point of change from baseline to 12 weeks in ascending
aortic Zc.176,177 In a subsequent analysis of the data which
examined effects of treatment on aortic Zc at 4 and
12 weeks after randomization, treatment with sacubitril-
valsartan was associated with a greater acute (postdose)
reduction in aortic Zc compared to enalapril. The in-
vestigators also found evidence of effect modification by
LV EF, such that in the lower LV EF group (LV EF<40%),
there was evidence of an acute, postdose reduction in Zc in
the sacubitril-valsartan group, with no evidence of effect
modification by sex, which was proposed as a possible
contributor to the favorable clinical outcomes seen in the
PARADIGM-HF study. In the higher LV EF group (LV
EF � 40%), there was evidence of effect modification by
sex, with evidence for a reduction in Zc in women only,
which persisted throughout the dosing interval and
remained significant after further adjustment for baseline
and change in mean pressure, consistent with a pressure-
independent favorable effect of sacubitril-valsartan on
aortic Zc. Importantly, however, the high LV EF group in
this study is unlikely to represent true HFpEF, but more
likely HF with midrange EF or recovered LV EF. Finally,
none of these analyses reported effects on wave reflection,
which is a key phenotype in both HFpEF and HFrEF.

The matrix gla protein pathway

Matrix gla protein (MGP) is a small secretory protein
produced by chondrocytes and vascular smooth muscle
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cells (VSMCs).178 Its inactive form, dephospho-
uncarboxylated MGP (dp-ucMGP), must undergo serial
posttranslational carboxylation and phosphorylation to
become active (Fig. 36.10). Active MGP is a potent in-
hibitor of arterial calcification by inhibiting bone morpho-
genetic protein-2-induced osteogenic differentiation of
VSMCs, and via calcium phosphate scavenging. Carbox-
ylation of MGP is dependent upon the availability of
vitamin K in the vascular wall.178 Vascular vitamin K
deficiency appears to occur at lower thresholds of severity
than those leading to coagulopathy and can be completely
unapparent on standard clinical testing. Since dp-uc-MGP
(inactive MGP) is secreted into the circulation, it represents
a circulating biomarker of vascular vitamin K availability/
deficiency. An increase in circulating dp-uc-MGP has been
shown to be independently associated with increased large
artery stiffness in various populations, including the general
population,179,180 adults with diabetes,181 hypertension,182

chronic kidney disease,183 and HF with preserved or
reduced ejection fraction.184 It has been shown that
warfarin inhibits MGP carboxylation/activation and is a
potent promoter of vascular calcification in animal models.
Hasmath et al. demonstrated that warfarin is associated with
increased large artery stiffness in HF, and this relationship
was dependent on the relationship between warfarin use
and dp-uc-MGP.184 With the current availability of novel
oral anticoagulants that, in contrast to warfarin, do not
interfere with vitamin K-dependent carboxylation, it may
be possible to target MGP with vitamin K2

supplementation in HF. Whether this will represent a useful
approach to improve outcomes in this patient population
remains to be determined.

Conclusions

Compelling evidence from animal and human studies
strongly suggest that large artery stiffness and pulsatile
arterial hemodynamics (particularly increased and/or pre-
mature wave reflections) represent key phenotypes and
relevant therapeutic targets in HF. In addition to their
impact on the LV, increased aortic stiffness and abnormal
pulsatile hemodynamics are linked to microvascular disease
in the brain, the kidney, and other extracardiac organs, and
are thus relevant for common HF comorbidities that impact
the clinical course of HF. Reductions in large artery stiff-
ness and/or improvements in pulsatile hemodynamics may
be involved in the benefit seen with various available
agents in HF. However, comprehensive hemodynamic
profiling in large studies or randomized trials has been
rather limited to date, and should be more widely applied in
future studies.
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Chapter 37

Ventricularearterial coupling and arterial
load in aortic valve disease
Ezequiel Guzzetti, Nancy Côté, Marie-Annick Clavel and Philippe Pibarot
Institut Universitaire de Cardiologie et de Pneumologie de Québec / Québec Heart & Lung Institute, Laval University, Québec City, QC, Canada

Introduction

A harmonious anatomical and functional interrelation be-
tween the left ventricle (LV), the aortic valve, and the aorta
is key to ensure both adequate blood flow and driving
pressure to ensure perfusion to all body organs.1 Any
abnormalitydcongenital or acquireddof the LV myocar-
dium, LV outflow tract, aortic valve, aortic root, or arteries
may compromise the complex anatomical and functional
coupling between these components which, ultimately, may
lead to heart failure and death. In recent years, there has
been important progress in noninvasive advanced cardio-
vascular imaging (Doppler echocardiography, multidetector
computed tomography [MDCT], and cardiovascular mag-
netic resonance [CMR]), which coupled with hemodynamic
modeling, will allow for detailed assessments of
ventriculoevalvularearterial coupling in both health and
disease. The purpose of this chapter is to describe the
morphological and functional interplay between the LV, the
aortic valve, and the aorta and its implications with regards
to the diagnosis and treatment of aortic valve disease.

Anatomical interaction between the LV,
aortic valve, and aortic root

Anatomical interrelation between the LV
outflow tract, aortic valve, and aortic root

The aortic valve is composed of three semilunar leaflets that
are attached to the aortic root. Thus, the aortic root can be
divided by the semilunar attachment of the leaflets into
supravalvular and subvalvular components (Fig. 37.1).2

The supravalvular component is represented by the three
sinuses of Valsalva, two of which host a coronary ostium.
The flow vortices created in the sinuses reduce mechanical
stress on the aortic leaflets and support coronary blood

flow.3 Hence, effacement of the sinuses may impair coro-
nary flow and increase the mechanical stress and ensuing
structural degeneration of aortic valve leaflets.

The subvalvular component consists in the LV outflow
tract, which is surrounded by both myocardium and fibrous
tissue. Under each commissure of the leaflets lies one of the
three interleaflet triangles, which are, in fact, extensions of
the LV outflow tract and reach the level of the sinotubular
junction in the area of the commissures. The triangle be-
tween the left and noncoronary sinuses forms a part of the
mitro-aortic curtain that leads to the anterior mitral leaflet.
The triangle between the right and noncoronary sinuses
forms part of the membranous septum.4 This area is of
particular importance during aortic valve procedures
(especially transcatheter aortic valve replacement [TAVR]),
as injury at this level can lead to conduction abnormalities,
which may require the implantation of a permanent
pacemaker.5

Due to their semilunar configuration, the leaflets of the
aortic valve are attached in crown-like fashion with a basal
ring at the bottom of leaflet insertion, i.e., the aortic
“annulus” and an upper ring at the level of the sinotubular
junction (Fig. 37.1). The aortic annulus that is measured
clinically by echocardiography, MDCT, or CMR for
diagnostic or therapeutic purposes (e.g., selection of valve
size for transcatheter aortic valve implantation) corresponds
to the circle at the base of the crown formed by the leaflets.6

However, the aortic annulus is not a real and distinct
anatomic entity, as it does not correspond to the basal
contour of the aortic valve, which is not circular but rather
has a tripoint crown shape. Furthermore, the aortic annulus
is a dynamic structure, with larger and more circular cross-
sectional area during systole than diastole.7 Ultimately, the
aortic annulus represents the landing zone of most TAVR
devices, and thus its accurate measurement is essential to
determine the size of the prosthetic valve to be implanted.6

Textbook of Arterial Stiffness and Pulsatile Hemodynamics in Health and Disease. https://doi.org/10.1016/B978-0-323-91391-1.00037-6
Copyright © 2022 Elsevier Inc. All rights reserved. 591

https://doi.org/10.1016/B978-0-323-91391-1.00037-6


Bicuspid aortic valve and aortopathy

The normal architecture of the aortic valve is a 3-cusp
(tricuspid or trileaflet) configuration. However, some sub-
jects may have a bicuspid, unicuspid, or quadricuspid
configuration. Bicuspid aortic valve (BAV) is the most
common congenital heart defect, affecting 1%e2% of the
population and three men for one woman.8,9 All combi-
nation of cusps fusion with and without raphe are theoret-
ically possible, but the most common types are fusion of
the right and left coronary leaflets (60%) and fusion of the
right and the noncoronary leaflets (35%) (Fig. 37.2).10

Despite the evidence of an autosomal dominant pattern of
BAV inheritance with variable expression and incomplete
penetrance in families, the genetic determinants of BAV are
far from being elucidated.11,12 Patients with BAV have a
high risk of developing aortic valve dysfunction, i.e., ste-
nosis and/or regurgitation, and show a higher rate of
progression of aortic stenosis (AS) than those with
trileaflet (tricuspid) aortic valves.13 The lifetime risk of
aortic valve replacement for AS in subjects with BAV is
about 50%.

BAV has been associated with other congenital defects,
and in particular aorta dilation, aneurysm, and dissection.9

The link between BAV and aorta dilation/aneurism is likely
multifactorial with a genetic basis and a possible impact of
flow pattern induced by BAV type (Fig. 37.3, e A).14 The
eccentric aortic blood flow generated by the BAV increases
the radial forces and thus the stress on the aortic wall, thus
causing a dilation of the aortic root.12,15 This phenomenon
is more pronounced in patients with BAV and AS
(Fig. 37.3, Panel B).12 On the other hand, the genetic basis
for aortic dilation is supported by the fact that aortopathy is
often present in relatives of patients with BAV. The
structural support and elasticity of the aorta are achieved by
alternating layers of elastic lamellae and smooth-muscle
cells (Fig. 37.3, Panel C). In subjects with a trileaflet
aortic valve, the smooth-muscle cells in the aorta are
secured to the adjacent elastin and collagen matrix by
fibrillin 1 microfibrils. The aorta of subjects with a bicuspid
valve may be deficient in fibrillin 1, which causes a
disruption of the histological architecture of the aortic wall
whereby smooth muscle cells detach, leading to weakened
structural integrity and reduced elasticity of the aorta.12

Disruption of the histologic architecture of the aortic wall
has also been observed in subjects with bicuspid valves in
the absence of any identifiable genetic or mechanical
explanation.

FIGURE 37.1 Anatomy of the LV outflow
tract, aortic valve, and aortic root. (A)
Three-dimensional arrangement of the aortic
root, which contains three circular “rings,” but
with the leaflets suspended within the root in
crown-like fashion. (B) The leaflets have been
removed from this specimen of the aortic root,
showing the location of the three rings relative
to the crown-like hinges of the leaflets. A-M,
aorticemitral; VA, ventriculoearterial. Adapted
with permission from Piazza N, de Jaegere P,
Schultz C, Becker AE, Serruys PW, Anderson
RH. Anatomy of the aortic valvar complex and
its implications for transcatheter implantation
of the aortic valve. Circ Cardiovasc Interv.
2008; 1:74e81.
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Functional interaction between the left
ventricle, aortic valve, and aorta

Ventriculoevalvuloearterial coupling

The dynamic interaction between the heart and the systemic
circulation allows the cardiovascular system to be efficient
in providing adequate cardiac output and arterial pressures
to ensure adequate organ perfusion in different physiolog-
ical conditions, such as rest and exercise. The cardiovas-
cular system indeed works better when the heart and the
arterial system are coupled.16 The ventriculoearterial
coupling is achieved by the continuous modulation of the
arterial system compliance and resistance with respect to
LV systolic performance, and this physiological process is
key to maintain adequate LV stroke volume and cardiac
output.17 Because LV stroke volume depends on myocar-
dial contractility and loading conditions (i.e., preload and
afterload), any myocardial, valvular, and arterial dysfunc-
tion can lead to ventriculoearterial decoupling with
resulting decrease in LV myocardial contractility, stroke
volume, cardiac output, and organ perfusion,16,18,19

One approach to quantify ventriculoearterial coupling is
via the ratio of the effective arterial elastance (Ea) to the ven-
tricular elastance (Ees) measured on the LV pressureevolume

loop (Fig. 37.4, panelA).17,20 Ea is calculated as the ratio of the
end-systolic pressure to the LV stroke volume and is usually
considered a measure of the arterial hemodynamic load
imposed on the LV. Ees describes the maximal pressure that
can be developed by the ventricle at any given LVvolume. Ees
is an index of myocardial contractility that is relatively insen-
sitive to changes in preload, afterload, and heart rate. The Ea/
Ees ratio is useful to evaluate the mechanical efficiency of the
cardiovascular system and the interaction between cardiac
performance and systemic vascular function. An unbalance
between Ea and Ees as reflected by an increase or decrease in
the Ea/Ees ratio may lead to heart failure. The main limitation
of this approach to assess ventriculoearterial coupling is that
Ea is merely a function of systemic vascular resistance and
heart rate and is insensitive topulsatile arterial load.21,22Hence,
Ea is not an optimal and comprehensive metric of true arterial
load. Assessment of ventricularearterial coupling in the
pressureevolume plane is discussed in detail in Chapter 15.

Impact of aortic stenosis on ventriculoearterial
coupling

AS is the most common disease of the aortic valve. In AS,
the LV afterload is increased and as a consequence, the LV
stroke volume is reduced and the LV peak systolic pressure

FIGURE 37.2 Comparison of tricuspid and bicuspid aortic valve structures. Schematic representation of a normaldtricuspiddaortic valve with the
three cusps (A), a bicuspid valve with right noncoronary cusp fusion and one raphe (the line of union between the fused cups) (B), a bicuspid valve with
fusion of the right and left coronary cusps and no raphe (C), a bicuspid valve with righteleft coronary cusp fusion and one raphe (D), and a bicuspid valve
with fusion of the left and noncoronary cups and one raphe (E). LC, left coronary; LCA, left coronary artery; NC, noncoronary; RC, right coronary; RCA,
right coronary artery. Reproduced with permission from Lindman BR, Clavel MA, Mathieu P, et al. Calcific aortic stenosis. Nat Rev Dis Primers. 2016;
2:16006.
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FIGURE 37.3 Morphological and pathophysiological features of aortopathy in subjects with a bicuspid aortic valve. Panel A shows the fusion
configuration of the aortic-valve cusps lays the foundation for changes in aortic wall shear stress and the resultant flow pattern. In the righteleft fusion
pattern (A-1), the jet is directed toward the right anterior wall of the ascending aorta, where it travels in a right-handed helical direction to promote
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and end-diastolic pressures are increased (Fig. 37.4, panel
C). The stroke work, which is the area enclosed within the
LV pressureevolume loop, is increased. With advanced
severity of AS, Ea increases and Ees decreases resulting in
a marked augmentation of the Ea/Ees ratio and
ventriculoearterial “decoupling.” A ratio >1.0 is a marker
for the development of heart failure.

Ea is calculated from the LV end-systolic pressure and
therefore is influenced by arterial load but does not include
the valvular load per se. This valvular load is negligible in
patients with a normal aortic valve but is markedly
increased in patients with severe AS. To estimate the true
total (i.e., arterial þ valvular) hemodynamic load that the
LV is facing in patients with AS, one can calculate the
valvuloearterial impedance, which is the ratio of the LV
peak systolic pressure to the stroke volume index
(Figs. 37.5B and 37.6).23,24 The LV systolic pressure can
be estimated noninvasively by Doppler echocardiography
by adding the mean transvalvular gradient to the systolic
blood pressure. The rationale for using the stroke volume
index rather than the unindexed stroke volume as in the Ea
is that a small-size subject may have a much smaller stroke
volume than a large-size subject but nonetheless similar
arterial and LV pressures. The valvuloearterial impedance
represents the valvular and arterial factors that oppose
ventricular ejection by dissipation of the mechanical energy
developed by the LV. As opposed to Ea, this parameter also
includes the valvular load (i.e., the mean transvalvular
gradient) and it accounts for the interindividual variability
in body size. Valvuloearterial impedance val-
ues > 4.5 mmHg/ml m2 have been shown to provide in-
cremental value to predict symptoms, heart failure, and
mortality in patients with AS.24,25

The stroke volume index is a good surrogate marker of
the ventriculoearterial coupling and of the overall perfor-
mance of the cardiovascular system in patients with AS
(Fig. 37.6). Several studies and metaanalyses reported that
a low flow state defined as a stroke volume index <35 mL/
m2 (or <40 mL/m2 in men and <32 mL/m2 in women26) is
a powerful predictor of outcomes in patients with AS both
before and after aortic valve replacement.27,28 Although

from a mechanistic standpoint, it may be interesting to
measure Ea, Ees, and Ea/Ees ratio in patients with AS, from
a practical standpoint, however, it may be preferable and
easier to measure the valvuloearterial impedance (i.e., a
marker of the true total LV hemodynamic load) and the
stroke volume index (i.e., a downstream marker of
ventriculoearterial decoupling). These two parameters can
easily be measured in the echocardiography laboratory and
have shown to correlate well with invasive
measurements.29

Impact of aortic regurgitation on
ventriculoearterial coupling

Aortic valve regurgitation (AR) causes a volume overload
in the LV as well as in the arterial system. In patients with
AR, the LV end-diastolic volume is markedly increased due
to the enhanced ventricular filling. In the compensated
phase of the disease, the LV contractility increases as a
result of the increased preload and the FrankeStarling
mechanism and the LV end-systolic volume is only slightly
increased (Fig. 37.4, panel B).30 As a consequence, the LV
stroke volume, LV stroke work, and LV systolic pressure
increase. The Ea/Ees ratio is decreased compared to
normal. In the decompensation phase of the disease, the LV
end-systolic volume increases markedly, the LV contrac-
tility drops, and thus the LV stroke volume and systolic
pressure fall. Furthermore, the arterial load (Ea) is
increased. As a consequence, the Ea/Ees ratio increases and
there is ventriculoearterial decoupling.

Interaction between LV outflow tract
and aortic valve

When the blood flow passes through the aortic valve, there
is a contraction of the flow and for that reason, the valve
anatomic orifice area (AOA) is always larger than the valve
EOA, which represents the cross-sectional area of the vena
contracta (i.e., smallest section) of the transvalvular flow jet
(Fig. 37.5, panel A; Fig. 37.6).31,32 In the situation of a
normal aortic valve, there is no or minimal flow contraction

dilatation predominantly of the ascending aorta. In the pattern with fusion of the right and noncoronary cusps (A-2), the jet is directed toward the posterior
wall of the aorta, whereby the pattern of wall shear stress it causes may promote aortic dilatation within the proximal arch. Panel B shows the flow patterns
in bicuspid aortic valve disease. (B-1) Normal flow pattern, (B-2) right-handed helical flow, and (B-3) left-handed helical flow. The systolic flow angle (q)
is demonstrated in B-2: the angle between the aortic midline (dashed) and the instantaneous mean flow vector at peak systole (arrow). Panel C shows the
structural support and elasticity are afforded to the aorta by means of alternating layers of elastic lamellae and smooth-muscle cells. At the histologic level,
the smooth-muscle cells in the aorta in persons with tricuspid valves are secured to the adjacent elastin and collagen matrix by fibrillin 1 microfibrils (C-1).
The aorta in persons with bicuspid valves may be deficient in fibrillin 1. This deficiency culminates in a disrupted architecture whereby smooth muscle
cells detach, accompanied by a surge in local levels of matrix metalloproteinases (MMPs), leading to loss of integrity in the extracellular matrix and the
accumulation of apoptotic cells. These events may lead to an aorta with weakened structural integrity and reduced elasticity (C-2). Panels A and C
Reproduced with permission from Verma S, Siu SC. Aortic dilatation in patients with bicuspid aortic valve. N Engl J Med. 2014; 370:1920e1929; Panel
B Reproduced with permission from Bissell MM, Hess AT, Biasiolli L, et al. Aortic dilation in bicuspid aortic valve disease: flow pattern is a major
contributor and differs with valve fusion type. Circ Cardiovasc Imag. 2013; 6:499e507.
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at the level of the aortic valve and thus the EOA is almost
equal to the AOA. In this situation both the AOA and EOA
are normal and there is no or minimal pressure drop and
thus energy loss across the aortic valve. However, in the
presence of AS, the AOA is reduced because of the fibro-
calcific remodeling of the valve leaflets and the EOA is
further reduced compared to the AOA because of signifi-
cant flow contraction that occurs downstream of the valve
orifice. The transvalvular pressure gradient and thus the LV
pressure overload are essentially determined by the EOA
and the smaller the EOA the larger are the gradients and,
ultimately, the LV pressure overload (Fig. 37.6). The ac-
curate assessment of the hemodynamic severity of the
valvular stenosis is crucial for clinical decision-making in
patients with AS. The severity of AS is generally deter-
mined by measuring the pressure gradient across the valve
or, preferably the EOA, since it is less flow-dependent
(Fig. 45.5B). The EOA can be measured either by
Doppler echocardiography with the use of the continuity

equation or by left heart catheterization with the Gorlin
formula.33 The AOA can be measured by planimetry of the
valve orifice visualized by echocardiography, MDCT, or
CMR.

The main factors that influence the flow contraction
coefficient, i.e., the ratio of EOA/AOA, are the shape and
size of the LVOT and the magnitude of the LV outflow
(Fig. 37.5, panel A; Fig. 37.6). A decrease in stroke volume
and transvalvular flow results in more pronounced flow
contraction and thus in a smaller EOA relative to the
AOA.34 A larger LVOT cross section and/or an LVOT
shape with abrupt transition from LVOT to AOA (i.e., flat
valve inflow shape) are associated with greater flow
contraction.31,35,36 On the other hand, smaller LVOT size
or funnel-shaped LVOT allows more progressive conver-
gence of the flow toward the valve orifice and thus less flow
contraction downstream of the valve. Interestingly, in up to
75% of patients with AS LVOT has an hourglass (i.e.,
diameter at the annulus higher than 5e10 mm below) and

FIGURE 37.4 (Central Figure): Ventriculoevalvuloearterial coupling, assessed in the pressureevolume plane, in normal condition, aortic
regurgitation, and aortic stenosis. This figure shows the LV pressureevolume loops for different situations including normal condition (A), severe aortic
regurgitation (B), severe aortic stenosis with high gradient (C), paradoxical (preserved LV ejection fraction) and classical (reduced LV ejection fraction)
low-flow, low-gradient aortic stenosis (C). The dashed pressureevolume loop on Panels BeD represents the loop in normal condition. AS, aortic stenosis;
Ea, arterial elastance; EDPVR, end-diastolic pressureevolume relationship; Ees, ventricular elastance (end-systolic pressureevolume relationship).
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this has a significant impact on SVi and AVA estima-
tions.37 Depending on the conditions of LV flow and
LVOT size and shape, the contraction coefficient may vary
between 0.6 and 1.0 and thus major differences may be
observed between AOA and EOA.31,34e36 Hence, it is
preferable to use the EOA rather the AOA to assess the
hemodynamic severity of the aortic valve stenosis. In the
clinical setting, the EOA can be measured either by

Doppler echocardiography with the use of the continuity
equation or by left heart catheterization with the Gorlin
formula. CMR provides unique capabilities to measure flow
using phase-contrast imaging38,39 without doing geometric
(such as a circular LVOT which is known to be elliptic) or
fluid dynamics (such as a flat flow profile which in practice
is skewed) assumptions as compared to continuity equation
by echocardiography. The underlying principles of

FIGURE 37.5 Flow contraction and pressure recovery at the level of the aortic valve. Panel A shows the flow contraction that occurs downstream of
the aortic valve. The flow contraction is more pronounced when the valve aperture angle q is larger and so the valve inflow is flatter (A-1) compared to
smaller angle and funnel shape inflow (A-2 and A-3). The flow contraction coefficient (CC ¼ EOA/AOA) is close to 0.6 and so the effective orifice area is
much smaller than the anatomic orifice area when q is close to 90 degrees and it increases up 1.0 when q is < 20 degrees. In such case, there is little flow
contraction and the EOA is similar to the AOA. Hence, for the same AOA (i.e., size of aortic valve orifice), the EOA (minimal cross section of the
transvalvular flow) and thus the transvalvular pressure gradient and LV pressure overload may vary significantly depending on the valve inflow shape.
LVOT, Left ventricular outflow tract. Panel B shows the evolution of blood flow and pressure across the LVOT, aortic valve, and ascending aorta during
systole. When the blood flow contracts to pass through a stenotic orifice (i.e., the anatomic orifice area [AOA]), a portion of the potential energy of the
blood, namely, pressure, is converted into kinetic energy, namely, velocity, thus resulting in a pressure drop and acceleration of flow. Downstream of the
vena contracta (i.e., the effective orifice area [EOA]), a large part of the kinetic energy is irreversibly dissipated as heat because of flow turbulences. The
remaining portion of the kinetic energy that is reconverted back to potential energy is called the “pressure recovery” (PR). The global hemodynamic load
imposed on the left ventricle results from the summation of the valvular load and the arterial load. This global load can be estimated by calculating the
valvuloearterial impedance. In patients with medium or large size ascending aorta, the impedance can be calculated with the standard Doppler mean
gradient in place of the net mean gradient. AA, cross-sectional area of the aorta at the level of the sinotubular junction; DPmax, maximum transvalvular
pressure gradient recorded at the level of vena contracta (i.e., mean gradient measured by Doppler); DPnet, net transvalvular pressure gradient recorded
after pressure recovery (i.e., mean gradient measured by catheterization); LVOT, left ventricular outflow tract; PLVOT, pressure in the LVOT; SBP, systolic
blood pressure; SVi, stroke volume index; Vpeak, peak aortic jet velocity; Zva, valvuloarterial impedance. Panel C shows the pressure recovery phe-
nomenon in prosthetic heart valves in patients with large aorta diameter (I, minimal pressure recovery) and small aorta diameter (II, significant pressure
recovery). Panel A Adapted from Garcia D, Kadem L. What do you mean by aortic valve area: geometric orifice area, effective orifice area, or gorlin
area? J Heart Valve Dis. 2006; 15:601e608; Panel B Reproduced with permission from Pibarot P, Dumesnil JG. Improving assessment of aortic
stenosis. J Am Coll Cardiol. 2012; 60:169e180; Panel C Adapted with permission from Durko AP, Head SJ, Pibarot P, et al. Characteristics of surgical
prosthetic heart valves and problems around labeling: a document from the European Association for Cardio-Thoracic Surgery (EACTS)-The Society
of Thoracic Surgeons (STS)-American Association for Thoracic Surgery (AATS) valve labelling task force. J Thorac Cardiovasc Surg.
2019; 158:1041e1054.
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through-plane phase-contrast MRI relies on the acquisition
of flow-sensitizing bipolar gradients. Flow volume is
measured by the acquisition of a cross-sectional image of
the vessel or area of interest. Fluid velocity can then be
calculated for every pixel covering the region of interest,

which in turn represents a voxel of a given thickness (often
5 mm or more). The flow corresponds to the product of
every pixel fluid velocity multiplied by every pixel area.
Total flow is derived by the summation of all pixel flow
covering the area of interest.40,41 Though phase-contrast
CMR can be considered the noninvasive gold standard
for stroke volume estimations, a recent study by our group
showed that Doppler echocardiography provides compa-
rable stroke volumes versus phase-contrast CMR.37 How-
ever, phase-contrast CMR is known to underestimate
velocityetime integrals and peak velocities. This is due to
its lower temporal resolution in relation to Doppler, diffi-
culties in finding the exact perpendicular through plane
(position and angle) of the vena contracta and voxel aver-
aging of flow velocity.38 Thus, even though some studies
have shown the feasibility of AVA calculation by
CMR,42,43 a recent metaanalysis has confirmed that CMR
estimation of effective orifice area cannot be compared to
that of Doppler echocardiography.44 Time-resolved three-
directional velocity encoded phase-contrast-CMR (i.e.,
4D-flow)45,46 can overcome many of these limitations and
has a promising role in assessing blood flow and bloode
vessel interactions, such as energy loss, kinetic energy, and
shear stress.45e47 Therefore, CMR (and especially 4D flow)
will represent an important step toward improving the un-
derstanding of the complexities of ventriculoevalvuloe
arterial coupling.48 The main limitations of 4D flow phase-
contrast MRI are the long acquisition times need to encode
velocities in three dimensions, and its temporal resolution,
which remains limited even with very long acquisition
times.

Interaction between aorta and aortic
valve in aortic valve disease

Aortic stenosis

Effacement of sinotubular junction

The size and geometry of the aortic root and ascending
aorta may have an impact on the aortic valve mechanics
and hemodynamics. In particular, a recent study reported
that effacement of the sinotubular junction is independently
associated with faster AS progression.49 Indeed, this ab-
normality of the aortic root geometry may increase me-
chanical stress of aortic valve leaflets and disturb the flow
pattern at the aortic surface of the valve leaflets, which may,
in turn, alter the mechanobiology of the valve and promote
disease initiation or progression.

Pressure recovery

When the blood flow contracts to pass through a stenotic
orifice, a portion of the potential energy of the blood, i.e.,
pressure, is converted into kinetic energy, i.e., velocity,

FIGURE 37.6 Ventriculoearterial coupling and valvuloearterial
load in aortic valve disease. This figure illustrates the interplay between
the left ventricular, valvular, and arterial anatomic and hemodynamic
factors in the context of aortic valve stenosis. The flow ejected by the left
ventricle during systole contracts to pass through the stenotic aortic valve.
This flow contraction occurs, in large part, within the LV outflow tract but
increases further downstream to the valve. This is why the effective orifice
area (EOA, i.e., cross section of the vena contracta of the transvalvular
flow) is smaller than the anatomic orifice area (AOA) at the level of the
valve. The EOA is the main determinant of the pressure loss or pressure
gradient (50 mmHg in this case) that occurs between the LV outflow tract
and the vena contracta and that results in a pressure overload
(P ¼ 160 mmHg in this case) on the left ventricle. Downstream to the vena
contracta, a portion of the kinetic energy of the flow jet is, however,
reconverted into potential energy, i.e., pressure. This pressure recovery
phenomenon is more important when the ratio between the EOA and the
cross-sectional area of the ascending aorta (AA) is high because in this
context, there is less flow turbulences downstream to the valve and thus
less energy (pressure) loss. Because of the pressure recovery (þ15 mmHg
in this case), the blood pressure in the ascending aorta (125 mmHg) is
higher than at the level of the vena contracta (110 mmHg). The systemic
arterial compliance (SAC) is in large part determined by the compliance of
the aorta and large arteries, whereas the systemic vascular resistance (SVR)
is mainly determined by the small arteries. A reduction in SAC causes a
faster reflection of arterial waves from the periphery, which may contribute
to increase the aortic and then the LV systolic pressure. Hence, reduced
SAC and increased SVR contribute to increase the pulsatile (SAC) and
steady (SVR) components of the arterial impedance and thus of the
afterload imposed on the LV. In patients with aortic stenosis and
concomitant hypertension, the LV is facing a double load, i.e., a valvular
load because of the valve stenosis and an arterial load because of the
reduced SAC and/or increased SVR. The valvuloearterial impedance
(Zva) encompasses these factors and reflects the overall hemodynamic
burden imposed by the aortic valve, the aorta, and the arterial system on
the LV. The increase in LV afterload related to the increase in Zva leads to
reduced myocardial contractility and ventricularearterial uncoupling,
which, in turn, cause a reduction in stroke volume (SV).
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thus resulting in a pressure drop and acceleration of flow
(Figs. 37.5B and 37.6). Downstream of the vena contracta,
the flow jet reexpands and decelerates. Given that the total
energy must remain constant, the kinetic energy is con-
verted back into potential energy, i.e., blood velocity de-
creases, whereas blood pressure increases. However, this
energy conversion is not complete in the context of an
abrupt obstruction such as an aortic valve stenosis because
the sudden expansion of the flow jet downstream of the
vena contracta generates flow turbulences. As a result of
these turbulences, a large part of the kinetic energy is
irreversibly dissipated as heat. The remaining portion of the
kinetic energy that is reconverted back to potential energy
is called the “pressure recovery” (Figs. 37.5B and 37.6).
The extent of this pressure recovery essentially depends on
the relationship between the size of the valve orifice and the
size of the aorta.50e52 The smaller the valve EOA relative
to the size of the aorta, the more flow turbulences will occur
and the less energy will be available to be recovered as
pressure. Hence, the extent of pressure recovery generally
becomes clinically relevant in patients with smaller aortas,
i.e., with an aorta diameter at the sinotubular
junction �30 mm, and especially in those with mild,
moderate, or moderate-to-severe AS.50e54 Patients with a
large aneurysm of the ascending aorta have no pressure
recovery and therefore have a larger energy loss for a given
valve EOA. Congenital bicuspid AS is often associated
with dilation of the ascending aorta, which may reduce the
extent of pressure recovery and thereby increase the energy
loss at the level of the aortic valve/root. The same con-
siderations should be taken into account in the case of
aortic prostheses (Fig. 37.5C).55

Doppler-echocardiographic measurements rely on the
maximum velocity or gradient measured across the aortic
valve at the level of the vena contracta (Fig. 37.5B). On the
other hand, catheterization measurements are generally
performed at a few centimeters downstream of the valve,
where the pressure is fully recovered. As a result, the
pressure gradient recorded by catheterization, which cor-
responds to the “recovered” or “net” pressure gradient, is
generally lower than the Doppler gradient, which corre-
sponds to the maximum gradient recorded at the level of the
vena contracta.33 Likewise, EOA by the Gorlin formula is
derived from recovered pressures such that its value is
higher than EOA derived by the continuity equation, which
measures the actual area occupied by flow at the valvular
level. Hence, the extent of pressure recovery and thus the
discrepancies between Doppler and catheter measurements
are more important in patients with smaller aortas and/or
with mild, moderate, or moderate-to-severe AS. Nonethe-
less, these discrepancies can in large part be reconciled by
taking into account the pressure recovery phenomenon. To

this effect, one can calculate the “energy loss coefficient”
(ELCo), a new parameter proposed by Garcia et al. that
adjusts the Doppler EOA for the size of the aorta in order to
take into account the pressure recovery (Fig. 37.6):5

ELCo ¼ ðEOA�AAÞ=ðAA �EOAÞ
where AA is the cross-sectional area of the aorta measured at
about 1 cm downstream of the sinotubular junction. This
energy loss coefficient is easily measurable by Doppler
echocardiography and is more or less equivalent to the
catheter EOA calculated with the use of the Gorlin formula.
Several studies have demonstrated that the energy loss co-
efficient is superior to the Doppler EOA in predicting the
actual energy loss and the occurrence of LV dysfunction
and adverse outcomes in patients with AS.50,56 Not
accounting for pressure recovery in patients with small
aortas may lead to overestimation of severity by Doppler
echocardiography and unwarranted investigations or
interventions.

Pressure recovery also occurs downstream of surgical or
transcatheter prosthetic valves that are used to replace the
disease native aortic valve. It is important to make a
distinction between the pressure recovery phenomenon that
may occur with any type of native or prosthetic aortic valve
versus the localized high gradient phenomenon that occurs
within the central orifice of the bileaflet mechanical valves.
As for the native aortic valve, the magnitude of pressure
recovery is higher in patients with a small aorta. Further-
more, recent studies suggest that pressure recovery may be
relatively more important in prosthetic valves versus native
disease aortic valves and in transcatheter versus surgical
bioprosthetic aortic valves.57e59

Interaction between hypertension and AS

Arterial hemodynamics, and, in particular arterial compli-
ance, may also interact with the diagnosis of AS. Hyper-
tension may contribute to increase the LV afterload and
therefore lead to a decrease in LV contractility, stroke
volume, and transvalvular flow.60e62 Given that the trans-
valvular pressure gradient is highly flow dependent, any
decrease in flow may substantially reduce the gradient (i.e.,
low-flow, low-gradient pattern) and thereby lead to an
underestimation of stenosis severity. Hence, when hyper-
tension and AS coexist, there is a decrease in flow that
leads to a “pseudo-normalization” of gradient and also
blood pressure with ensuing underestimation of both AS
severity and hypertension severity.63 In contrast to the
gradient, the EOA measured in a hypertensive patient may
yield to an overestimation of stenosis severity. Indeed,
although less flow dependent than the gradient, the EOA
may nonetheless decrease with decreasing flow rate and
may thus be “pseudo-severe.”60,61
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It has also been suggested that a reduction in arterial
compliance, which is frequent in patients with bicuspid AS
or in older patients with trileaflet, AS may cause a decrease
in the gradient, independently of transvalvular flow
(Fig. 37.6).64,65 Indeed, faster and earlier reflection of
arterial wave from the periphery may blunt the trans-
valvular gradient. This phenomenon may, at least in part,
be responsible for some of the discordant grading (i.e.,
small EOA with low gradient) situations observed in pa-
tients with AS and normal flow rate. Hence, in patients with
hypertension, it is recommended to reassess severity after
normalization of blood pressure.

Systemic arterial hypertension is associated with faster
progression of aortic valve calcification and stenosis.66 This
association may be explained, at least in part, by the
increased mechanical stress on aortic valve leaflets and by
the disturbed flow transaortic flow patterns caused by
hypertension.

Aortic regurgitation

Aortic regurgitation can result from abnormalities of the
aortic valve leaflets or from dilation of the aortic root.
When the aortic leaflets are involved, there is frequently a
destructive process occurring such as infective endocarditis,
rheumatic heart disease, or degenerative valvular disease.
Any disease process that results in dilation of the aortic root
(i.e., Marfan’s syndrome, BAV, etc.) may cause a tethering
of the leaflets and thus a lack of coaptation in diastole.
Similarity with the Carpentier’s mitral classification, aortic
regurgitation caused by leaflet tethering is often referred as
type I.67 Dilatation can affect the ascending aorta starting
from the sinotubular junction (Type IA) or can present as
an aneurysm of the entire aortic root with dilation of the
aortic annulus, the sinuses of Valsalva and the sinotubular
junction (Type IB). Surgical treatment is different in both
types, consisting in a supracoronary tube graft sutured
above the aortic root without need for coronary arteries
reimplantation in the type IA, while in type IB, the entire
aortic root is replaced, and the coronary ostia reimplanted,
the native aortic valve being spared if its leaflets are
normal.

Interaction between aorta, aortic valve,
and LV in AS

The pathophysiology of heart failure in AS is essentially
determined by the extent of imbalance between the increase
in LV hemodynamic load due to the valvular obstruction

and/or concomitant arterial hypertension, on the one hand,
and the capacity of the LV to overcome this increase in load
both at rest and during exercise, on the other hand
(Figs. 37.4 and 37.6). In patients with calcific AS, several
factors may lead to an unbalance between Ea and Ees and
thus to ventriculoearterial decoupling.

First, the aortic valve obstruction contributes to increase
in the LV afterload. In response to pressure overload, the
LV generally develops concentric remodeling. This is an
adaptive process whereby the increase in wall thickness
tends to stabilize the wall tension. This adaptive process is
initially useful to maintain myocardial contractility and
systolic function. However, with progression to more
advanced stages of AS, LV hypertrophy is not able to
compensate for the increase in afterload and myocardial
contractility decreases due to afterload mismatch. Further-
more, because of the major LV pressure overload and the
pronounced LV hypertrophy, the coronary perfusion de-
clines, whereas the myocardial oxygen demand increases,
thus leading to repetitive myocardial ischemia. These pro-
cesses in turn induce dysfunction and then apoptosis of
myocytes and development of myocardial fibrosis, which
leads to reduced LV myocardial contractility (decrease in
Ees) and compliance (increase in LV end-diastolic pres-
sure). Hence, in the more advanced stages of the disease,
patients develop LV diastolic and systolic dysfunction,
which eventually progress to heart failure. Therefore, AS is
currently considered a disease of both the valve and the
myocardium.68 The myocardial response of the LV to AS
has a major impact on the presence of symptoms and
clinical outcomes, but the timing and type of LV remod-
eling is not predictable for the individual patient and is
influenced by other load-independent factors such as the
metabolic milieu. Advanced cardiac imaging has greatly
contributed to the understanding of the complex interaction
between the increased afterload (both valvular due to AS
and vascular due to increased peripheral resistance and
aortic impedance) and the myocardial consequences (LV
hypertrophy, adverse remodeling, myocardial fibrosis, and,
ultimately, decreased contractility).69 However, the amount
on which decreased LVEF is secondary to increased
afterload (“afterload mismatch”, therefore relieved by
AVR) or to intrinsic myocardial damage has proven to be
difficult to assert. Several echocardiographic and CMR
imaging biomarkers of early “subclinical” systolic
dysfunction (e.g., LVEF 50%e59%, decreased global
longitudinal strain, midwall focal fibrosis and increased
extracellular volume) are being currently tested in ran-
domized clinical trials as markers for an earlier intervention
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in asymptomatic stages (EVoLVeD, NCT03094143;
EARLY-TAVR, NCT03042104).70 Furthermore, the
interaction of a nonsevere increase in afterload (moderate
AS) with an already failing LV has been shown to be
associated with worse outcomes and, therefore, an early
intervention might be of benefit. This hypothesis is
currently being tested in the TAVR-UNLOAD randomized
clinical trial (NCT02661451).71

Second, patients with calcific AS are generally older
and thus frequently have reduced arterial compliance and
associated systolic hypertension.23,66,72 As a matter of fact,
hypertension, and particularly systolic hypertension, is
highly prevalent (30%e70%) in patients with AS.23,72

These patients thus often have increased Ea as a result of
concomitant reduced arterial compliance and increased
vascular resistance.16,73 Because the LV of these patients is
facing a double (i.e., valvular þ arterial) hemodynamic
load, they are predisposed to the development of symp-
toms, LV dysfunction, and heart failure
(Fig. 37.6).23,24,72,74 To this effect, Antonini-Canterin et al.
also reported that symptoms of AS develop at an earlier
stage (i.e., nonsevere) of the valvular stenosis in hyper-
tensive patients compared to normotensive ones.74 LV
dysfunction may also develop at a lower degree of AS
severity in patients with concomitant hypertension.23,24

Recent studies also suggest that hypertension may accel-
erate the progression of the severity of AS per se.66,75

Finally, the presence of hypertension is associated with a
twofold increase in the risk of all-cause mortality in patients
with AS.72,75 Once again, advanced cardiac imaging (and
especially 4D-Flow CMR) allows to noninvasively assess
arterial physiology, such as aortic pulse wave velocity,76

wall shear stress,77 and advanced hemodynamic measures
such as vorticity and helicity, flow displacement, pressure
gradients, viscous energy loss, and turbulent kinetic energy
(Fig. 37.7).45 Furthermore, the combination of valvular
(AS) and vascular (increased peripheral vascular resistance,
increased or premature wave reflection, and/or decreased
vascular compliance) hemodynamic load cumulate to in-
crease LV afterload and, thus, the degree of LV hypertro-
phy and myocardial fibrosis.73 Hence, it is crucial to
optimize diagnosis and treatment of systemic arterial hy-
pertension in patients with aortic valve disease.

Third, Ees is often reduced in AS patients, thus further
contributing to the increase in Ea/Ees ratio, ventriculoe
arterial decoupling, and heart failure. The main factors
responsible for the decline in Ees in AS are (i) LV afterload
mismatch and associated decrease in myocardial

contractility related to the disproportionate increase in LV
afterload (resulting from AS and frequent concomitant
hypertension) relative to LV performance; (ii) Impaired LV
contractility due to concomitant coronary artery diseased
which is also frequent in the elderly population with AS,
myocardial fibrosis78 or concomitant cardiac amyloidosis.79

The ventricularearterial decoupling ultimately results in
a decline in LV ejection and stroke volume, which yields to
heart failure symptoms.80,81 Furthermore, in these condi-
tions of low flow state, the transvalvular gradient, which is
highly flow dependent, may decrease and thus underesti-
mate the actual severity of the stenosis.80,82 Dobutamine
stress echocardiography may be useful to confirm the ste-
nosis severity in these patients with low LV ejection frac-
tion, low-flow, low-gradient AS (Fig. 37.4). However, the
recent advent of MDCT aortic valve calcium quantification
has revolutionized AS evaluation in the last years. It re-
quires an ECG-gated, noncontrast acquisition with low
radiation (<1 mSv). Quantification relies on the Agatston
method using semiautomated software and provides a flow-
independent quantitative assessment of AS anatomical
severity. Details on the scan protocol, quantitative analysis,
and caveats have been recently published.83 AVC quanti-
fication has excellent reproducibility and performance for
AS severity assessment and has consistently proven to be of
incremental prognostic value in several studies.84,85

Furthermore, it has been incorporated into ESC/EACTS
guidelines to be used in patients with symptomatic,
discordant grading AS and both reduced (<50%) and
preserved LVEF (�50%).86 Due to sex differences in AS
pathophysiology (women present with more fibrosis and
less calcification than men87), specific cutoffs defining se-
vere AS differ for women (�1200 Agatston Units [AU])
and men (�2000 AU).

However, the majority of patients with severe AS
develop symptoms prior to decline in LV ejection fraction.
In these patients, the symptoms are mainly related to the
development of LV diastolic dysfunction and increased LV
filling pressures. When it becomes severe and evolves to-
ward restrictive pattern, LV diastolic dysfunction can even
cause a low-flow, low-gradient phenotype but with pre-
served LV ejection. This entity is named “paradoxical”
low-flow, low-gradient AS and it corresponds to the “heart
failure with preserved LV ejection fraction, i.e., HFpEF”
form of AS, whereas the classical low-flow, low-gradient
with low LVEF described above represents the “heart
failure with reduced LV ejection fraction, i.e., HFrEF” form
(Fig. 37.4).80,82 As mentioned previously, in patients with
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FIGURE 37.7 Cardiovascular magnetic resonance 4D flow for assessment of advanced hemodynamic measures. Panel A: Turbulent kinetic energy
(in Joules/m3) in a patient with AS (top) and a healthy volunteer (bottom). Panel B: 3D flow visualization of streamlines (left panel) and flow displacement
(right panel)da semiquantitative measurement of flow eccentricitydin patients with tricuspid and bicuspid aortic valves with right-left and right-
noncoronary cusp fusion. Different flow patterns showed association with specific types of aortopathy. Panel C: Average of 3D wall shear stress in
healthy controls (A), dilation of the aorta with tricuspid aortic valve (B) and aortic stenosis (C). Panels AeC Reproduced with permission from Garcia J,
Barker AJ, Markl M. The role of imaging of flow patterns by 4D flow MRI in aortic stenosis. JACC Cardiovasc Imag. 2019; 12:252e266.
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paradoxical low-flow, low-gradient AS, quantitation of
aortic valve calcium burden by CT may be used to confirm
stenosis severity.

Impact of arterial load following aortic
valve replacement

Aortic valve replacement addresses the aortic valve disease
per se and therefore corrects the valvular hemodynamic
load imposed on the LV. However, this procedure does not
correct the arterial abnormalities associated with the aortic
valve disease, if any (Fig. 37.8). New onset or a worsening
of arterial hypertension is frequently observed following
aortic valve replacement.88,89 This intriguing phenomenon
may be related to the increase in stroke volume and cardiac
output resulting from the LV afterload reduction achieved
by the valve replacement procedure. The postprocedural
increase in flow may lead to an increase in systemic arterial
pressure and may therefore unmask a preexisting hyper-
tensive disease in patients with severe AS, low flow state,
and thus pseudo-normal arterial pressure prior to the pro-
cedure. Furthermore, Yotti et al. reported that aortic valve
replacement may be associated with an acute worsening of
the arterial load in patients with severe AS (Fig. 37.8).88

Indeed, the valvular obstruction may dampen forward and
backward compression waves in the arterial tree of these
patients. An acute relief, by aortic valve replacement, of
this valvular obstruction and of the associated dampening
effect may actually result in an increase in the arterial load,
and particularly of its pulsatile component. This may, in
turn, limit the benefit of the valve procedure on the
reduction of LV afterload and thus on the postprocedural
regression of LV hypertrophy and improvement of patient’s
functional status. Several studies reported that abnormal
arterial properties and increased arterial load are important
determinant of i) the persistence of LV hypertrophy,

ventriculoearterial uncoupling, and low-flow state; ii)
suboptimal improvement in functional capacity and quality
of life; iii) persistent or recurrent heart failure; and iv)
mortality following aortic valve replacement.73,89e91 In
particular, systemic arterial compliance is often abnormal in
patients with severe calcific AS and appears to be the most
important contributor to postprocedural outcomes. Given
that patients with severe AS are often in low flow state both
before and after aortic valve replacement, increased pul-
satile arterial load, rather than blood pressure, may be a
target for adjunctive medical therapy to improve outcomes
after TAVR.89

Conclusion

Optimal anatomical and functional interplay between the
LV, the aortic valve, and the aorta is essential to maintain
adequate blood flow and pressure, and thus adequate organ
perfusion (Fig. 37.6). Any abnormality in the anatomy or
the function of any of these three entities may cause a
ventriculoearterial decoupling, which may in turn lead to
heart failure. The assessment of the ventriculoevalvuloe
arterial coupling may thus help to identify patients with
ventricular, valvular, or arterial diseases being at risk for
the development of heart failure and also to reconcile
discordant situations such as i) EOA being smaller than the
AOA in patients with AS; ii) the concomitance of a small
EOA with a low gradient in patients with low-flow or
normal-flow AS; iii) the underestimation of AS severity in
patients with concomitant arterial hypertension; iv) and the
development of LV dysfunction in patients with nonsevere
AS or AR but concomitant arterial hypertension. Advanced
cardiac imaging, and especially 4D-CMR, has a funda-
mental role in assessing the complex interaction between
the LV, aortic valve (stenotic and/or regurgitant), and the
arterial system.

FIGURE 37.7 cont’d
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FIGURE 37.8 Changes in arterial load following transcatheter aortic valve replacement in patients with severe AS. Panels A and B: Aortic
impedance and wave intensity analysis are shown in a patient before (A) and after (B) transcatheter aortic valve replacement (TAVR). Aortic systolic and
pulse pressures increased after TAVR. Fourier decomposition of the simultaneous aortic pressure and velocity signals shows that SVR and the first three
harmonic frequencies of the impedance spectrum (Z) increase after TAVR. Wave intensity analysis was used to separate total wave intensity into
contributions from the forward (dIwþ) and backward (dIw-) traveling waves. Compression waves (salmon) increase pressure, and expansion waves (green)
decrease aortic pressure. The forward compression wave (FCW) increases immediately after TAVR. BCW, backward compression wave; BEW, backward
expansion wave; dIw, wave intensity; FEW, forward expansion wave; LA, left atrium; LV, left ventricle; SVR, systemic vascular resistance. Panel C:
Boxplots and individual value plots (patients showing a decrease [salmon] or increase [blue] in SVI after TAVR) show values of mean pressure gradient,
systolic blood pressure, peak left ventricular pressure, and stroke volume index (SVI) in 23 patients with severe AS before and after TAVR.
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Introduction

There are two common types of arterial disease: athero-
sclerosis triggered by endothelial damage and stiffness of
the large arteries (which is linked to small artery remod-
eling). Atherosclerosis is primarily associated with, and
promoted by, the presence of metabolic risk factors
(e.g., dyslipidemia, diabetes mellitus),1,2 whereas arterial
stiffness is closely associated with aging and hypertension.3

Large artery stiffness is an important contributor to
atherosclerotic cardiovascular disease (CVD) and to
microvascular disease, which in turn plays a role in renal
and cerebrovascular disease.4

Vascular failure: interaction between
atherosclerosis and arterial stiffness

Progressive atherosclerosis is characterized by accumula-
tion of inflammatory cells, lipids, fibrous elements, and
calcification in the wall of larger arteries, resulting in pro-
gressive narrowing of the vessel lumen.5,6 This narrowing
reduces the ability of arteries to deliver oxygen-rich blood
to important organs like the heart and brain. Endothelial
dysfunction, which reflects the inability of the vascular
endothelium to maintain homeostasis, plays a fundamental
role in the development of atherosclerosis.2,7e11

A reduction in the ability of an artery to expand and
contract in response to pressure changes is known as arte-
rial stiffening.5 This progressive phenomenon occurs as a
result of the thickening and stiffening of the wall material
(arteriosclerosis),6,12,13 and is closely associated with age
and hypertension.3 From an early age, blood pressure (BP)-
related stress on the arterial wall may initiate endothelial

cell damage that contributes to the atherosclerotic process
(Fig. 38.1).14 Thus, endothelial dysfunction might represent
the first step in the pathophysiology of atherosclerosis, prior
to the development of arterial stiffness.15 However, endo-
thelial dysfunction and arterial stiffness may develop
simultaneously, or arterial stiffness may even occur before
endothelial dysfunction.15 At later stages (and older ages),
the circumferential force of BP and resulting stretch of the
arterial wall may trigger rupture of an atherosclerotic pla-
que or the arterial wall, resulting in the occurrence of an
atherothrombotic CVD event (Fig. 38.1).14

Significant relationships between endothelial dysfunc-
tion and arterial stiffness have been reported in longitudinal
studies.16 A study of Japanese patients with treated hyper-
tension found a significant association between endothelial
dysfunction (based on flow-mediated vasodilatation of the
brachial artery) and longitudinal progression of arterial
stiffness (determined using brachial-ankle pulse wave ve-
locity [baPWV]).2 However, the potential mechanisms
linking arterial stiffness and atherosclerosis have not been
widely studied to date.17 Increasing arterial stiffness is
associated with increases in systolic BP (SBP) and pulse
pressure. Higher SBP increases afterload leading to left
ventricular (LV) hypertrophy, and lower diastolic BP (DBP)
decreases coronary perfusion. Both of these effects
contribute to myocardial ischemia and coronary atheroscle-
rosis. Increased pulse pressure is associated with damage of
the blood‒brain barrier, contributing to cerebral atheroscle-
rosis. In addition, arterial stiffness directly or indirectly
contributes to vascular remodeling, progression of atheroma,
endothelial dysfunction, accumulation of extracellular ma-
trix, oxidative stress, and plaque rupture.17 Furthermore, risk
factors for atherosclerosis (e.g., hypertension, diabetes,
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dyslipidemia, smoking, inflammation, etc.) are also risk
factors for arterial stiffness, contributing to the high cardio-
vascular (CV) morbidity and mortality associated with these
conditions.

Pulse wave velocity and atherosclerosis

Perhaps the most widely studied and most commonly used
measure of arterial stiffness studied to date is pulse wave ve-
locity (PWV).18,19 This parameter reflects segmental arterial
elasticity. Increasing arterial stiffness is associated with an
increase in the propagation speed of the pulse wave generated
by contraction of the left ventricle.15There are two approaches
to evaluating PWV: carotid-femoral (cf) PWV (which is a
measure of aortic stiffness) and baPWV (which provides an
indication of stiffness in both the aorta and peripheral
muscular arteries). PWV is determined to a large extent by BP
and age, and is also influenced by genetics, CV risk factors,
and the presence and extent of atherosclerosis.20e29

There is a large body of evidence for significant asso-
ciations between PWV and the presence of atherosclerosis
in coronary, cerebral, and carotid arteries.

In coronary arteries

In symptomatic patients, both cfPWV and baPWV have
been significantly associated with the presence and severity
of invasively assessed coronary artery disease
(CAD).23,30e37 Similar associations have been reported in
patients with type 2 diabetes mellitus. In one of these
studies, coronary plaques with unfavorable characteristics
were more prevalent in asymptomatic patients with well-
controlled type 2 diabetes compared with healthy con-
trols. In addition, the presence of coronary plaques was
significantly and independently associated with baseline
cfPWV, independent of age, sex, diabetes, and BP.38

Studies of middle-aged adults without CAD reported a link
between baPWV and atherosclerosis (based on the presence
of coronary artery calcification).21,39e42 These data high-
light the potential for evaluation of arterial stiffness to
identify the presence of subclinical atherosclerosis, facili-
tating early intervention to reduce the risk of atherosclerosis
progressing to overt CAD, and prevent the clinical adverse
events that occur in patients with symptomatic CAD.

In cerebral arteries

Data from population studies and patients with hyperten-
sion highlight a link between baPWV or cfPWV and the
presence of cerebral small vessel disease, including cerebral
microbleeds, white matter hyperintensity, or lacunar
infarction.25,43e48 These subclinical manifestations of ce-
rebral atherosclerosis are common in older populations and
are recognized as important risk factors for cognitive
impairment and stroke.49,50 PWV has also been associated
with the longitudinal progression of cognitive decline in the
elderly.51,52

In patients with ischemic stroke, it has been reported
that baPWV is significantly correlated with calcification or
stenosis of cerebral arteries.53,54 In addition, baPWV in-
creases the risk of cerebral infarction, above and beyond the
risk associated with traditional risk factors, including hy-
pertension, diabetes, dyslipidemia, and fasting blood
glucose.55 However, not all studies have reported these
positive associations. One cross-sectional study of 66 pa-
tients with stroke found that baPWV was not independently
associated with an increased risk of stroke, white matter
hyperintensity, or cerebral microbleeds after adjustment for
potential confounders (e.g., hypertension).56 However, this
was a small study, and the majority of currently available
data support an association between PWV and cerebral
atherosclerosis.

FIGURE 38.1 Progressive atherosclerotic process
throughout the lifespan, associated with blood pressure
(BP) and endothelial dysfunction contributing to increased
arterial stiffness, leading to the development of cardio-
vascular disease (CVD) and triggering of an acute CVD
event.
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In the carotid artery

Intima-media thickness (IMT) in the carotid artery is
generally considered an atherosclerotic marker, and has
been associated with the occurrence of both stroke and
CAD.57,58 Carotid IMT has shown a positive linear corre-
lation with cfPWV in general population studies,59e62 and
in patients with hypertension63 or diabetes.61 In addition,
data from cross-sectional or longitudinal studies show an
association between baPWV and increased carotid IMT or
formation of atherosclerotic plaques in the carotid artery in
community-based populations,64,65 and in patients with
hypertension,66 cerebral artery thrombosis,67 end-stage
kidney disease,68 or type 2 diabetes mellitus.69 Again, the
majority of data support a relationship between PWV and
carotid atherosclerosis, but one study showed that only
cfPWV (not baPWV) was significantly associated with
carotid IMT in a general population.59

Cardio-ankle vascular index and atherosclerosis

The cardio-ankle vascular index (CAVI) is a newer measure
that provides information on arterial stiffness from its origin at
the aorta to the ankle.70 There is a linear increase inCAVIwith
age71e74 but, in contrast toPWV,CAVI is largely independent
of BP.70,75 Data from a study conducted in Japan showed a
statistically significant positive correlation between IMT of
the carotid artery and CAVI in patients with essential hyper-
tension, suggesting that CAVI may be a useful marker for
evaluating atherosclerosis in this patient group.76CAVI is also
significantly associated with the degree of coronary artery
calcification and stenosis in asymptomatic subjects,77 andmay
therefore be useful as a screening tool to reveal the subclinical
atherosclerotic burden in symptom-free individuals. It has
been suggested that a CAVI of�8.0 might be associated with
subclinical arterial stiffening and/or subclinical atheroscle-
rosis, and CAVI �9.0 seems to be associated with an
increased CV risk based on currently available data.15 How-
ever, caution needs to be exercised when applying CAVI
cutoff values in the general population due to a lack of lon-
gitudinal data from population-based studies.15

Support for an association between arterial stiffness
determined using CAVI and atherosclerosis comes from the
growing body of evidence highlighting the relationship be-
tween CAVI and future CV events.78e84 In addition, CAVI
appears to add value to the coronary artery calcium score for
the assessment of future CVD risk.78 Longitudinal assess-
ment of CAVI showed that the incidence of CVD events
over a mean 2.9 years of follow-up was significantly lower
in patients/subjects/individuals who did versus did not show
an improvement in CAVI over the first 6 months.82

Other arterial stiffness parameters

Several other parameters can provide data on arterial
stiffness.85 These include the beta stiffness index of the

carotid artery evaluated by carotid ultrasound and aortic
stiffness evaluated by magnetic resonance imaging (MRI).
Increased arterial stiffness detected using these measures
reflects an increase in both structural stiffness due to
changes in the matrix (smooth muscle cell hypertrophy,
increased collagen, decreased elastin, and fibrosis) and
functional stiffness due to neurohumoral activation (acti-
vation of sympathetic nervous system, renin‒angiotensin‒
aldosterone system, endothelin system, etc.). The stiffness
parameter beta reflects arterial stiffness without the influ-
ence of BP,86 and was used in the development of CAVI.

Another potential measurement that may be related to
arterial stiffness is reflection magnitude (RM), which is
defined as the ratio of the amplitude of the backward wave
to that of the forward wave.87e89 RM is determined by the
structure and function of the total arterial tree, including the
central aorta and peripheral arteries of different diameters.
Rather than a stiffness index per se, pronounced wave re-
flections interact with high aortic stiffness (PWV) such that
in the presence of a stiff aorta (high PWV), they increment
LV afterload, whereas in the presence of an elastic aorta
(low PWV), they increase coronary perfusion pressure.
Wave RM has been shown to be a strong predictor of
incident heart failure (HF) and CV events in prospective
studies in older populations (which tend to have stiff
aortas).87,88

Interaction between vascular disease
and hemodynamic stress

The prognostic significance of arterial stiffness is likely to
be due, at least in part, to the adverse hemodynamic effects
associated with stiffened arteries, including increased sys-
tolic load and decreased myocardial perfusion pressure.5

Increases in large artery stiffening with advancing age in-
crease the pressure required to generate blood flow (known
as characteristic impedance), resulting in impaired ven-
tricular:vascular coupling.90 This accounts for the marked
increases in systolic pressure and pulse pressure as age
increases, and the associated increase in ventricular load,
which contributes to the development of HF, especially HF
with preserved ejection fraction.91e94

Hemodynamic factors influence several aspects of
vascular physiology and play an important role in vascular
homeostasis, meaning that they contribute to the develop-
ment of vascular pathologies, including atherosclerosis.95

Local flow hemodynamics (e.g., endothelial sheer stress)
and inflammatory mechanisms both contribute to localized
alterations in the endothelium that progress to atheroscle-
rosis.96 The preferential localization of atherosclerotic
plaques at branches and sharp bends in the arterial system is
indicative of an important role for hemodynamics in the
development of atherosclerosis.97

By definition, BP is associated with cyclic physical
stress on the CV system, including continuous vertical
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physical force on arterial walls.98 The shape of the pulse
wave changes based on cardiac function and vascular tone
and differs between central and peripheral arterial sites.98

Exaggerated BP surges place strain on the CV system,
especially in the presence of stiffened arteries. The syn-
chronization of a variety of BP surges with different time
phases and triggers (resonance hypothesis of BP surge)99 is
likely to be particularly problematic in terms of increasing
hemodynamic stress and impact on atherosclerotic vessels,
and is a potential mechanism for triggering of CV events.85

Exaggerated BP surges occur more frequently in the
morning compared with other times of the day because
baroreflex sensitivity is reduced in the morning due to
increased central sympathetic activation at this time.85

SHATS: a proposed novel clinical entity

The term systemic hemodynamic atherothrombotic syn-
drome (SHATS) has been proposed to describe an age-
related and synergistic vicious cycle of hemodynamic
stress and vascular disease (Fig. 38.2).85,100,101 A syner-
gistic combination of different forms of BP variability
(BPV) and hemodynamic stress related to vascular disease
forms the basis of the SHATS concept. This approach also
separates the role of physical hemodynamic stress from
other CV risk factors (e.g., hyperglycemia, dyslipidemia,
and inflammatory processes.).101

The clinical manifestations of SHATS including com-
mon CV conditions such as stroke, CAD, and HF; small
artery disease and microvascular disease‒related conditions
such as dementia, chronic kidney disease (CKD), and
retinopathy are also closely linked with SHATS (Fig. 38.3).

Mechanisms and evidence

BP variability

Increasing arterial stiffness due to aging and in the presence
of hypertension is closely associated with BPV, including

the morning BP surge.102 Variability in BP is seen across a
variety of timeframes (beat-by-beat, diurnal, day-by-day,
visit-to-visit, and yearly). BP also varies based on different
environmental stimuli (e.g., temperature, humidity, light
level, etc.) and by season (being higher in winter and lower
in summer).103 BPV increases with increasing age, and
although most forms are related, the magnitude of vari-
ability differs between individuals.104e107 Growing evi-
dence suggests that each type of BPV is associated with
organ damage and CVD.103,106e108 The synergistic reso-
nance hypothesis suggests that various forms of BPV could
coincide to generate a large dynamic surge in BP, which in
turn would trigger CV events, especially in high-risk pa-
tients with arterial stiffening (Fig. 38.4).99,109

Hemodynamic factors

The hemodynamic stress of SHATS refers to the combi-
nation of BP-related circumferential stress and blood flow‒
related shear stress. This means that BP is the most
important hemodynamic component of SHATS.100 BP
represents the continuous physical force transmitted to
cardiac and arterial walls by cyclic cardiac contractions.
Even when SBP and DBP values are the same, there may
be different continuous waveform shapes in each cycle that
produce different stress on the CV system. Cardiac function
and vascular tone influence the shape of pressure wave-
forms, and differ based on location of atherosclerotic pla-
ques (e.g., central CV system or peripheral sites).

SHATS is characterized by increased LV afterload via
high aortic stiffness and a reduced transit time of reflected
pulse waves. Therefore, reflected waves arrive at the heart
in systole, while the left ventricle is ejecting blood,
increasing late systolic LV afterload. Increased LV after-
load, particularly late systolic load from wave reflections,
promotes chronic LV hypertrophy,110,111 diastolic
dysfunction,112e114 and atrial dysfunction,115 and is asso-
ciated with an increased risk of HF.87,116 Acutely elevated

BP (flow) variability
Central/focal BP (flow)

Large artery disease
“Strain vessel” disease

(small artery disease)

Vicious
cycle

Cardiovascular event 
Organ damage 

Hemodynamic stress Vascular disease

BP biomarkers
BP variability
Morning surge
Sleep surge
Central pressure

Cardiorenal and brain     
biomarkers
NT-proBNP (BNP) 
UACR, ECG / Echo,  
MRI (brain, heart)      

Regulation biomarkers
Baroreflex sensitivity    

Vascular biomarkers
CAVI, PWV
FMD
Reflection magnitude
AI, aortic MRI parameters

Brain
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FIGURE 38.2 Systemic hemodynamic atherothrombotic
syndrome (SHATS)dacceleration of the risk of cardio-
vascular events and organ damage via a vicious cycle of
hemodynamic stress and vascular disease. AI, augmenta-
tion index; BP, blood pressure; CAVI, cardio-ankle
vascular index; ECG, electrocardiography; Echo, echocar-
diography; FMD, flow-medicated dilatation; MRI,
magnetic resonance imaging; NT-proBNP, N-terminal pro-
brain natriuretic peptide; PWV, pulse wave velocity;
UACR, urinary albumin/creatinine ratio. Reproduced, with
permission, from Kario K, Chirinos JA, Townsend RR,
et al. Systemic hemodynamic atherothrombotic syndrome
(SHATS) - coupling vascular disease and blood pressure
variability: proposed concept from Pulse of Asia. Prog
Cardiovasc Dis. 2020;63(1):22e32.
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LV afterload secondary to exaggerated BP surges increases
LV pressure and may contribute to triggering acute HF in
high-risk patients with stiff arteries and LV hypertrophy.

Systemic BP-dependent hemodynamic stress affects the
microcirculation, and could therefore contribute to age-
related microcirculatory disease, including white matter
disease (predisposing to dementia, depression, and falls in
the elderly),117,118 cardiac diseases such as microvascular
angina and HF with preserved ejection fraction,119 and
CKD.120

Vascular component

Large arterial atherosclerosis with arterial stiffness is the
central vascular component of SHATS. Stiffened conduit
arteries (e.g., the aorta) do not properly absorb the power of

the pulse (BP surge), and this is therefore transmitted to
peripheral atherothrombotic plaques, resulting in plaque
rupture and triggering atherothrombotic events such as
myocardial infarction and stroke.

Microvascular disease in strain vessels also plays a key
role in SHATs. Even in the absence of a large artery
atherosclerotic plaque, exaggerated BP surge that is not
absorbed at the conduit arteries is transmitted to small ar-
teries anatomically exposed to high pressure that must
maintain strong vascular tone in order to dampen the
penetration of large pressure gradients from large arteries to
the capillaries (known as strain vessels).121 The higher wall
strain on these strain vessels is partly due to their size,
stiffness, and maladaptive remodeling, and from branching
at a right angle from relatively larger arteries. Stiffness in

FIGURE 38.3 Relationships between the systemic he-
modynamic atherothrombotic syndrome (SHATS) and
cardiovascular events. Hemodynamic stress, atheroscle-
rosis, and arterial stiffness combine to form a vicious cycle
driving the development of cardiovascular disease. AHF,
acute heart failure; AF, atrial fibrillation; BP, blood pres-
sure; CAD, coronary artery disease; CKD, chronic kidney
disease; LV, left ventricle; LVH, left ventricular hypertro-
phy. Adapted, with permission, from Kario K, Chirinos JA,
Townsend RR, et al. Systemic hemodynamic athero-
thrombotic syndrome (SHATS) - coupling vascular disease
and blood pressure variability: proposed concept from
Pulse of Asia. Prog Cardiovasc Dis. 2020;63(1):22e32.

FIGURE 38.4 Resonance hypothesis of
surge blood pressure (BP) to trigger car-
diovascular (CV) events. Dynamic surge
BP is produced by the synchronized reso-
nance of a variety of different BP surges,
each with different time phase. BR, baror-
eflex; PM2.5, particulate matter 2.5 mm or
less in diameter. Reproduced, with permis-
sion from Kario. Am J Hypertens.
2016;29:14e16.

Arterial stiffness and atherosclerosis Chapter | 38 613



larger arteries influences the burden on strain vessels,
meaning that focal pressure on the proximal portion of a
strain vessel is higher when large artery stiffness is
increased. Silent cerebral infarct (SCI) and clinical cerebral
hemorrhage and infarction occur most often in the area of
small perforating arteries (e.g., the lenticulostriate and
paramedian pontine arteries) and are particularly common
in elderly patients with hypertension. SCI (especially
multiple SCIs), detected using brain MRI, are more prev-
alent in patients with versus without an exaggerated
morning BP surge.122 Burden on strain vessels also occurs
in the glomerular afferent arterioles of juxtamedullary
nephronsdthe nearer the large artery (arcuate artery), the
greater the pressure overload in afferent arterioles of the
glomeruli.121 The filtration of albumin into the urinary
space is higher in the “deep” glomeruli, those nearest the
arcuate arteries of the outer medulla.121

Role in organ damage and cardiovascular
events

Even in patients without clinically overt atherosclerotic
CVD events and small artery disease, small artery remod-
eling impairs autoregulation of blood flow to the micro-
circulation and organs. There is evidence that SHATS
makes an important contribution to increasing the risk of
CVD events or organ damage. For example, in elderly
patients, increased office BPV and arterial stiffness (based
on PWV and/or stiffness of the carotid artery) had a syn-
ergistic negative effect on cognitive function.123 In the
Japan Morning Surge-1 study on the effect of alpha
blockade on urinary albumin excretion in 404 elderly pa-
tients with hypertension, albuminuria was significantly
reduced when home BP decreased.124 In addition, those
with decreased PWV had a greater reduction in albuminuria
than those with increased PWV.124 This suggests that de-
creases in both BP and arterial stiffness are necessary to
ameliorate organ damage.

In a recent study, SHATS was defined as simultaneous
occurrence of target organ damage in the heart (LVH),
carotid artery (IMT >0.9 mm and/or presence of a plaque
in the common carotid artery), and the kidney (based on
estimated glomerular filtration rate). Subjects with versus
without SHATS had a higher prevalence of “very stiff ar-
tery” (PWV >10 m/s; 84.9 vs. 64.3%, P < .01) and used
more antihypertensive medications.125 For a similar level of
office BP, patients with SHATS had higher 24-hour SBP
and DBP, smaller nighttime SBP fall, and a twofold higher
prevalence of the riser pattern of nocturnal BP (48.2 vs.
20.2%, P < .001) compared to those without SHATS.
“Very stiff artery” and abnormal BPV were significant,
independent, and strong predictors of SHATS.125

One of the key components of SHATS, arterial stiffness,
appears to play an important role in the development of
structural heart disease, including LV diastolic
dysfunction,126e128 LV hypertrophy,129 and left atrial
enlargement.130e132 Hypertension, another important factor
in SHATS, is also a risk factor for structural heart disease,
especially LV hypertrophy as amarker of cardiac damage.133

Proposed diagnostic score

The SHATS concept provides the opportunity to assess
BPV and arterial disease as a strategy to identify changes
and intervene early to ameliorate progression to hyperten-
sion in younger patients or to end-organ damage and CVD
events in older patients. However, there is currently no
consensus on how to define or diagnose the severity of
SHATS. The first step toward achieving this was the
development of a proposed SHATS score134 based on the
above data suggesting that BP, hemodynamic alterations,
and vascular disease play a central role in the vicious cycle
of events that accelerates organ damage and triggers CVD
events. The overall score includes a BP score and a vascular
score, which are multiplied to calculate the SHATS
score.134 This reflects the synergistic effects of BP/BPV
and vascular disease on organ damage and CVD events.

The BP score includes the following measures: office,
home, and ambulatory SBP and systolic BPV, and/or the
presence of atrial fibrillation (seen as the extreme mani-
festation of complete hemodynamic variability of BP and
blood flow).134 The inclusion of BPV measures reflects the
significant associations reported between these measures
and CVD risk, independent of average office BP.135e138

The vascular score depends on the presence of clinically
overt CVD, asymptomatic CVD based on test of arterial
structure or function, and/or microvascular disease. Clini-
cally overt CVD includes stroke, CAD, HF, aortic stenosis,
cognitive dysfunction, and both symptomatic and asymp-
tomatic peripheral artery disease/aortic dissection.134 The
number of these conditions present is used to determine the
CVD score, while the number of abnormal vascular test
findings is used to calculate the asymptomatic CVD score.
The following five components are determined to inform the
vascular score: pulse pressure, ankle-brachial index or the
presence of carotid plaque; arterial stiffness based on CAVI,
baPWV, or cfPWV), abnormal cardiac findings (e.g., LV
hypertrophy determined using echocardiography or elevated
N-terminal probrain natriuretic peptide level); and other ab-
normalities such as reduced flow-mediated dilatation of the
brachial artery, renal artery stenosis, or white matter lesion,
SCI or microbleeds assessed by brain MRI. The microvas-
cular disease score includes the presence of diabetes-related
CKD and/or small artery retinopathy.
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Minimum requirements to calculate the SHATS score
are the following tests used in clinical practice: 1) Mea-
surement of office BP; 2) Measurement of out-of-office
(home or ambulatory) BP; 3) Measurement of large artery
stiffness (using CAVI, cfPWV, or baPWV); 4) A basic
cardiac evaluation (ECG); and 5) Blood (glucose, creati-
nine) and urine (albuminuria/proteinuria) analysis.134

The SHATS score has been developed with the goal of
improving individualized patient management to prevent
CV events. However, it requires validation before wide-
spread use in clinical practice can be recommended.

Potential treatment strategies

To obtain the greatest benefit, the goal would be to detect
and reduce the risk of SHATS in its early phase. SHATS
precedes hypertension in younger adults and therefore
earlier detection of SHATS and lifestyle modification
before the development of HTN is important for the pre-
vention of future CVD. In older patients with advanced
SHATS, surge BP could trigger CVD events. Therefore,
more strict control of BP and returning BPV to a normal
circadian rhythm (including suppression exaggerated BP
surge) should contribute to the prevention of CVD events.

Strategies to reduce the risk of SHATS should concentrate
on preventing or interrupting the synergistic vicious cycle
involving BPV and vascular disease. There is a range of in-
ternational guidelines to inform evidence-based approaches to
reducing high BP.139e145 In addition to reducing BP levels,
maintenance/restoration of adequate dipping status of
nocturnal BP, and reducing exaggerated BP surge(s) are
important components of achieving “perfect 24-hour BP con-
trol.”14 Morning home BP is closely associated with CVD
(including both stroke and CAD),146 especially in those with
high CVD risk,147 and therefore is an important target in
managing SHATS. Achieving 24-hour BP control with well-
controlled morning BP requires the use of long-acting anti-
hypertensive agents, use of split or bedtimedrug dosing, and/or
combination therapy.148 Inclusion of a long-acting calcium
channel blocker would be useful because this reduces
BPV.149,150 In addition, the combination of a long-acting cal-
cium channel blocker and an angiotensin receptor blocker has
been shown to effectively reduce PWV as well as ambulatory
and home BPV.151 For patients with both hypertension and
diabetes, treatment with a sodiumeglucose co-transporter-2
(SGLT2) inhibitor effectively reduces morning and 24-hour
BP, regardless of baseline glucose control status.152 In addi-
tion, renal denervation may reduce 24-hour BP, including
nighttime and morning BP.153 However, the efficacy of renal
denervation remains unclear and requires further study.

In contrast to the well-documented approaches to
managing hypertension, there are currently no specific
pharmacologic approaches to improve subclinical vascular
disease (particularly large artery stiffening). However, a

strategy that involves management of multiple risk factors
and interventions based on current evidence-based thera-
pies (such as statins and glucose-lowering drugs that reduce
the risk of atherosclerotic CVD [e.g., glucagon-like peptide
1 agonist] and/or HF [e.g., SGLT2 inhibitors] in diabetes)
may attenuate the progression of SHATS. There is not yet
any specific evidence for use of antiplatelets and/or anti-
coagulants in SHATS, but data from the use of these agents
for the primary or secondary prevention of CVD events in
high-risk individuals based on standard clinical risk factors
suggest that they may have a role in SHATS. However, a
substantial proportion of the current burden of CVD may
not be attributable to these standard CVD risk factors.
Evolution of knowledge around the phenotyping of SHATS
will require the design and implementation of new trials to
assess the potential benefits of targeting early-stage,
asymptomatic vascular disease, even when clinical factors
might not suggest the need for intervention. In addition, the
search for specific strategies that reduce large artery stiff-
ening with age should be aggressively pursued.

Conclusion

There is a rapidly growing body of evidence for interactions
between arterial stiffness, atherosclerosis, and hemody-
namics as important contributors to CVD and cerebrovas-
cular events. The SHATS syndrome combines these three
important pathologies and provides a mechanistic link be-
tween arterial stiffness and CVD events. Evaluation of
SHATS offers the possibility of early intervention to reduce
CV risk and the occurrence of outcome events such as stroke
and CAD. However, it remains to be determined whether
assessment and monitoring of vascular failure (including
arterial stiffness and vascular disease such as atherosclerosis)
and early intervention based on this information will facili-
tate improvements in CV prognosis. This needs to be
investigated in appropriately designed randomized clinical
trials, and the resulting data used to inform future treatment
approaches and evidence-based guidelines.
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Chapter 39

Arterial stiffness and pulsatile
hemodynamics in coronary artery
disease and other forms of
atherosclerotic vascular diseases
Junichiro Hashimoto
Miyagi University of Education Medical Center, Sendai, Miyagi, Japan

Introduction

Many acute cardiovascular events occur in the presence of
atherosclerotic lesions in arteries responsible for vital organ
perfusion. For early prevention of cardiovascular diseases,
numerous efforts have been made to clinically evaluate
atherosclerosis noninvasively. The various evaluation
methods include the local assessments of intimal (stenotic)
plaques and the regional or systemic assessments of arterial
stiffness, since this can be a consequence of atherosclerosis.
Strictly speaking, however, atherosclerosis and arterio-
sclerosis (assessed as arterial stiffness) are distinct entities
(Table 39.1); they are different from each other in terms of
pathology (i.e., intimal thickening vs. medial degeneration)

and distribution (i.e., local vs. systemic). Since athero-
sclerosis (at least in the initial stage) may be patchy
throughout the large arteries, not all atherosclerotic plaques
necessarily influence actual stiffness measures until they
become thickened, confluent, and calcified. For instance,
studies disagree about aortic distensibility in patients with
hypercholesterolemia (a major risk factor for atheroscle-
rosis). Some studies of young patients have reported
reduced distensibility,1 whereas other studies of older pa-
tients showed opposite results,2 indicating that the
involvement of atherosclerosis in arterial stiffening differs
considerably according to whether it is in the early or late
stage. Despite their different pathologies, however,
atherosclerosis and arteriosclerosis coincide in most cases

TABLE 39.1 Traditional view of arteriosclerosis and atherosclerosis.

Arteriosclerosis Atherosclerosis

Mainly affected arterial wall layer Media of elastic arteries Intima of elastic and muscular arteries

Predilection site Diffuse Focal (bifurcation, high curvature)

Arterial lumen Dilatation Stenosis/occlusion

Pathology Elastic fracture/degeneration Lipid accumulation/inflammation

Hemodynamic etiology Tensile stress Shear stress

Main risk factors Age/hypertension Age/hypercholesterolemia/diabetes/smoking

Reversibility e � (Stabilization þ)

Wall stiffness [ [ or /
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and have common risk factors, such as older age. From a
hemodynamic point of view, diffuse arteriosclerosis (spe-
cifically, the stiffening of large arteries) leads to substantial
changes in systemic hemodynamics. These changes are
represented by an increase in central systolic pressure and a
decrease in diastolic pressure, which affect local hemody-
namics in organs and tissues perfused by these arteries.
When arteries are narrowed by atherosclerosis, local
hemodynamics can be impaired and relevant tissues
underperfused, leading to end-organ ischemia or infarction.
These findings indicate a clinically inextricable link
between atherosclerosis and arterial stiffness.

This chapter addresses the roles of aortic stiffness and
pulsatile hemodynamics in various atherosclerotic diseases,
including coronary artery disease (CAD), peripheral artery
disease (PAD), and stroke. This chapter is focused on
(a) the clinical and epidemiological evidence regarding
associations between aortic stiffness/hemodynamics indices
and atherosclerotic diseases and (b) potential underlying
mechanisms responsible for these associations.

Coronary artery disease

Clinical evidence

CAD is the leading cause of mortality and morbidity
worldwide.3 CAD has various risk factors, including age,
smoking, hypertension, diabetes, and hypercholesterole-
mia. In addition to these traditional risk factors, further
focus has recently been directed toward arterial stiffness
and pulsatile hemodynamics.

Several studies have shown associations between
aortic stiffness and CAD. Cross-sectional studies have
demonstrated that carotid-femoral pulse wave velocity
(PWV), which is the gold standard for noninvasive mea-
sures of aortic stiffness,4 and PWV index, which is
calculated as ([measured PWV�theoretical PWV]/theo-
retical PWV), are associated with the extent and severity
of stenotic lesions detected by coronary angiography.5,6 In
addition, prospective studies have shown that carotid-
femoral PWV is a predictor of primary coronary and
total cardiovascular events, independent of conventional
risk factors.7e10 Furthermore, in recent years, the prog-
nostic significance of aortic stiffness for cardiovascular
events has been evaluated based on other PWV measures,
rather than the traditional carotid-femoral PWV. In the
Multi-Ethnic Study of Atherosclerosis (MESA), aortic
arch PWV was assessed using magnetic resonance imag-
ing (MRI) in 3527 participants, and it was found to be
predictive of cardiovascular (including coronary) events
during the 10-year follow-up of middle-aged
individuals.11 In another study, a 48-h PWV was esti-
mated in 170 hemodialysis patients by an ambulatory
blood pressure monitor, and was shown to predict

cardiovascular events (including fatal/nonfatal myocardial
infarction and coronary revascularization) during the me-
dian follow-up period of 26 months.12 That study12 also
showed that ambulatory PWV was a stronger predictor of
cardiovascular events than brachial resting or ambulatory
blood pressure, suggesting that arterial stiffness does have
an impact on the risk for cardiovascular events. However,
as discussed in Chapter 7, estimations of PWV via single-
site cuff measurements are problematic and may be
confounded by various factors.

There is increasing evidence regarding the significance
of central pulsatile hemodynamics in CAD. Nishijima
et al.13 were the first to report a cross-sectional observation
that aortic pulse pressure, but not mean arterial pressure,
was higher in patients with CAD, indicating the importance
of the pulsatile, rather than steady, component of central
pressure as a CAD risk. Weber et al.14 showed that the
aortic augmentation index (AIx) and augmented pressure
correlated with the presence and severity of coronary
stenotic lesions in patients suspected of CAD, suggesting
the involvement of peripheral wave reflection in coronary
atherosclerosis progression.

Prospective studies have repeatedly demonstrated the
involvement of aortic pulsatile hemodynamics in the
prognosis of CAD.15 Most of the studies have shown
indices of pulse wave reflection (e.g., aortic AIx,
augmented pressure, and reflection magnitude) to be inde-
pendent predictors of major adverse cardiovascular events
(such as myocardial infarction, coronary restenosis, and
death) in patients with CAD,16e20 emphasizing the poten-
tial relevance of peripheral wave reflection to CAD
progression. In addition, some studies attempting to
compare the predictive ability between aortic and brachial
pressures have revealed that aortic pressure is a better
predictor of cardiovascular events than conventional
brachial pressure. For instance, Chirinos et al.21 showed
that higher aortic but not brachial pulse pressure, as well as
lower diastolic pressure, were significantly associated with
an increased risk of major adverse cardiovascular events
(unstable angina pectoris, myocardial infarction, coronary
revascularization, stroke, and death) in a CAD cohort.
Jankowski et al.22 demonstrated that aortic pulse pressure,
but neither brachial pulse pressure nor mean arterial pres-
sure, was predictive of cardiovascular events (myocardial
infarction, stroke, cardiac arrest, heart transplantation,
myocardial revascularization, and death) in CAD patients.
In the MESA cohort, Chirinos et al.20 showed that lower
pulse pressure amplification (i.e., radial/aortic pulse
pressure ratio) was associated with a higher incidence of
cardiovascular events (including myocardial infarction,
angina, stroke, and cardiovascular death) in a general
population. This clearly indicates that the predictive ability
of aortic pulse pressure is independent of peripheral pulse
pressure.
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The evidence mentioned above indicates that aortic
stiffening and widened pulse pressure are closely related to
the development and progression of CAD. Together with a
recent finding that the combination of higher carotid-
femoral PWV and wider central pulse pressure were
associated with a considerably higher incidence of cardio-
vascular disease than either alone,23 aortic stiffening and
increased pressure pulsatility may have synergistic adverse
impacts on CAD.

Mechanism

Atherosclerotic narrowing of the large coronary arteries is
the main cause of CAD. Formation of atheromatous pla-
ques with or without thrombus or calcification narrows the
coronary artery lumen, reduces blood flow downstream of
the stenotic lesions, and induces myocardial ischemia,
which leads to coronary events. Besides atherosclerotic
CAD, other etiologies for ischemic heart disease include
coronary vasospasm and microvascular dysfunction, which
are usually diagnosed when the epicardial coronary arteries
appear structurally normal on conventional coronary angi-
ography. The common pathophysiology to atherosclerotic
and nonatherosclerotic CAD is the presence of abnormal-
ities in coronary hemodynamics.

Coronary arteries have characteristic structures and
hemodynamics. Anatomically, the coronary arteries branch
off vertically from the central aorta. Hemodynamically,
coronary flow occurs mostly during diastole. These struc-
tural and hemodynamic features suggest that diastolic
lateral pressure in the central aorta is an important deter-
minant of coronary flow.

Aortic stiffness plays a major role in determining cor-
onary hemodynamics.24 Stiffening of the elastic aorta leads
to an increase in systolic blood pressure, a decrease in
diastolic blood pressure, and, consequently, a widening of
pulse pressure. The elevation of aortic systolic pressure
increases left ventricular afterload, resulting in an increase
in myocardial oxygen demand. Peripheral wave reflection
enhanced by aortic stiffening can cause the extra left ven-
tricular workload to maintain the cardiac outflow against
the reflected waves, and such wasted left ventricular effort
contributes to an increase in systolic tension-time index and
compensatory development of left ventricular hypertro-
phy.25,26 The reduction of aortic diastolic pressure leads to
a decrease in coronary perfusion pressure and myocardial
oxygen supply. Such an imbalance between myocardial
oxygen supply and demand resulting from central hemo-
dynamic alterations may account for the predisposition of
hypertensive patients (particularly those with isolated sys-
tolic hypertension) to CAD.27

Despite such a theoretical basis for the relationship
between increased aortic stiffness and decreased coronary

blood flow, direct in vivo evidence has been scarce on any
aorto-coronary relationship until relatively recently. Previ-
ous experimental studies have shown conflicting results;
some have associated arterial stiffness with reduced coro-
nary flow,28 while others have associated it with increased
coronary flow.29 However, subsequent clinical studies in
humans have consistently reported a significant contribu-
tion of aortic stiffening to decreased coronary flow. For
instance, in patients undergoing percutaneous coronary
intervention, aortic PWV was related to resting and hy-
peremic coronary blood flow irrespective of the presence of
stenosis.30 In another study of patients with CAD, the aortic
PWV and central (carotid) pulse pressure were inversely
correlated with the time to myocardial ischemia during a
treadmill test.31 Nelson et al.32 recently used intracoronary
Doppler flow measurement and noninvasive cardiovascular
MRI to confirm significant associations between aortic
stiffening with reduced resting and hyperemic coronary
blood flow among patients with minor angiographic coro-
nary disease. That study also showed that aortic pulse
pressure was inversely associated with hyperemic coronary
blood flow and coronary flow velocity reserve.32

The influence of central hemodynamics on coronary
hemodynamics has been assessed noninvasively using the
subendocardial viability ratio (SEVR), also known as the
Buckberg index.33,34 The SEVR is calculated on the basis
that the aortic systolic pressure-time integral (SPTI, the area
under the aortic pressure curve during systole) represents
the myocardial oxygen demand,35 and that the aortic dia-
stolic pressure-time integral (DPTI) represents the
myocardial blood supply; therefore, the ratio of the latter to
the former represents the myocardial oxygen supply/de-
mand balance. Buckberg et al. showed that there was no
significant difference between the subepicardial and sub-
endocardial blood flow when the SEVR (i.e., the ratio of
DPTI/SPTI) exceeded 1.0. When the SEVR was below 0.8,
the subendocardial muscle was underperfused relative to
the subepicardial muscle.34 Barnard et al. determined that
subendocardial ischemia became apparent on ECG when
the SEVR fell below 0.45 in normal hearts.36 Sub-
endocardial ischemia can occur at an even higher SEVR
with large increases in left ventricular mass or dilatation,
and therefore, the critical value of 0.8 may be considered
reasonable.37 The SEVR reflects coronary flow reserve in
hypertensive patients with normal coronary arteries.38

The SEVR is determined by not only ejection duration
(heart rate) and aortic mean diastolic/systolic pressure ratio
but also age and sex. An epidemiological study of 3682
healthy volunteers showed that the SEVR decreased with
aging in both men and women, but women consistently had
lower SEVRs than men at all ages.39 These data indicate
that age-related arteriosclerosis predisposes elderly people
to myocardial ischemia and also supports the fact that
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women are more prone to ischemic episodes as they get
older, even in the absence of significant stenosis on coro-
nary angiography (i.e., syndrome X).40

Several studies have reported significant associations
between the SEVR and aortic stiffness and wave reflection.
Guelen et al.41 demonstrated that, in a general population of
2490 older adults, aortic SPTI increased, whereas DPTI
decreased with increasing aortic carotid-femoral PWV and,
accordingly, the SEVR decreased with aortic stiffening. In
a study of cardiology outpatients, Namasivayam et al.42

showed that both incident and reflected waves were strong
predictors of tension-time index (i.e., the product of SPTI
and heart rate), but only the reflected wave was associated
with a longer ejection duration. They also reported greater
independent contributions of incident waves (as measured
by the incident pressure wave height) and reflected waves
(as measured by augmented pressure) to lowering
SEVRs.39 A recent study extended these findings by using
the SEVR in 222 hypertensive patients without CAD and
confirmed significant inverse associations of aortic PWV
and AIx with the SEVR.43 Notably, this study43 revealed an
additional finding that the exponential decay of aortic
pressure during diastole, a marker of total arterial compli-
ance,44 was correlated with the SEVR (r ¼ �0.70,
P < .001) more closely than with the aortic PWV or AIx
(Fig. 39.1). In mediation analysis, the association between
higher PWV and lower SEVR was indirect and mediated
through faster aortic diastolic pressure decay, indicating
that the impairment of myocardial viability secondary to
aortic stiffening resulted from accelerated diastolic expo-
nential decay of central blood pressure. In addition, the
rapid decline of blood pressure during diastole was a
characteristic of hypertensive patients with stiff aorta.43

Taken together, these findings suggest that the faster the
diastolic pressure decay, the lower the SEVR becomes, thus
predisposing hypertensive patients to ischemic heart
disease.

The evidence mentioned above indicates that abnor-
malities in central pulsatile hemodynamics are a key initi-
ator of myocardial ischemia, even in the absence of
coronary stenosis. On the other hand, major adverse coro-
nary events are also attributable to local (i.e., coronary)
atherosclerosis progression and plaque instability. To date,
however, evidence for the potential association between
aortic stiffness and coronary atherosclerosis is limited. A
possible association between arterial stiffness and coronary
artery calcification (which may not only cause luminal
narrowing but could also contribute to “stable” plaques) has
varied among different study samples, such as a general
population45 and renal transplant recipients.46 A recent
prospective study of patients with type-2 diabetes demon-
strated an association between baseline aortic PWV and
low-density noncalcified plaque volume on computed to-
mography coronary angiography 5 years later.47 Local
stiffness measured as coronary PWV may be “lower” in
patients with acute coronary syndromes versus stable CAD,
even when aortic PWVs do not differ.48 In addition, while
higher PWV is associated with carotid intraplaque hemor-
rhage (i.e., a sign of vulnerable plaques) in the general
population,49 its potential involvement with coronary pla-
ques is currently unclear. Finally, although brachial pulse
pressure (as an indicator of pulsatile tensile stress) is
independently associated with carotid plaque ulceration,50

it remains to be determined whether aortic pulsatile pres-
sure triggers coronary plaque rupture. Further studies are
necessary to clarify these important issues.

4 6 8 10 12 1416
80

100

120

140

160

180

200

220

240

260

280

0.2 0.4 0.6 0.8 1.0 1.2 1.4
80

100

120

140

160

180

200

220

240

260

280

-20 -10 0 10 20 30 40 50
80

100

120

140

160

180

200

220

240

260

280
r = −0.39
P < 0.001

)
%(

xedni
ytilibaiv laidr ac odn ebuS

Aortic PWV (m/s)

r = −0.70
P < 0.001

Aortic decay index (s−1) Aortic augmentation index (%)

r = −0.22
P = 0.001
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The reader is referred to Chapter 18 for a comprehen-
sive review of the hemodynamic determinants of myocar-
dial supply and demand.

Peripheral artery disease

Clinical evidence

PAD is mainly caused by the progression of atherosclerosis
in the arteries of the lower extremities. A world database
recently estimated that 237 million people (5.6%) aged >25
years had PAD in 2015.51 PAD is linked to a significantly
increased risk of cardiovascular morbidity and mortality as
well as disability, and it is the third most common clinical
manifestation of atherosclerosis, after CAD and stroke.52

Several studies have investigated arterial stiffness
indices in patients with PAD. Most of the studies have
demonstrated that aortic AIx and pulse pressure are higher
in patients with PAD than in controls.53e55 Such alterations
in central hemodynamics are related to lower limb function;
higher AIx and lower round-trip travel time of pulse waves
(i.e., earlier return of the reflected waves) are associated
with decreased walking ability in PAD patients.56

Furthermore, revascularization of peripheral artery stenosis
with percutaneous transluminal angioplasty contributes to a
significant reduction in AIx.57 In contrast to AIx, the
relationship between aortic PWV and PAD is more
complex and likely depends on the severity of PAD. Some
studies have shown that when PAD is diagnosed as an
ankle-brachial pressure index (ABI) of <0.9, the PAD
patients as a whole have significantly increased carotid-
femoral PWV compared with subjects without PAD.58,59

However, in cases of critical limb ischemia with more
advanced arterial obstruction, the carotid-femoral PWV is
decreased, although the AIx is increased.55

Mechanism

There is ample evidence for an inverse correlation between
aortic AIx and ABI in patients with and without PAD.60e62

This suggests that the presence of lower extremity athero-
sclerotic disease increases wave reflection or, alternatively,
increased wave reflection (and arterial stiffness) may
increase the risk of developing lower extremity PAD. The
former may be explained on the basis that (1) atheroscle-
rosis itself can increase arterial stiffness58 and then hasten
pulse wave propagation and reflection, and (2) arterial
obstructions and atherosclerotic bifurcations create larger
impedance mismatches at sites closer to the normal sites,
which causes an increase in and premature return of wave
reflection.

In patients with PAD, the incidence of CAD is reported
to be extremely high, and the long-term prognosis depends
on the presence and severity of CAD. As mentioned

previously, aortic stiffening and earlier return of wave
reflection lead to faster aortic diastolic pressure decay and
thereby lower SEVR,43 which may account for a predis-
position of patients with PAD to CAD. This assumption is
consistent with the fact that lower ABI in PAD patients is
associated with lower SEVR, as well as higher AIx.60

These alterations in central hemodynamics are also likely to
have adverse impacts on other target organs, resulting in
markedly increased risks of cerebral artery disease and
renal artery stenosis in patients with PAD.52

Normally, the flow waveform of the lower extremities is
triphasic with a systolic forward flow, early diastolic
reverse flow, and mid-diastolic forward flow
(Fig. 39.2).63,64 In advanced PAD, however, the flow
waveform is monophasic without diastolic flow reversal;
this loss of flow reversal is attributed to compensatory
reduction in peripheral vascular resistance. In the case of
milder atherosclerosis, the flow waveform may become
biphasic, since the recoil function of the elastic and
muscular arteries is lost.63 A study on pulsatile flow
waveforms of the femoral artery in hypertensive patients
without PAD revealed that the reverse/forward flow index
is inversely correlated with aortic PWV and AIx, and
positively correlated with aorta-to-femoral pulse pressure
amplification.63 This finding indicates that aortic stiffening
and a reduced aorta-to-leg pressure gradient attenuate
femoral diastolic flow reversal (Fig. 39.2).64 A similar flow
reversal has been observed throughout the infra-renal aorta
and iliac arteries, and diastolic reverse flow is considered
essential for blood supply to internal organs, including the
kidneys.65 Specifically for the kidneys, both the forward
flow from the suprarenal aorta and the reverse flow from
the infrarenal aorta generate the total inflow into the renal
arteries in early diastole (Fig. 39.3),65,66 and the infrarenal
aortic (as estimated from the femoral) flow reversal de-
termines the intrarenal diastolic flow.67 Therefore, it seems
likely that the disappearance of diastolic flow reversal due
to lower extremity artery atherosclerosis will cause hypo-
perfusion in the kidney as well as the pelvic organs, which
will lead to functional impairments.63 In addition, a reduced
mid-diastolic forward flow (typically seen as a biphasic
pattern of the femoral flow) resulting from aortic stiff-
ening63 could contribute to a decrease in total blood flow
into the lower extremities and hence predispose patients to
PAD.68

Caution is required when using carotid-femoral PWV to
evaluate aortic stiffness in patients with PAD. In the case of
critical limb ischemia, even if a markedly attenuated PWV
is observed, it may not be attributable to a true reduction in
aortic stiffness, but rather to a decrease in distending
pressure distal to arterial stenosis (e.g., due to aortoiliac
disease). In this regard, the ratio of aortic pulse pressure to
PWV may be helpful in diagnosing advanced PAD.55
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FIGURE 39.3 Estimated aortic, carotid, renal, and femoral blood flow patterns during systole and early diastole in the case of distensible aorta (left) and
stiff aorta (right).66 Aortic forward and reverse flows are depicted as arrows in terms of magnitude and direction. Light green arrows represent Windkessel
function of descending thoracic aorta.
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FIGURE 39.2 Hypothetical mechanism for the association between alternate pressure gradients and bidirectional (triphasic) flow at the femoral artery
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hemodynamic events.

626 Textbook of Arterial Stiffness and Pulsatile Hemodynamics in Health and Disease



Aortic calcification

Clinical evidence

As mentioned above, several previous studies have inves-
tigated the associations between aortic stiffness and local
atherosclerosis in coronary and lower extremity arteries.
However, atherosclerosis is a systemic but patchy disease;
thus, the presence of plaque in one area might not equate to
its presence in another. As such, studies examining the link
between arteriosclerosis and atherosclerosis have also
included the aorta itself.

In the Rotterdam Study of elderly subjects,58 athero-
sclerosis of the abdominal aorta was determined by
assessing the calcified deposits on a plain radiograph. The
results showed that an increased number of aortic calcified
plaques was associated with a higher carotid-femoral
PWV.58 A study of healthy volunteers also confirmed a
significant association between aortic PWV (but not AIx)
and aortic calcification, which was quantified as aortic
calcium content observed from high-resolution computed
tomography.69 In patients with chronic kidney disease, a
strong positive association between aortic calcification and
stiffness is well recognized.70,71 In a recent prospective
study investigating annual changes in brachial-ankle PWV
and aortic calcium score, increased aortic calcification was
found to be an independent determinant of greater pro-
gression of arterial stiffness in healthy middle-aged men.72

Compared with calcified plaques, the association be-
tween noncalcified atheromatous plaques and aortic stiff-
ness is less obvious. A heritability study of female twins
used combined computed tomography and MRI to
demonstrate that, whereas there was an independent sig-
nificant association between aortic PWV and calcification
mediated by genetic factors, aortic PWV was not linked to
plaque score.73 An autopsy study that examined the rela-
tionship between premortem carotid-femoral PWV and
postmortem plaque scores of systemic large arteries showed
only a weak correlation, which was independent of age and
blood pressure.74 A recent magnetic resonance study of
subjects without clinical symptoms of cardiovascular dis-
ease failed to find an independent association between total
arterial compliance (the ratio of pulse pressure to indexed
stroke volume) and atherosclerotic stenosis of systemic
large arteries.75

Mechanism

Aortic stiffening has generally been thought to result
primarily from structural degeneration of elastic fibers in
the medial layer, which is accompanied by an increase in
collagen fibers, ground substance, and often calcium
deposition. Given the evidence mentioned above,58,69e72

aortic calcification is causally linked to aortic stiffness and
can be proposed as an additional mechanism for aortic

stiffening. Aortic calcification is pathologically classifiable
into two types: (1) intimal calcification attributable to
advanced atherosclerotic plaques and (2) medial calcifica-
tion attributable to arteriosclerosis. The reported lack of
association between early-stage (noncalcified) atheroma-
tous plaques and stiffness73 suggests that aortic stiffness is
determined by calcification rather than by plaque burden
alone. Accordingly, aortic stiffening is likely to be due to
medial more than intimal calcification.76

However, it is also possible that aortic calcification is a
consequence, rather than a cause, of aortic stiffening.
Hypertension (which often accompanies aortic stiffening) is
associated with increased, and faster progression of, calci-
fication.77 This association is theoretically explicable on the
basis that increased repetitive tensile stress resulting from
aortic stiffening accelerates elastic degeneration of the
aortic wall, thereby contributing to aortic calcification. If
this is the case, the prognostic significance of aortic calci-
fication for predicting cardiovascular disease77 is likely a
result of adverse hemodynamic effects with respect to
pulsatile load on the heart and arteries, where plaque
rupture may cause thrombosis and tissue infarction. The
potential mechanisms by which aortic pulsatile hemody-
namics cause aortic plaque instability and thrombosis in
patients with a stiff aorta will be discussed in the next
section of Stroke and Cerebrovascular Disease.

Stroke and cerebrovascular disease

Clinical evidence

Stroke is the second leading cause of death worldwide and
is responsible for excessive loss of disability-adjusted life
years. Although age-standardized mortality rates decreased
sharply from 1990 to 2016, the decrease in age-
standardized incidence has been less steep, indicating that
the burden of stroke remains high.78

Associations between aortic stiffness and stroke have
been investigated in many previous studies. Cross-
sectional, caseecontrol studies have shown greater aortic
stiffness in patients with acute ischemic stroke.79,80 Lon-
gitudinal prospective studies have shown aortic PWV to be
predictive of stroke mortality.8,81,82 Laurent et al.81

reported that each 1-SD (4 m/s) increase in carotid-femoral
PWV was associated with a relative risk increase of 1.72
for fatal stroke. A metaanalysis of 16 prospective studies
confirmed the significant predictive ability, independent of
conventional risk factors, of aortic PWV for stroke
events.10 Aortic PWV is also a predictor of functional
outcome in patients after ischemic stroke.83

Arterial stiffness is related not only to major stroke
events but also to cerebral small vessel disease. Increased
PWV was found in asymptomatic individuals84e87 as well
as those with symptomatic88 lacunar stroke. Patients with
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lacunar stroke are likely to have higher aortic PWV than
patients with large-artery atherosclerotic, cardioembolic, or
cryptogenic stroke.89 Higher aortic PWV is also associated
with the presence of white matter hyperintensities (WMHs),
whether qualified using the Fazekas scale or quantified
using hyperintensity volume.85e87,90e93 In two prospective
studies, baseline aortic PWV was shown to be indepen-
dently predictive of WMH volume after 7e10 years.94,95

Aortic PWV is also cross-sectionally associated with
cerebral microbleeds90 and enlarged perivascular
(VirchoweRobin) spaces.96

These microvascular brain lesions (WMHs, lacunar in-
farcts, microbleeds, and enlarged perivascular spaces) are
closely linked to cognitive impairment. In addition, a
number of studies have reported a cross-sectional rela-
tionship between increased aortic stiffness and cognitive
decline using mini-mental state examination scores.97,98

Longitudinal studies have also shown that aortic stiffness is
associated with faster rates of cognitive decline99,100 and
can be predictive of mild cognitive impairment and
dementia.101

Analogous to aortic stiffness, measures of central
hemodynamics have also been considered to be predictive
of, and significantly associated with, stroke. A cross-
sectional study demonstrated higher aortic AIx in patients
with acute ischemic stroke than in control subjects.88

Several prospective studies have shown that central pulse
pressure and AIx predict cardiovascular events, including
major (mostly large vessel) stroke, and their predictive
abilities can be more precise than, or independent of,
brachial blood pressure.18,22,102,103

Recent focus on central hemodynamics has been
directed toward the prediction of asymptomatic small
vessel diseases in the brain. Kearney-Schwartz et al.104

were the first to report aortic AIx as an independent
correlate of the severity of WMHs when they were assessed
using the Fazekas scale, and this finding was confirmed by
subsequent studies.105,106 Shrestha et al. showed central
systolic pressure to be associated with WMH severity in-
dependent of carotid plaque score.107 Radial late systolic
pressure (an estimate of aortic systolic pressure)108 and
central pulse pressure86 are associated with silent lacunar
infarcts. Aortic AIx can serve as a potential predictor of
short-term outcomes (e.g., length of stay in hospital) after
acute ischemic stroke, due largely to lacunar infarction.109

Central hemodynamic measures can predict brain
function. Aortic pulse pressure and AIx were correlated
with memory speed in healthy volunteers.110 A cross-
sectional observation of the Framingham Heart study
showed that wider central pulse pressure was associated
with lower logical memory-delayed scores.85 In a pro-
spective survey of the Framingham cohort, higher baseline
central pulse pressure (as well as carotid-femoral PWV)

was associated with greater progression of neurocognitive
decline, independent of the WMH volume.111

Mechanism

Cerebrovascular disease can be classified into macro-
vascular and microvascular types. Macrovascular (large
vessel) stroke is generally attributable to atherothrombotic
lesions in the carotid, cerebral, or vertebral arteries, or to
thromboembolism of cardiac origin. Macrovascular stroke
occurs frequently in the cortical regions that are perfused
from the outside by branches arising from the pial arterial
plexus. In contrast, microvascular stroke (including lacunar
stroke, branch atheromatous disease, and intracerebral
hemorrhage) occurs more often in the deep regions that are
perfused from the inside out by short penetrating branches,
which arise directly from the large cerebral arteries and
circle of Willis.

One of the main mechanisms for macrovascular stroke
is thromboembolism secondary to atheromatous plaque
rupture in the carotid, cerebral, or vertebral arteries.
Increased pulsatile stress may be responsible for plaque
vulnerability and disruption,112 given that pulse pressure is
independently associated with carotid plaque ulceration.50

Aortic stiffness is also likely related to this mechanism by
increasing the central (carotid) pulse pressure. The second
mechanism is cardiogenic embolism attributable to atrial
fibrillation. A prospective study demonstrated that a wider
central pulse pressure and higher AIx are associated with an
increased risk of new-onset atrial fibrillation,113 suggesting
a potential involvement of central hemodynamics and pe-
ripheral wave reflection in triggering the development of
embolic stroke.

Previously, as many as 25% of all ischemic strokes have
been considered to be from unknown causes (“crypto-
genic”). However, the current understanding is that most
cases of cryptogenic stroke are attributable to embolic
stroke of an undetermined source.114 Potential embolic
sources include minor-risk heart disease (e.g., aortic valve
stenosis), covert paroxysmal atrial fibrillation, cancer-
related emboli, arteriogenic emboli, and paradoxical
embolism (e.g., due to the right-to-left shunt via patent
foramen ovale). Arteriogenic emboli have generally been
attributed to nonstenotic (<50% diameter stenosis)
atherosclerotic plaques in the carotid arteries, vertebral ar-
teries, ascending aorta, or an aortic arch proximal to the
origin of the supra-aortic arteries. Recent evidence, how-
ever, indicates that even the descending thoracic aorta
(which is distal to the origin of the supra-aortic arteries) is a
potential source for embolism.115 Such a retrograde plaque
embolism can occur116 because the proximal descending
aorta has flow reversal in early diastole,117 which can
transport detached plaques from the descending aorta or
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aortic arch to the supra-aortic arteries.116 Of further
importance, it was found that aortic stiffening (which might
be exacerbated by atherosclerotic plaque lesions) increases
aortic flow reversal, which can prompt any mobile complex
plaques to detach from the aortic wall and increase the risk
that they will flow into the supra-aortic arteries
(Fig. 39.4).117 It is also possible that degenerated aortas
exhibit complex vortices that may include caudal to cranial
flow in the arch or proximal descending aorta even during
systole,118 which could also trigger thrombus formation
and retrograde embolism. In addition, greater aortic flow
reversal contributes to a reduction in glomerular filtration
rate,66 which is recognized as a strong risk factor for stroke.
There is also solid evidence that aortic atherosclerosis is
one of the leading causes of embolic stroke,119 and aortic
complex plaques are much more prevalent in the
descending aorta than in the ascending aorta or aortic
arch.120 Recent investigations have demonstrated that
cryptogenic stroke patients more often have large vulner-
able plaques in the aortic arch and descending aorta than
control subjects,121 and aortic retrograde flow markedly
increases in stroke patients with concomitant complex
plaques in the proximal descending aorta.121 Taken
together, further investigation is needed to establish the
clinical importance of retrograde plaque embolism as a
cause of cryptogenic stroke.

Similar to macrovascular stroke, microvascular cerebral
diseases are attributed to aortic stiffening and altered central
hemodynamics, but the underlying mechanisms may be
different. The deep perforating arteries, which are respon-
sible for subcortical lacunar infarcts and WMHs, directly
branch off of the large cerebral arteries. These short, small
arteries are exposed to the high pulsatile pressure of the
large arteries and are therefore particularly vulnerable to
cyclic tensile stress. Moreover, like the kidney,67 the brain
requires high-flow, low-resistance (and low-impedance122)
arterial properties because of its high metabolic demands.
This inevitably exposes its fragile microvessels to torren-
tial, highly pulsatile flow from the large arteries upstream.24

Such high pressure and flow pulsations may predispose
patients to microvascular injury in the subcortical areas,
which can subsequently lead to tissue damage, and finally
to hypoperfusion. White matter is more susceptible to
hypoperfusion because it is far less vascularized and re-
ceives less perfusion than the gray matter.

Large-artery (aorta and carotid artery) stiffening in-
creases pressure and flow pulsations, both of which are
transmitted deeply into the cerebral microvasculature, can
cause microvascular baro- and trauma from excessive shear
forces, respectively, leading to lacunar infarction or
microbleeding in the basal ganglia. Microvascular trauma
may also cause extravascular fluid exudation and

FIGURE 39.4 Association between aortic stiffness and flow dynamics in systole (left) and early diastole (right).117 Green and red arrows represent
forward and reverse flows, respectively. Thickness and length of arrow lines indicate flow intensity. Ao indicates aorta; CCA, common carotid artery.
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perivascular tissue edema, resulting in WMHs.93,123 In fact,
the pulsatility index (a measure of flow pulsation) of the
middle cerebral artery is independently associated with
WMH, along with aortic stiffness.124 Recent studies have
emphasized the pathogenic influence of peripheral pressure
wave reflection on increasing the flow as well as pressure
pulsations in the cerebral vasculature. Pressure wave
reflection from the lower body penetrates the brain as a
forward wave, this increasing pressure and flow in the
carotid and brain circulation. Such influence of wave
reflection becomes more marked with advancing age
(Fig. 39.5). Furthermore, impedance matching at the
aorticecarotid interface (due to aortic stiffening) paradox-
ically promotes the penetration of the reflected wave
returning from the lower body into the carotid arteries.125

Late systolic augmentation of the carotid flow, which is
determined by aortic stiffness and aortic pressure
augmentation,126 was found to be associated with the
presence and severity of WMHs (Fig. 39.6).106 In addition,
flow AIx was more predictive of WMHs than the pressure
AIx.106 The flow peak in early systole markedly attenuates
while traveling from the extracranial to intracranial arteries
but, in contrast, the flow peak or shoulder in late systole
(which is augmented by pressure wave reflection) remains
unchanged throughout the arterial path.126,127 This suggests

that the late, rather than early, systolic peak of the carotid
artery is an indicator of intracerebral flow pulsation. The
importance of the late systolic peak flow is also supported
by the finding that intracranial (including middle cerebral
and basilar) artery flow waveform (recorded with trans-
cranial Doppler ultrasound) resembles the central aortic
pressure waveform,122 in which the late systolic peak is
generally more prominent than the early systolic peak.

The presence of cerebral small vessel disease may
account for the relationship between aortic stiffening and
cognitive impairment. In fact, one study showed a direct
association between higher aortic PWV and lower memory
function to attenuate when WMHs and cerebrovascular
resistance were regarded as mediators in pathway
analysis.128 However, it is also possible that the relation-
ship between aortic stiffness and cognitive dysfunction
appears even before overt small vessel disease develops, if
cerebral blood flow is decreased. A recent study has
reported greater aortic stiffening relative to lower regional
cerebral blood flow in cognitively normal older adults,
especially individuals with increased genetic predisposition
for Alzheimer’s disease.129

The above-mentioned discussion has focused mainly on
aortic stiffness, as measured by carotid-femoral PWV. A
recent metaanalysis claimed that carotid stiffness, as

FIGURE 39.5 Aortic pressure and carotid velocity pulse waveforms in young (left) and old (right) subjects.106 The early double down arrow (in yellow)
represents the suggested influence of wave reflection from the upper body, and the later double up arrow (in green) wave reflection from the lower part of
the body. The length and interval of the double arrows indicate the estimated intensity and duration of wave reflection, respectively.
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assessed by ultrasound, is associated with incident stroke
independent of aortic stiffness, and carotid stiffness can
improve stroke risk prediction beyond aortic PWV.130 In
addition, measurement of carotid-cerebral PWV may be
useful to detect segment atherosclerosis between the com-
mon carotid artery and ipsilateral middle cerebral artery,131

which is the most frequent cause of anterior circulation
ischemic stroke. Further studies are needed to clarify the
clinical usefulness and pathophysiological implications of
these local stiffness measurements for stroke prediction and
prevention.

Although not directly related to atherosclerosis, some of
the mechanisms discussed above are also relevant for
cognitive dysfunction associated with aortic stiffening,
which is discussed in more detail in Chapter 41.

Perspectives

In conclusion, aortic stiffness and central hemodynamics
are deeply involved in the pathophysiological mechanisms
of atherosclerotic diseases. Current data imply that de-
stiffening therapy and antihypertensive therapy may have
the potential to ameliorate central hemodynamic abnor-
malities and improve the long-term prognosis of patients
with systemic atherosclerotic diseases. The reported
contribution of aortic calcification to arterial stiffness in-
dicates that anticalcification therapy may also be a potential
therapeutic modality for preventing aortic stiffening. Future
investigations are needed to clarify whether these therapies
can contribute to the stabilization or regression of athero-
matous plaques and to the restoration of blood flow into
target organs.
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Chapter 40

Arterial stiffness and pulsatile
hemodynamics in renal disease
Raymond R. Townsend
Perelman School of Medicine, University of Pennsylvania Health System, Philadelphia, PA, United States

Importance of kidney disease

Roughly one adult in seven has impaired kidney function
relative to their age.1 Kidney function is estimated by
combining a serum creatinine level with age, gender, and
race to calculate the estimated glomerular filtration rate
(eGFR).2 Currently (c.2020) an eGFR less than 60 mL/min/
1.73 m2 is considered the lower limit of normal, and
values <60 reflect impaired kidney function.3 Kidney dis-
ease is important for two reasons. First, when the kidney
function declines to a level that causes symptoms (“ure-
mia”), in the absence of undergoing dialysis or kidney
transplantation, a person will die. Although dialysis is
commonly undertaken, it is expensive, averaging about
$90,000 (USD) per year in 2018 (https://pharm.ucsf.edu/
kidney/need/statistics accessed July 2020). Transplantation
is the preferred therapy when a patient losses kidney func-
tion to the point of end-stage kidney disease (ESKD), but
there is an imbalance here since about 100,000 patients reach
ESKD each year, but only 20e21,000 people are trans-
planted each year and waiting times for a kidney transplant
can exceed 5 years.4 Second, kidney function impairment
enhances the likelihood of cardiovascular events,5 particu-
larly hospitalized heart failure,6 adding further burden to the
individual suffering with kidney disease, and the public
health economic burden of caring for this population.
Consequently, an understanding of the factors involved in
kidney disease progression is critical to the development of
intervention studies that can mitigate the otherwise relentless

progression of kidney function loss that happens to most
patients with chronic kidney disease (CKD).

Unique features of the kidney
circulation

The consequences of increased arterial stiffness for an or-
gan like the kidney are likely to be selectively amplified
because of characteristics that require the kidney to filter a
large volume of blood continuously. In most tissues, the
microcirculation is protected from the increased pulsatility
attending large artery stiffening by “upstream” arterial/
arteriolar constriction. The kidney, however, has a much
lower inherent vascular resistance and the pulsatile nature
of the large artery pressure profile penetrates deep into the
kidney microcirculation.7,8 To understand the transmission
of energy contained in the large artery pulse wave, and how
it may be transmitted into the kidney circulation, Woodard
and colleagues in the AGES-Reykjavik Study used mag-
netic resonance (MR) imaging and mediation analysis.9

This study used a pulsatility index, defined as the maximum
minus the minimum (i.e., the amplitude) of the flow
waveform divided by the mean flow in the kidney artery as
ascertained from the MR imaging. They observed that large
artery stiffening was associated with greater transfer of
pulsatile energy into the kidneys and an associated drop out
of renal vessels (rarefaction). They also noted an elevation
in renal vascular resistance in this cross-sectional study
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which correlated with reduced kidney function. These
findings link plausibly to the idea that as the aorta stiffens,
the impedance mismatching between the aortic and renal
vessels results in less local wave reflection, fostering
damage to the kidney microcirculatory apparatus, espe-
cially the glomeruli. The result is further impairment in the
filtration function of the glomeruli, adding to kidney
function loss.

Another unique feature of the kidney circulation is the
distribution of glomeruli in the cortex, where a subpopulation
(of roughly 10%) is situated deep in the cortex at the corti-
comedullary junction. This location may be particularly
vulnerable to vascular strain as shown in elegant work by Ito
and colleagues in Japan.10 Since the arcuate arteries traverse
the corticomedullary area, the pressure wave should be
higher in the more proximal segments of the branches
leading to the nearby deepest glomeruli, potentially trans-
mitting more energy, differentially, to these deeper juxta-
medullary glomeruli via their afferent arterioles. The afferent
arterioles in these juxtamedullary glomeruli are also quite
short, and need to generate high vascular tone to protect their
downstream glomeruli. The consequences of hypertension
and diabetes, which take a toll on the afferent arterioles
serving these glomeruli through reducing their “gatekeeper”
function, result in glomerular damage, including

albuminuria. They have labeled this a “strain vessel hy-
pothesis,” and given that a similar vascular situation exists in
the brain/eye and the coronary circulation, the emergence of
albuminuria may be a signal linking the known associations
of CKD to the brain,11 retina,12 and coronary13 circulations
potentially mediated through strain vessel damage in patients
with CKD.

Role of known factors for chronic
kidney disease progression

Unlike cardiovascular disease (CVD), fewer risk factors are
known to be significantly associated with CKD occurrence
and progression. Blood pressure elevation was among the
first factors associated with the development of ESKD.14

Diabetes contributes both to the occurrence of CKD and the
rate at which kidney function is lost.15 Increasing levels of
urine protein excretion are also associated with a faster
decline in kidney function.16 In addition, the recent iden-
tification of the APOL1 disease alleles helps to explain the
greater susceptibility to more rapid kidney function in pa-
tients of African descent.17,18

In recent years, more attention has been given to pul-
satile hemodynamics and arterial stiffness in CKD which
will be the basis for the balance of this chapter.19

In depth box for clinicians: unique features of the interactions between hemodynamics and the kidney

Although protection of the heart and brain from hypertension-mediated damage has been a consistent finding in hypertension

trials, there is far less data guiding clinical practice on preserving kidney function. Surprisingly perhaps, there are little data to

support the concept that treating elevated BP prevents kidney disease. Moreover, once kidney failure is established, recent trials

like SPRINT have shown that more aggressive BP reduction does not translate into less need for dialysis or kidney transplantation.

Why is this so? One reason to consider is that unlike the heart or the brain, the kidneys are located below the heart level, and

when a person is sitting or standing, they experience higher levels of BP than the heart or the brain because the column of blood in

the aorta contributes to the pressure that the kidneys “see.” The peculiar nature of the kidney circulation that offers a very low

resistance to blood flow in the interest of cleaning the circulation through filtering high volumes of blood occurs in a situation

disadvantaged by exposure to these high pressures. The delicate filtration mechanism in the glomeruli of the kidney are scru-

pulously protected by the afferent arteriole. However, aging, diabetes, salt sensitivity, and perhaps obesity reduce the vigilance of

the afferent arteriole protective effects, and these are groups that are susceptible to kidney failure. As described in the text, a clue

to the afferent arteriolar failure is the presence of elevated protein, particularly albumin, in the urine. In our experience in the

CRIC Study, proteinuria is the most impressive independent risk factor for the rate at which kidney failure progresses. Drugs which

reduce the urinary protein losses also seem to favorably affect large artery stiffness. Furthering our understanding of the in-

teractions of large artery stiffness, pressure wave reflection, and afferent arteriolar responsiveness represents a logical research

initiative with a promise of substantial public health benefit.
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Clinical epidemiology of large artery
stiffness in chronic kidney disease

Cross-sectional findings

General populations with kidney
measurements

A representative general population of 1291 people incor-
porated measures of large artery stiffness and in their cross-
sectional study, Mourad and colleagues evaluated the
relationship between kidney function using serum creati-
nine,20 and PWV measured with the Complior © device.21

They noted a direct correlation between increasing large
artery stiffness and measures of decreasing kidney function,
but only in the tertile with the lowest kidney function.

Chronic kidney diseasednot on dialysis

In a Taiwanese study of established CKD patients, Wang
and colleagues conducted measurements of carotid-femoral
pulse wave velocity (cfPWV) using the Sphygmocor de-
vice,22 and measurements of kidney function using the
Cockcroft-Gault equation.23,24 They observed an increase
in cfPWV from an average value of 8.4 m/s in NKF Stage
1e2 kidney function, to values of 10.1 m/s in stages 3e4
and 11.6 m/s in stage 5.

The largest study to date of arterial stiffness measure-
ments in nondialysis CKD patients is the NIH-funded
Chronic Renal Insufficiency Cohort.25 cfPWV measure-
ments were incorporated into an annual visit of participants
enrolled in this study beginning in 2005. The first publi-
cation from the CRIC study in 2564 CKD participants
showed an average cfPWV of 9.5 m/s in a population
ranging in age from 21 to 75 years.26 More than one third
of the CRIC participants had a cfPWV higher than 10 m/s,
the level considered clinically important for future CVD
events in the European guidance document.27 Diabetes,
present in roughly half the participants, contributed about
2 m/s greater cfPWV when matched for age with nondia-
betic participants. This study also showed that for every
10 mL/min/1.73 m2 decrement in eGFR, there was an in-
crease of 0.4 m/s in cfPWV.

Chronic kidney diseasedon dialysis (end-
stage kidney disease/end-stage renal disease)

In the Hemodialysis Patients treated with Atenolol or
Lisinopril (HD-PAL) study,28 Agarwal and colleagues
measured aortic PWV using an echo-Doppler technique.29

In hemodialysis patients with an average age of 52 years,
they observed a mean aortic PWV of 7.0e7.2 m/s and
found that atenolol was more effective than lisinopril on
reducing arterial stiffness, but this was mediated by a
reduction of BP and not an independent effect.

Several European Centers have studied aortic stiffness
in hemodialysis patients,30,31 including children on hemo-
dialysis.32 The often cited study of Pannier and colleagues
from Paris evaluated 305 subjects aged 53 years at first
study using carotid-femoral tonometry.33 The mean aortic
PWV was 11 � 3 m/s. Their study also showed that while
it was possible to also measure carotid-radial and femoral-
dorsalis pedis PWV, these measures were not predictive of
CV survival, while the aortic PWV was clearly (and
impressively) so. This study settled the issue of which
vascular bed to study prospectively in patients with kidney
disease.

The work of Levin and colleagues34 from Vancouver,
Canada in peritoneal dialysis (PD) patients reveals a sub-
stantial spectrum of cfPWV, which was measured using the
Sphygmocor device.35 In their study of 50 PD patients, the
overall cfPWV was about 10 m/s, but ranged from average
values of about 8 m/s in those with a mean age of 48 years
to more than 12 m/s for those with a mean age of 68 years.

An impressive number of cohorts have obtained cross-
sectional and longitudinal evaluations of LAS in kidney
disease including NephroTEST36; Hoorn37; Chronic Renal
Insufficiency Standards Implementation Study (CRISIS)38;
Age, Gene/Environment Susceptibility-Reykjavik Stud
(AGES-Reykjavik)39; Taiwan40; Tokyo41; and Tohoku.42

Longitudinal studies (see Table 40.1)

Increased arterial stiffness enhances the risks of death and
the likelihood of CVD events, and contributes to a sharper
decline in renal function in established CKD. The dramatic
study of Pannier cited previously noted a marked reduction
in survival in hemodialysis patients with the highest tertile
of cfPWV.33 In the Vlachopoulos meta-analysis, 4 of the 17
longitudinal studies of arterial stiffness in human cohorts
enrolled patients exclusively with ESKD.43 In that meta-
analysis, hazard ratios for patients on dialysis with higher
PWV values ranged from 2 to 4x the referent population for
CV events and reduced survival. Arterial stiffness is clearly
linked to reduced survival and likely a significant compo-
nent of the marked disparity in longevity between a dialysis
patient compared with an age matched non-CKD control.44

In the CRIC Study, we were able to measure cfPWV
using the Sphygmocor © device in 12 enrolling centers in
the United States.25 We successfully obtained measure-
ments on 2795 CRIC participants who underwent yearly
assessment of kidney function for 4e5.5 years after their
PWV measurement.47 CRIC recruitment was specifically
designed to encourage the participation of diabetic and
black patients.49 In our cfPWV Study, we observed that
among our initial 2795 participants, 394 participants died
during the 5.4 years of follow up for this outcome. We also
observed that 504 participants reached ESKD (defined as
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TABLE 40.1 Examples of longitudinal studies of arterial stiffness in established kidney disease cohorts.

Author

year n Age ± SD

Method/

Device %F

F/U

duration

(years) Deaths

CV

events

ESKD

events Comments

Blacher
(1999)45

241 52 � 16 Doppler 39% 6.0 73 48 N/A ESKD only

Briet
(2011)36

180 60 � NR Wall track
and
complior

3.5 10 NR 41 Increased carotid circumferential wall strain predicted GFR loss,
cfPWV did not predict GFR change

Pannier
(2005)33

305 53 � 16 Complior 38% 5.8 96 (all
CVD)

NR N/A End-stage renal disease only; aortic PWV predictive, but not PWV
in arm or leg

Shoji
(2001)46

265 55 � 11 PWV-200 59% 5.3 81 NR N/A ESKD only; diabetics fared worse than non-DM

Townsend
(2018)47

2795 60 � 11 Sphygmocor 45% 4e5 394 NR 504 CKD not on dialysis;
Tertiles of PWV predicted death and ESKD

Zoungas
(2007)48

207 55 � 13 Millar SPT-
301

33% 3.6 17 65 N/A ESKD only

cfPWV, carotid-femoral pulse wave velocity; CKD, chronic kidney disease; DM, diabetes mellitus; ESKD, end-stage kidney disease; F, female; GFR, glomerular filtration rate; N/A, not applicable; NR, not
reported; PWV, pulse wave velocity.
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starting dialysis or receiving a kidney transplant) during the
4.1 years of follow up for this outcome. We noted that both
the mean arterial pressure (MAP) and the cfPWV each had
independent contributions to these outcomes. In an earlier
study in CRIC, we studied 2602 participants who were free
of heart failure at the time of cfPWV Study and noted that
cfPWV was a significant and independent predictor of
incident hospitalized heart failure in the CRIC Study par-
ticipants (Fig. 40.1).6 We observed a hazard ratio of 1.95
[0.92, 4.13; 95% CI] for the middle tertile of cfPWV
(>7.8 m/s and <10.3 m/s), and 3.01 [1.45, 8 ¼ 6.26] for
the highest tertile of cfPWV (>10.3 m/s) adjusted for
diabetes mellitus, proteinuria, the presence of chronic
obstructive pulmonary disease, MAP, heart rate,
HDL-cholesterol, LDL-cholesterol, body mass index, tri-
glycerides, history of MI/revascularization, current smok-
ing, hemoglobin, human recombinant erythropoietin use,
angiotensin-converting enzyme (ACE) inhibitor use, beta
blocker use, calcium channel blocker use, history of hy-
pertension, fasting glucose, and serum albumin.

Summarizing, large artery stiffness, as reflected in
measurements of PWV is independently predictive of kid-
ney function loss, ESKD, and interval CVD events. The
high prevalence of diabetes in CKD populations, and the
accelerated vascular aging that attends CKD, especially in
patients with diabetes, are likely contributors to this
phenomenon.50 Mechanisms stiffening the large arteries in
CKD are covered after the next section on pulsatility.

Clinical pulsatility indices and kidney
function

Several indices exist that evaluate maximal, minimal, and
mean flow parameters in the kidney circulation using either
ultrasound or MR imaging. Ultrasound studies are more
established, and most of the pulsatility literature on kidney
function is ultrasound based.

Pulsatility index

Pulsatility is an inherent property of the circulatory system.
It reflects the vulnerability differential across vascular
regions, in which energy in the more proximal (upstream)
vasculature enters into the (downstream) microcirculation,
ideally at a desirable mean pressure, with the goal of
providing adequate perfusion. An early paper describing
the ultrasound-derived pulsatility index appeared in 1974.51

The basic calculation of the pulsatility index ciphers (the
peak systolic flow velocity minus the minimal diastolic
flow velocity) divided by the mean flow velocity. An
example of the usage of the pulsatility index was cited
previously in this chapter using MR imaging.9 The mech-
anisms by which pulsatility promotes vascular damage in
an organ like the kidney result from a reduction in the
mismatch of impedance between the aorta and the kidney
circulation, which reduces wave reflection, enhances flow
pulsatility, and promotes damage to and loss of the kidney

0.2 0.33 0.5 1 2 3 5 8
Hazard Ratio (95%CI)

>10.3 m/s

7.8-10.3 m/s

>10.3 m/s

7.8-10.3 m/s

>10.3 m/s

7.8-10.3 m/s

P=0.003

P=0.079

P<0.001

P=0.03

P<0.001

P=0.0002Model 1

Model 2

Model 3

FIGURE 40.1 Figure shows a horizontal bar graph depicting hazard ratios (with 95% CI) of carotid-femoral pulse wave velocity (PWV) tertiles in
participants with chronic kidney disease for the outcome of first hospitalized heart failure in the CRIC Study. A PWV of less than or equal to 7.8 m/s is the
referent group in all three models. Model 1 is the unadjusted HR for the heart failure outcome. Model 2 is HR of the heart failure outcome adjusted for age,
race, sex, and enrollment site in the CRIC Study. Model 3 adjusted for diabetes mellitus, proteinuria, the presence of chronic obstructive pulmonary
disease, mean arterial pressure, heart rate, high-density lipoprotein (HDL)-cholesterol, low-density lipoprotein (LDL)-cholesterol, body mass index,
triglycerides, history of myocardial infarction (MI)/revascularization, current smoking, hemoglobin, human recombinant erythropoietin use, angiotensin-
converting enzyme inhibitor use, beta blocker use, calcium channel blocker use, history of hypertension, fasting glucose, and serum albumin. Adapted
from Chirinos, J.A., et al., Arterial stiffness, central pressures and incident hospitalized heart failure in the chronic renal insufficiency cohort (CRIC)
study. Circ Heart Fail. 2014; 7(5):709e716.
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microcirculation, especially the glomeruli.19 This, in turn,
results in a decrement in kidney function.

Resistive index

A resistive index (RI) is also available which is calculated
by subtracting the end-diastolic velocity from the peak
systolic velocity, and then dividing that by the peak systolic
velocity.52 The interlobar and the arcuate arterial beds in
the kidney are the insonation target in this measurement,
and a commonly used normal range is 0.50e0.70 (it is a
ratio, thus unitless).

It was initially hoped that the RI would predict benefit
from interventions like percutaneous renal artery angio-
plasty, and be useful in patient selection for that invasive
procedure.53 In this high profile study, Radermacher and
colleagues observed that an RI of >0.8 indicated a reduced
likelihood of benefit following successful intervention on
the main renal artery in terms of ultimate BP reduction, and
stabilization or improvement of kidney function. Other
studies have not found this to be the case,54,55 for reasons
which include the challenge of assessing the three-
dimensional aspects of threatened blood flow inferred by
a two dimensional arteriogram image.56

The use of the renal RI is more common, at least in this
author’s experience, compared with the pulsatility index. It
is, however, often misinterpreted as being a proxy for
kidney arterial “resistance,” which it is not, despite the
name.57 What it does reflect is the influence of systemic
hemodynamics, particularly that of the central aorta, on the
kidney circulation.42

The use of the renal RI has a niche in kidney transplant
care, where a number of findings have emerged over the
years. Renal RI is a proxy for central hemodynamics in
the kidney transplant recipient, and is more reflective of the
milieu of the kidney transplant recipient rather than the
donor,58,59 and when the renal RI increases in conjunction
with kidney allograft dysfunction, it is predictive of
antibody-mediated rejection.60

Mechanisms of increased arterial
stiffness in chronic kidney disease

The multitude of excretory and hormonal functions that are
part of normal kidney function, when impaired or absent,
underscore the complex nature of the influence of the
kidney on large artery health. Moreover, most of the ab-
errations that occur as kidney function declines have bidi-
rectional effect wherein the loss of kidney function worsens
their influence and the resultant LAS increase in turn,
continues to more kidney function loss (see Fig. 40.2).

Vascular calcification

Large vessel calcification has an adverse effect on arterial
stiffness.61 The increase in stiffness, in turn, promotes a
greater pulse pressure which contributes to the pathophys-
iology of the vessel wall calcification processes, thus
perpetuating a vicious cycle.62 Both CKD and diabetes are
marked by increased vascular calcification.63 The mecha-
nisms leading to vascular calcification in CKD involve a

FIGURE 40.2 Figure shows bidirectional relationship of processes within (or related to) kidney disease promoting large artery stiffness and, in turn the
result of increased large arterial stiffening on kidney function in patients with chronic kidney disease. See text for details.
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deranged bone-mineral axis with the result that vascular
smooth muscle cells take on the phenotype of osteochon-
drogenic cells, a process worsened by elevated glucose and
lipid levels, elevated phosphorous and aldosterone con-
centrations that characterize the CKD patient.64 When
vascular calcification is present, it markedly enhances the
CV risk of patients with this profile, particularly in the
presence of end stage renal disease.65 At this time, there are
no treatments to reverse calcification in humans, though the
use of pyrophosphate in an animal model of uremia asso-
ciated vascular calcification was promising,66 and accession
of the clinicaltrials.gov Website using the search term
“vascular calcification” returned 75 results (accessed July
2020), thus, this may change in the near future.

Renin system activation

Increased renin system activity generates additional
angiotensin-II, which in turn contributes to vasoconstric-
tion, inflammation (superoxides), vascular remodeling, and
increased production and release of aldosterone.67e69 Many
years of use of blockers of the renin system have demon-
strated the potential benefit of ACE inhibitors, angiotensin
receptor blockers (ARBs), and mineralocorticoid receptor
antagonists in managing patients with CKD.70 The use of
ACE-inhibitors and ARBs may not necessarily reduce
aldosterone concentration71 and rationale exists for
combining MRAs with these agents if the patient’s potas-
sium level can tolerate the combination.72

Changes in vessel wall proteins

There are two key proteins in the vascular smooth muscle,
elastin and collagen. Elastin proteins have good recoil, but
poor load bearing function.73 Collagens have excellent load

bearing, but poor recoil.74 The combination of both protein
types results in a desirable balance of recoil and load bearing
in health. In CKD there is an accelerated fragmentation and
loss of elastin, and an increase in the relative amount of
collagen.67 Additionally, there is increased cross linking of
collagen which reduces its turnover in the vessel wall.75 An
increase in the activity of tissue matrix metalloproteinase
(MMP) activity in CKD promotes greater elastin and collagen
turnover, resulting in disarray of the extracellular matrix.76 In
particular, MMPs have been shown to be upregulated in the
internal mammary artery of patients with CKD,77 and in
the kidney arteries of patients on dialysis compared with the
levels in kidney donors,78 and MMPs are felt to contribute in
particular to the loss of elastin. As elastin is lost and collagen
gained, the large artery wall becomes stiffer.79 Specific
chemical inhibition of MMPs as well as exercise are potential
tools in altering MMP activity (Table 40.2).

Advanced glycation endproducts

Similar to the section immediately prior, the cross-linkage
occurring within collagen proteins in the vessel wall con-
tributes to larger artery stiffness, and another pathway by
which this happens is through the nonenzymatic glycation of
carbonyl products with cross linking, particularly at lysine
residues in protein80. Such cross linking restricts the ability of
inherent process to turn over collagen protein, leading to a
build-up of collagen with increasing stiffness as the result.
AGEs accumulate more rapidly in the kidneys of those with
diabetic nephropathydand more so with declining renal
function.81 AGEs are both generated by the kidney, in addi-
tion to settling within the kidney in diabetic and nondiabetic
kidney diseases.82 Hope remains for a nontoxic compound to
be deployed in humans either blocking the generation of AGE
or blocking the receptors for AGE (RAGE).83,84

TABLE 40.2 Potential interventions to reduce large artery stiffness in chronic kidney disease.

Process Goal Possible Rx

Increased pulsatility Reduce pulsatility Renin system blockade (angiotensin-converting enzymee
inhibitor, angiotensin-II receptor blockers)

Vascular
calcification

Reduce calcium deposition Vitamin K supplements, magnesium supplements, and
pyrophosphate supplements

Metalloproteinase Preserve elastin content Doxycycline

Endothelial
dysfunction

Improve vasodilation Aerobic exercise and nitrates

Oxidative stress Reduce reactive oxygen species generation;
improve mitochondrial function

N-acetyl-cysteine supplements (in dialysis patients)

Glycation
endproducts

Reduce formation of AGE or block the receptor
for AGE

Green tea extract, sirtuin-1, and pyridoxamine

AGE, advanced glycation endproduct; CKD, chronic kidney disease; LAS, large artery stiffness; Rx, treatment.
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Endothelial dysfunction

The ability of the endothelium of vessel, particularly in
response to shear stress, to secrete nitric oxide (NO) and
potentiate vascular smooth muscle relaxation is an impor-
tant means to regulate blood flow in health.85 The reduction
in, or loss of, this capacity is termed endothelial dysfunc-
tion and is a recognized component of the vascular
dysfunction attendant to CKD.86 Endothelial dysfunction
promotes large artery stiffness, particularly in CKD.87 A
principal mechanism of this endothelial dysfunction, but by
no means the only mechanism, is the accumulation of
asymmetric dimethyl-arginine (ADMA) in the circulation
due to reduced renal excretion as kidneys fail.88 ADMA
accumulation interferes with intracellular mechanisms that
free NO from arginine residues. We and others have shown
that aerobic exercise improves endothelial function in CKD
and also improves aortic pressure waveforms.89

Inflammation/oxidative stress

Chronic inflammation, characterized by increased circu-
lating levels of inflammatory biomarkers, is part of the
CKD profile,90 particularly when co-morbidities like
rheumatoid arthritis, and lupus are present.91 Positron
emission tomographic scanning using fluorodeoxyglucose
has been used to investigate the presence of inflammation
in the aortic wall, which in turn is associated with increased
aortic stiffness.92 Inflammation-mediated damage to
vascular wall proteins like elastin reduces this component
in aortic compliance, and healing phases of inflammation
may deposit calcium in the vessel wall contributing yet
further to large artery stiffening.93 In the CRIC Study, we
showed there were significant cross-sectional associations
between elevated levels of inflammatory biomarkers and
large artery stiffness.94

Oxidative stress also affects large artery wall function,
particularly in CKD.95 We have shown, for example, that
specific inhibition of NADPH oxidases restores impaired
cutaneous vasodilation in CKD.96 However, a recent
Cochrane review on this topic indicates that although
administration of antioxidants in human CKD does no
harm, it achieves little significant benefit on CVD end-
points, with the exception of dialysis patients, in which
there was some encouraging outcome data.97

Therapies

One of the more significant problems in the study of large
artery stiffness in humans has been the challenge of disen-
tangling an intervention designed to improve stiffness from
the simple hemodynamic benefit of lowering BP itself. This
was addressed in the AHA Science Statement on arterial
stiffness in humans.98 In Table 40.2 are some examples of

proposed therapies to possibly improve large artery stiffness
in CKD. I suggest the reader consult www.clinicaltrials.gov,
and enter either a keyword like “advanced glycation” or a
compound like “green tea” in the site search box, since there
is literally daily turnover of listings on thiswebsite.However,
to date (August 2020), and to the best of the author’s
knowledge, there is no FDA-approved product or interven-
tion specifically indicated to improve large artery stiffness in
patients with CKD. A timely meta-analysis of destiffening
therapies in dialysis patients evaluating pharmacologic ap-
proaches mainly for treating disordered bone-mineral meta-
bolism (vitamin D, phosphate binders), or hypertension
(CCB, RAS inhibitors), found mixed results and expressed
concern over the low quality of many studies.99 Similarly, a
meta-analysis of nondrug therapies from the same group
noted that lowering dialysate calcium concentration, careful
volume management, and promoting intradialytic exercise
also seem to improve large artery stiffness, however, again it
is difficult to separate stiffness findings from that of systolic
BP reduction.100
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Introduction

Central arterial stiffness results in hemodynamic changes
throughout the arterial tree and has marked effects on distal
end-organs, such as the kidneys and brain. In fact, the brain
pulsates with every beat of the heart.1 Consistent perfusion
of the brain is orchestrated at various levels by the
sympathetic and neuromuscular tone controlling heart rate
and arterial compliance, systemic blood pressure and
resistance, and cerebral autoregulation. It only takes a bout
of acute tachycardia induced by aerobic exercise or pre-
syncope induced by orthostatic hypotension to appreciate
the essential role of hemodynamics in proper functioning of
the central nervous system. Chronic effects of hemody-
namic insufficiency and excessive pulsatile force attributed
to central arterial stiffness may be less apparent but far
more insidious especially in late life.

Arterial stiffness is recognized as a vascular risk factor
for age-related cognitive disorders including Alzheimer’s
disease (AD) and related dementias (ADRD). As previous
chapters note, arterial stiffness is an age-related vascular
disorder that is accelerated by cardiometabolic disorders
like hypertension and diabetes. Notably, both hypertension
and diabetes are identified as key modifiable risk factors for
ADRD.2

Cognitive impairment is a clinical syndrome charac-
terized by quantifiable deficits in cognitive performance in
one or more cognitive domain with or without subjective
cognitive concerns and functional impairments. At the level
of dementia, functional impairments affect activities of
daily living. The clinical presentation of cognitive decline
along with neuroimaging biomarkers, biofluid assays, and

ultimately neuropathological study of the brain are used to
inform the etiology of dementia. AD and ADRD are
distinct from vascular dementia in clinical presentation and
underlying neuropathology. While vascular dementia is
characterized by infarction, stroke, and acute, precipitous
declines in cognitive function, AD is characterized by the
development of hallmark AD pathology (b-amyloid [Ab]
and phosphorylated tau [p-tau]) and neurodegeneration,
preceding by years and decades the insidious decline in
cognitive performance over time. Yet, the vast majority of
individuals with probable AD also have evidence of
vascular pathology. Less than half (41%) of AD is attrib-
utable to the hallmark AD pathology3 and the majority
(75%) of probable AD have vascular pathology, especially
cerebral infarction.4 Recently, the term “Vascular Contri-
butions to Cognitive Impairment and Dementia (VCID)”
was developed to describe the broad field of research
considering the role of a range of vascular risk and vascular
lesions on cognition in the context of ADRD and is now
used broadly by the American Heart Association,5 the
Alzheimer’s Association,6 and the NIH.7

The heterogeneity of ADRD pathology/etiology and the
importance of VCID has implications for prevention and
precision medicine. This is especially important in diverse
populations as there may be ethnic/race differences in the
prevalence of vascular comorbidities that may explain some
of the reported excess risk for ADRD among Hispanic and
African American older adults.8 Although various vascular
etiologies/pathways are important contributors to VCID
and ADRD risk (Fig. 41.1),9 this chapter will review and
critique the evidence that arterial stiffness is a risk factor for
reduced cognitive function and dementia through its
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associations with various cerebral pathologies underlying
age-related cognitive decline and ADRD. In this chapter,
we primarily focus the review of epidemiologic studies
evaluating central and aortic arterial stiffness to ADRD.
Although arterial stiffness can be measured by various
modalities, the majority of studies to date measure central
stiffness using aortic and carotid-femoral (cf) pulse wave
velocity (PWV). We note throughout where confirmatory
and novel evidence from other modalities (cardiac magnetic
resonance imaging (MRI), phase contract cerebral blood
flow MRI, and carotid ultrasound) when available. The

second part of this chapter links this evidence with other
lines of supporting research and evaluates the sum total in a
causal framework linking arterial stiffness to ADRD.

Review of studies linking arterial stiffness to
Alzheimer’s disease and related dementias

Arterial stiffness and cognitive impairment

Higher arterial stiffness is consistently associated with mild
cognitive impairment (MCI) and dementia in most
studies.10e15 In one study of individuals with MCI, higher

FIGURE 41.1 Vascular changes associated with Alzheimer’s disease and related dementias. Age-related vascular changes across the cerebral vascu-
lature and outside the brain are exacerbated in Alzheimer’s disease. Intracranial and extracranial atherosclerosis, reduced cerebral microvascular density,
cerebral amyloid angiopathy, and neurovascular unit dysfunction, together with large artery stiffening and hypertensive vascular remodeling, changes in
heart function, and a procoagulant state, contribute to important reductions in cerebrovascular blood flow. Ab may play a contributory role in these
vascular changes. Reprinted from Cortes-Canteli M, Iadecola C. Alzheimer’s disease and vascular aging: JACC focus seminar. J Am Coll Cardiol. 2020;
75(8):942e951, with permission from Elsevier.
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cfPWV was associated with the conversion to dementia.16

While most prior studies distinguished between a primary
etiology of cerebrovascular disease and AD dementia, the
two pathologies often overlap and most dementias in the
elderly are a mix of both.17 A meta-analysis report showed
that PWV was higher among those with cerebrovascular
disease compared to those with AD dementia or controls,13

although these analyses pooled studies that used hetero-
geneous methods of cerebrovascular disease and AD de-
mentia diagnostic classification, cross-sectional designs,
and different PWV methods, as well as studies reporting on
brachial-ankle PWV (baPWV). In the Atherosclerosis Risk
in Communities Neurocognitive Study (ARIC-NCS)
among 3550 White participants, higher cfPWV was asso-
ciated with the prevalence of dementia and higher central
pulse pressure (cPP) was associated with the prevalence of
dementia and MCI.18

At this time, there are only three prospective,
population-based studies on arterial stiffness, measured at
one point in time, and risk of ADRD. The first showed an
association of higher cfPWV with the 10-year incidence of
MCI in all study participants (n ¼ 1101) and with the
incidence of all-cause dementia among those without
diabetes.19 The other prospective evaluation did not detect
an association between cfPWV and the risk of cerebro-
vascular disease or dementia in 3714 participants after a
mean follow-up of 4.4 years, although the number of cases
of cerebrovascular disease was small (11 incident cases)
and MCI was not ascertained.12 Lastly, in the Cardiovas-
cular Health Study (n ¼ 356), higher cfPWV was associ-
ated with 15-year incidence of dementia.20 As discussed in
subsequent sections, the evidence of an association between
arterial stiffness, cognitive function, brain imaging, and
biomarker hallmarks of AD supports the evidence of an
association of arterial stiffness with MCI and ADRD.

Arterial stiffness and cognitive function

Arterial stiffness is associated with reduced cognitive
function in both community-based studies21e26 and in
systematic reviews and meta-analyses.10,27e29 Few longi-
tudinal studies on global cognitive function are avail-
able.12,30,31 Among older adults in nursing homes,
increasing tertiles of cfPWV at baseline were associated
with greater one-year cognitive decline in Mini-Mental
Status Examination (MMSE) scores (n ¼ 873),30 and
baseline values of cfPWV and pulse pressure amplification
were higher among those with a two-year decline of >3
points in MMSE (n ¼ 682).31 In contrast, the Rotterdam
Study (n ¼ 2767) found no association of cfPWV with
decline in MMSE during a mean follow-up of 4.4 years.12

These studies relied on the MMSE, whereas specific
domains of cognition might be more sensitive to increased
cfPWV and cPP.12,21,23,25

Declines in domains of executive function and psy-
chomotor speed/attention are often related to cerebrovas-
cular injury whereas declines in memory typically reflect
neurodegenerative damage to the brain.5 Extant reports
indicate that arterial stiffness is more consistently associ-
ated with tests of executive function,25,32 suggesting arterial
stiffness and pulsatility most likely act through vascular
processes rather than neurodegenerative processes. In the
ARIC-NCS Study (n ¼ 3703), cfPWV associated with
lower executive function/processing speed and general
cognition, but not with memory or language.33 In contrast,
cfPWV and cPP were associated with lower memory
scores, but not with processing speed or executive function
in a community-based cohort (n ¼ 668).23 Longitudinally,
cfPWV was associated with seven-year global cognitive
decline and phonemic fluency, but was not significantly
associated with other domain-specific measures of memory,
reasoning, and semantic fluency in the Whitehall II study
(n ¼ 4300).34 In the Framingham Offspring Cohort
(n ¼ 1223), cfPWV was associated with a 6.4-year increase
in Trail Making Test Part B minus Part A test (worse
executive function), but not was not associated with change
in Similarities test, a measure of executive function/abstract
reasoning.35 When evaluating other cognitive domains,
higher cfPWV was associated with a three-year decline in
psychomotor speed, and perceptual speed, but was not
associated with verbal memory (n ¼ 552).25

In the latest meta-analysis, higher PWV was associated
with lower global cognitive function, executive function,
and memory in cross-sectional studies, whereas in longi-
tudinal studies, PWV was associated with reduced global
cognitive function and executive function, but not with
change in memory.36 The discrepancies in the literature
may be attributable to differences in the tests of domain-
specific cognitive function, measures of arterial stiffness,
cross-sectional designs, and study populations. Harmoni-
zation of cognitive function measures would facilitate a
more direct comparison of the association of arterial stiff-
ness and cognitive function across studies. Further, the
inclusion of imaging biomarkers of ADRD continue to
advance our understanding of the cerebral pathology
underlying associations between arterial stiffness and
cognitive function.

Arterial stiffness and brain structural
abnormalities on magnetic resonance
imaging

Arterial stiffness is consistently associated with macro-
structural and microstructural brain abnormalities and ce-
rebral small vessel disease before the development of
ADRD (Fig. 41.2). Arterial stiffness is associated with
reduced gray matter volumes and indicators of cerebral
small vessel disease, quantified by white matter
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hyperintensities (WMHs), and morphologic abnormalities
on MRI (reviewed in Table 41.1 and Concept Box), such as
microbleeds and lacunar infarcts in individuals with
hypertension,37e40 community-based samples,23,24,37,41

and in meta-analyses.10,29

WMH is the most often reported form of cerebral small
vessel disease reported in the literature and most commonly
and consistently associated with arterial stiffness. In the
community-based Age, Gene/Environment Susceptibilitye
Reykjavik cohort study (n ¼ 668), cfPWV and cPP were
cross-sectionally associated with the presence of subcortical
infarcts and cfPWV was associated with a higher WMH
volume.23 In the ARIC-NCS Study (n ¼ 1255), cfPWV was
associated with WMH volume, smaller brain volume, and
smaller AD signature region volumes.33 Arterial stiffness is
related to WMH in middle-aged adults.42,43 In the Fra-
mingham Third Generation Cohort Study, cfPWV was
associated with larger lateral ventricular volumes in 759
participants 30e45 years old and with white matter injury
in 1129 participants 45e65 years old.42 Two longitudinal
studies have shown an association between higher
cfPWV and a higher burden of WMH.44,45 The first of these
showed a positive association of cfPWV and WMH
volume, with a stronger magnitude of effect among Black

older adults compared to White older adults (n ¼ 303; 41%
Black).44 The prospective Dallas Heart Study (n ¼ 1270)
reported that aortic arch PWV was associated with
WMH volume measured seven years later, and estimated
that a 1% increase in aortic arch PWV (m/s) corresponds
to a 0.3% increase in WMH volume.45 In contrast in
the Framingham Offspring Cohort (n ¼ 1118), cfPWV
was not associated with 6.4-year change in total cerebral
brain volume or WMH volume.35 Additionally, higher
carotid artery stiffness was associated with higher WMH
volume 20 years later in the ARIC-NCS Study
(n ¼ 1402).46

Arterial stiffness is consistently related to WMH,47,48

especially in the periventricular49e51 and to a lesser extent
deep white matter.49,51 Arterial stiffness appears to show
particular specificity for WM tracts susceptible to age-
related damage,44 likely contributing to WMH in areas of
the brain that are directly supplied by the deep cerebral
circulation. Furthermore, the arterial border zone of the
cerebral white matter (watershed) is particularly sensitive to
cerebral hemodynamic abnormalities and increased
pulsatility.52

Changes in white matter integrity are thought to occur
prior to visible WMH.53 The microstructural integrity of

FIGURE 41.2 Arterial stiffness and age-related changes in the brain commonly seen in Alzheimer disease and related dementias. These changes include
declines in cerebral perfusion to the gray matter, evidence of multiple forms of cerebral small vessel disease (lacunar infarcts [white circles], white matter
hyperintensities [white streaks], cerebral microbleed [red triangles], enlarged perivascular [Virchow-Robin] spaces), loss of brain volume, and b-amyloid
deposition in the brain (brown plaques). Such changes are suspected to affect the integrity of the white matter and neurovascular unit. Reprinted from
Chirinos JA, Segers P, Hughes T, Townsend R, Large-artery stiffness in health and disease: JACC state-of-the-art review. J Am Coll Cardiol. 2019;
74(9):1237e1263, with permission from Elsevier.
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white matter can be measured using diffusion tensor
imaging (DTI) by MRI. Higher mean diffusivity (MD) and
lower fractional anisotropy (FA), indicating axonal
damage, and demyelination signifies lower white matter
microstructural integrity, which could lead to WMH.
Arterial stiffness is associated with loss of integrity in
various age-related regions in both middle-aged54 and older
adults.43,55,56 In 54 cognitively unimpaired elderly in-
dividuals, cfPWV was associated with DTI measures of
white matter microstructure, including FA and radial

diffusivity (axonal organization/degeneration), but not with
myelin volume fraction (myelination).55 In the ARIC-NCS
Study (n ¼ 1484), cfPWV was associated with lower FA
and higher MD even after adjustment for WMH volume.57

In the Framingham Offspring and Third Generation cohorts
(n ¼ 1903), cfPWV was found to be associated with higher
free water, particularly in the WM fed by the middle ce-
rebral artery, and lower FA.54 The relationship between
central arterial stiffness and white matter integrity may be
focal, localized to individual tracts, but detectable in

TABLE 41.1 Summary of the imaging and cognitive data related to arterial stiffness.

Dementia-related pathology and functional measures Modality Strength of evidence

Macrostructural biomarkers

Atrophy (e.g., gray matter volume) T1 MRI l

White matter hyperintensities FLAIR MRI lll

Periventricular FLAIR MRI lll

Subcortical FLAIR MRI ll

Large infarcts DWI MRI ll

Lacunes FLAIR MRI ll

Cortical microinfarcts DWI MRI NA

Cerebral microbleeds GRE/SWI MRI l

Enlarged perivascular spaces T2/FLAIR MRI ll

b-amyloid PET or CSF lll

Tau PET or CSF ll

Other proteinopathies (e.g., TDP-43, a-synuclein) NA NA

Microstructural biomarkers

Fractional anisotropy DWI MRI ll

Radial diffusivity DWI MRI lll

Myelin fraction DWI MRI l

Free water DWI MRI ll

Neurite density DWI MRI NA

Functional biomarkers

Cerebral blood flow ASL/BOLD MRI ll

Cerebrovascular reactivity ASL MRI challenge ll

Cognitive function

Global cognitive performance Cognitive testing lll

Executive function Cognitive testing lll

Memory Cognitive testing lll

Speed of processing Cognitive testing ll

Attention Cognitive testing l

Evidence: l low; ll moderate; lll strong; ASL, arterial spin labeling; BOLD, blood oxygen level dependent; DWI, diffusion-weighted imaging;
FLAIR, fluid-attenuated inversion recovery; GRE, gradient-recalled echo; NA, not available; SWI, susceptibility-weighted imaging.
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multiple ethnic groups.44,57 These studies suggest that
arterial stiffness effects WM integrity before the develop-
ment of WMH.

Despite the numerous studies of arterial stiffness and
white matter, few have included gray matter volume or
density, which is the outermost layer of the brain and
consists primarily of neuronal cell bodies. Studies among
community-based populations are conflicting, as cfPWV
was associated with lower gray matter density in one study
(n ¼ 1903),54 not associated in another (n ¼ 303),44 and
one showed that carotid pulsatility index, not cfPWV, was
associated with lower gray matter volume (n ¼ 668).23

Similarly, among patients with arterial disease, carotid
stiffness was associated with lower cortical gray matter
volume (n ¼ 526), but not with the four-year progression of
cortical gray matter volume (n ¼ 308).58 Future studies
should assess both white and gray matter to fully charac-
terize the association of arterial stiffness and brain volumes.

The associations of arterial stiffness with other indicators
of cerebral small vessel disease, such as lacunes and
microbleeds,47 are inconsistent. As lacunes represent small
ischemic lesions, the associations with arterial stiffness seem
less than direct and more likely to be mediated by pro-
thrombotic comorbidities common to both. The exception
would be for subcortical lacunes, which may present from

generalized hypoxia. The inconsistent relationship with
arterial stiffness and cerebral microbleeds may be attribut-
able to differential associations with location of the micro-
bleeds, with deep and infratentorial being associated rather
than lobar regions.47 Microbleeds are thought to
hemosiderin-laden macrophages in perivascular tissue,
consistent with vascular leakage of blood cells. Further,
microbleeds are linked to vascular amyloid deposition
especially when present outside of the white matter.59 When
extensively seen in the parietal lobe, they indicate presence
of cerebral amyloid angiopathy (CAA). As discussed below,
arterial stiffness is associated with cerebral Ab deposition
and the presence of microbleeds in older adults.48

General enlargement of perivascular spaces is associated
with other morphological features of cerebral small vessel
disease, including WMH and lacunes, but not atrophy.60

Arterial stiffness is associated with the presence of enlarged
perivascular spaces among 782 individuals with hyperten-
sion40 and community-based samples of older adults,
particularly in the basal ganglia.47 One of the described
functions of perivascular spaces is to drain interstitial fluid
back to circulation. However, when the aorta is stiff, a high
pulsatility wave is transmitted to end-organ vascular beds
forcing small arteries to adapt to higher flows, which might
facilitate the interstitial fluid leakage.40

This concept box details the magnetic resonance imaging (MRI)-based macrostructural, microstructural, and hemodynamic

measures used to study the vascular contributions to dementia, as described below.

Macrostructural measures59

Recent small subcortical infarcts are occlusions of a single, deep perforating brain artery and is likely a consequence of cerebral

small vessel disease.

White matter hyperintensities (WMHs), also known as Leukoaraiosis, are brain lesions with increased brightness when

identified on MRI using fluid-attenuated inversion recovery (FLAIR) sequences.

Lacunes are small (3 mm and about 15 mm in diameter) fluid-filled cavities in the white matter or basal ganglia consistent with

a previous acute small subcortical infarct or hemorrhage in the territory of one perforating arteriole. Lacunes are frequently

observed coincidentally on imaging in older people, often not clearly associated with discrete neurological symptoms.

Perivascular spaces are also known as VirchoweRobin spaces, are fluid-filled spaces that follow the typical course of a vessel

as it goes through gray or white matter.
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Association of arterial stiffness and
Alzheimer’s disease biomarkers

Emerging studies show associations of vascular risk factors
with biomarkers of Ab and p-tau, which are hallmarks of AD
pathology that precede atrophy and onset of cognitive
impairment.61 Biomarkers of Ab and tau aggregation
measured by positron emission tomography (PET) represent
the burden of AD pathology. In contrast, biofluid levels of
ADRD biomarkers provide insight into the concentration of
hallmark AD pathology (Ab, p-tau), neurodegeneration (total
tau (t-tau)), synaptic dysfunction (e.g., neurogranin), neuro-
axonal injury (e.g., neurofilament light), neuroinflammation
(e.g., YKL-40), and more. Arterial stiffness is associated with
the extent and progression of cerebral Ab plaques burden
quantified by PET imaging in older adults without dementia,
but may differ by vascular bed assessed.48,62 While central
aortic PWV is inconsistently associated with the extent of Ab
burden at a single time point, one study suggests that cfPWV
appears to bemost strongly associatedwith the accumulationof
Ab over time.62 In contrast, markers of peripheral arterial
stiffness (baPWV and carotid stiffness) appear to be more
strongly associated with the extent Ab in the brain.48,62 As-
sociations between arterial stiffness and Ab burden have been
replicated in adiverse cohort, andappear to beconsistent across
White and Black older adults (n ¼ 320).48 Currently, there are
limited data available directly linking arterial stiffness and tau
pathologyandneurogenerativeprocesses, theotherhallmarkof
AD pathology. Tau PET imaging is beginning to associate
vascular risk factorswith tauaggregation in thebrain.63Among
older adults in their eighth decade of life, greater aortic stiffness
measured by cardiac MRI is associated with higher cerebro-
spinal fluid levels of neurodegenerative (phosphorylated and
total tau, neurogranin, and neuroinflammatory markers (YKL-
40).64 More studies are needed to further characterize the as-
sociation of arterial stiffness and Ab and tau aggregation and
the role of arterial stiffness in the development of cognitive
impairment and dementia (Fig. 41.3).

Assessing evidence of the association between
arterial stiffness and dementia

As discussed herein, there is mounting evidence that age-
related arterial stiffening is associated with the various
forms of dementia pathology from cerebral small vessel
disease to Ab deposition to risk for cognitive decline and
dementia. The accumulating literature warrants reflection
on the potential causal role of arterial stiffness in ADRD
through promotion of dementia related neuropathology and
cognitive decline. Applying The Bradford Hill Criteria65

framework to assess the evidence of association for the
potential role of arterial stiffness in dementia, we see
moderate and consistent evidence linking arterial stiffness
to dementia through its related pathology.

Strength of evidencedAs detailed above, the strength
of associations between arterial stiffness, cerebral small
vessel disease, cognitive impairment, and ADRD are of
modest strength and follow the proposed causal pathway
for the vascular contributions to ADRD depicted in
Fig. 41.3.

Consistency of evidencedMeasures of arterial stiffness
show strong consistency for their relationships with specific
dementia-related phenotypes, cognitive impairment, and
structural abnormalities in the brain. There are, of course,
limitations to this evidence. First, heterogeneity in results are
apparent across methods used to measure arterial stiffness.
Some inconsistent results may be attributed to variable
measurement error across methods used to measure arterial
stiffness (e.g., cfPWV, baPWV, cardiac MRI, and carotid
ultrasound). In contrast, the vascular bed at which arterial
stiffness is assessed could provide physiologic information
about the proximity of each measure to cerebral hemody-
namics, as well as the extension of arterial stiffness gradient.

A second major limitation of the current studies resides
in the homogeneity of populations studied. Most of the
studies to date have focused on individuals of European
decent. This is an important public health issue given that

Cerebral microbleeds are small hypointense lesions that are visible on paramagnetic-sensitive MRI sequences. These lesions

are most commonly located in the cortico-subcortical junction, and deep gray or white matter in the cerebral lobes, brainstem,

and cerebellum. Cerebral microbleeds are associated with other forms of cerebral small vessel disease, cerebral amyloid angi-

opathy, and Alzheimer’s disease.

Microstructural measures

White matter diffusion is restricted (anisotropic flow) along nerve fibers and myelin of the white matter. Unrestricted (isotropic)

flow can indicate areas of reduced microstructural integrity and freely diffusing water indicative of neuroinflammation. Diffusion

imaging enables the assessment of microstructural integrity of the white matter and gray matter through several diffusion metrics.

Hemodynamic measures

Cerebral blood flow is remarkably constant under a normal physiological state. Cerebral blood flow is regulated by cardiac

output, aortic distensibility, pulsatile pressure gradient along arteries, and cerebral autoregulation. It is also subject to the

development of arteriopathies, such as arterial stenosis, atherosclerosis, and arterial stiffness.

Cerebrovascular reactivity is the response to a functional challenge (e.g., exercise, hypercapnia, and orthostatics) and is a

measure cerebral autoregulation.
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underrepresented groups in the United States have not only
a greater burden of subclinical cardiovascular disease,
including arterial stiffness,66 but also a greater risk for
ADRD.67e70 Racial and ethnic differences exist in
vascular71,72 and metabolic disorders,73 apolipoprotein E
epsilon 4 allele (APOE-ε4) frequencies,74,75 Ab deposi-
tion,76 and the prevalence and incidence of ADRD.77e80 A
recent multiethnic autopsy study revealed that the brains of
African-Americans with AD had more severe evidence of
cerebral arteriosclerosis and atherosclerosis, more “mixed
dementia” pathology, and less “pure AD” pathology than
the brains of matched White counterparts.81 Cardiovascular
disease risk factor profiles differ for African-Americans82

and Hispanics83 compared to Whites.84 Yet, the effects of
these differential risk factor profiles have not been well
studied in AD. Some studies report up to twice the preva-
lence of AD in African-Americans compared to
Whites,85,86 and lower pathologic thresholds for cognitive
impairment in African-Americans87 and Hispanics.88

Taken together, these studies suggest that underrepresented
groups are at greater risk for subclinical vascular disease,
cardiovascular disease events, and ADRD. Further studies
of arterial stiffness and brain aging are needed in diverse
populations.

Biologic gradientdMost studies finding significant re-
lationships between arterial stiffness and dementia pathology
and risk for dementia employ linear models as a base for dose
response relationships. While various thresholds for
abnormal arterial stiffness have been proposed for different
age groups (e.g., >12 m/s89 or >10 m/s90 for cfPWV),
studies that report linear models of arterial stiffness and
continuous outcomes (e.g., cognitive performance, brain
volumes) find monotonic relationships. It should be noted
that these published thresholds were developed for

cardiovascular events, dependent upon the age of the refer-
ence population, may represent statistical artifact rather than
biology, and have not been validated for brain outcomes.

Specificity of evidencedThe breadth of observed re-
lationships of arterial stiffness with dementia-related pathol-
ogy underscores the challenge to relate arterial stiffness to a
complex, multifactorial disease such as ADRD in a causal
framework. The predominant hypothesis is that arterial
stiffness directly relates the pulsatile force of left ventricular
function and systemic hypertension to deliver excess pulsatile
force in the peripheral organswith dire vascular consequences
to blood flow in the extensive microvasculature structure of
the kidneys and brain. Arterial stiffness transmits unabated
pulsatile flow along the carotid and vertebral arteries and
deeper into the cerebral microvasculature with purported ef-
fects: microhemorrhages,38 endothelial denudation, and
thrombosis.91,92 Neuroimaging biomarkers of cerebrovascu-
lar damage related to arterial stiffness are in primarily three
forms: (1) excess pulsatile force delivered to the brain
resulting in various form of gross cerebral small vessel dis-
ease60; (2) axonal damage in white matter; and (3) hypo-
perfusion of microvasculature particularly harmful in
watershed regions. Arterial stiffness is associated with ab-
normalities in ADRD biomarkers of cerebral blood flow,
cerebral small vessel disease, and AD pathology purported to
precede cognitive dysfunction. Therefore, it may be difficult
to isolate and attribute a single cerebral pathology associated
with arterial stiffness. Further, more regional specificity in
neuroimaging or neuropathologic outcomes are needed on
studies of arterial stiffness in the vascular contributions to
dementia to inform highly susceptible brain regions for end-
points in clinical trials.

TemporalitydThe evidence to date supports a chain of
evidence linking arterial stiffness to cerebral hemodynamic

Arterial 
stiffness

Cerebral small 
vessel disease

β-amyloid 
deposition

Brain 
atrophy

Vascular 
dementia

“Mixed 
Dementia”

Alzheimer’s
disease

Cerebral 
hypoperfusion

Tau 
neurofibrillary 

tangles

Vascular 
risk factors

(HT, DM, 
APOE-ε4 )

FIGURE 41.3 Conceptual model of the association between arterial stiffness and brain aging. APOE-ε4, Apolipoprotein E epsilon 4 allele; DM, diabetes
mellitus; HT, hypertension.
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changes and structural abnormalities indicative of cerebral
small vessel disease and AD pathology that are proposed to
precede cognitive impairment by years and even decades.
This suggest that cerebral effects of age-related arterial
stiffness begin early in the lifecourse before they culminate
in late-life cognitive impairment. Yet, the majority of the
data available linking arterial stiffness to related dementia
pathology are cross-sectional in design. Measures of carotid
arterial stiffness accurately predict WMH burden 20 years
later.46 Several longitudinal studies show that arterial
stiffness is associated with accelerated cognitive decline in
various cognitive domains34,93,94 and the risk for incident
cognitive impairment.19 While future studies are needed to
provide support for temporal changes in arterial stiffness
relative to changes in dementia pathology and cognition,
the long subclinical phase of both age-related disorders of
arterial stiffness and dementia pathogenesis add to the
complexity of establishing temporal evidence.

Biologic plausibilitydDementia is a complex and
multifactorial neurocognitive disorder with as many etiol-
ogies as there are subtypes. Accordingly, the vascular con-
tributions to dementia are also multifaceted and correspond
to various forms of cerebrovascular pathology evident in the
brain, from ischemic and hemorrhagic stroke to evidence of
cerebral small vessel disease.7 Similarly, arterial stiffness is
not only associated with the clinical syndrome of dementia
but also multiple structural changes in the brain prior to onset
of cognitive symptoms. It is important to note that the current
research suggests that arterial stiffness is less likely to be
related to vascular dementia, which is more often charac-
terized by infarction, stroke, and acute, precipitous declines
in cognitive function. While arterial stiffness does increase
the risk for stroke,95 is more closely related to cerebral small
vessel disease and the insidious onset of cognitive symptoms
characteristic of ADRD.

Increased arterial stiffness is posited to contribute to
cerebral microvascular damage,96 cognitive impairment, and
dementia by reducing mean cerebral blood flow and
increasing pulsatile stress in the brain (Fig. 41.3). Large
elastic arteries, such as the aorta, absorb and dampen pul-
satile flow, creating a steady flow to smaller resistance
vessels incapable of absorbing pulsatile energy. As a
consequence of arterial stiffening, higher pulsatility reaches
the smaller resistance vessels in the brain, a high-flow,
low-impedance organ particularly sensitive to excessive
pressure and flow pulsatility.91 With accelerated vascular
aging, higher pulsatility reaches further into the cerebral
vasculature,97 promoting microvascular remodeling and
impairing oxygen delivery to tissue (i.e., perfusion of the
brain).98 Chronic cerebral hypoperfusion and repeated
occurrences of microvascular ischemia may lead to tissue
damage38,52,99 that is associated with cognitive decline and
ADRD.100e103 The primary sites for cerebrovascular dam-
age from excess pulsatility delivered by arterial stiffness is

seen in various forms of cerebral small vessel disease104

observed in the white matter and basal ganglia.33,47

The excess pulsatility to the cerebral vasculature also
impairs cerebral autoregulatory mechanisms, a combination
of myogenic, autonomic, and metabolic mechanisms of the
cerebral circulation to maintain vascular resistance and
perfusion.105 Although cerebral autoregulation is not fully
understood, it is characterized by cerebral blood flow and
cerebrovascular reactivity. Indeed, cerebrovascular reac-
tivity is lower in individuals with hypertension, with greater
arterial stiffness,106 and with MCI.106,107

Additional pathways contributing to cognitive decline
and dementia associated with cerebral hypoperfusion have
been proposed.108,109 Cerebral blood flow is constant in a
normal physiological state; however, individuals with
ADRD and vascular dementia have lower mean cerebral
blood flow and higher pulsatile flow velocity in middle
cerebral arteries, compared with those with normal cogni-
tion.110 The effect of arterial stiffness on cerebral blood
flow increases the risk for subclinical brain infarction and
incident stroke.111 Central arterial stiffness, measured by
PWV112 and cPP113 are associated with these hemody-
namic alterations in the middle cerebral artery, as further
links between arterial stiffness and cerebral microvascular
damage, cognitive impairment, and ADRD.

Coherence of evidencedNovel preclinical murine
models create central arterial stiffness through the
following: hypertensive murine models; carotid artery
calcification by direct injection of calcium chloride to the
adventitia of the carotid artery; as well as elastin and
fibrillin-1 haploinsufficiency. When crossed with trans-
genic AD mouse models, these novel models reveal
mechanistic insights into the role of arterial stiffness and
excess pulsatility in increased neuroinflammation, endo-
thelial dysfunction, microvascular disease, neuro-
degeneration, Ab production, and reduced Ab clearance.
(For informative review, see Winder, Reeve, and
Walker).114 In microvascular models of human cerebral
vascular endothelial cells, pulsatile stretch modulates Ab
generation and secretion and activates endothelial inflam-
matory pathways,115 supporting the role of excess vascular
pulsatility in Ab pathogenesis. In mouse models, cerebral
arterial pulsatility contributes to bloodebrain barrier
breakdown and paravascular fluid exchange,116 potentially
increasing infiltration of solutes into the brain and inhibit-
ing Ab clearance from the brain along paravascular path-
ways.117 Further evidence shows that the pulse wave may
drive pulsatile flow of interstitial fluid,118 suggesting that
arterial stiffening may impair the clearing of interstitial
waste, including Ab, from the aged brain. Impairing
clearance of soluble Ab may contribute to aggregation of
Ab in the vessel wall, clinically termed CAA. Since CAA
often occurs with the AD hallmark parenchymal Ab
plaques in individuals with AD,119 CAA is an emerging
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marker of risk for cerebral small vessel disease, vascular
cognitive impairment, and AD. Cerebral arteries from older
adults exhibit arteriosclerotic markers, reduced mechanical
compliance, loss of elastin, and CAA.120 The association of
arterial stiffness with increased arterial pulsatility Ab
production and reduced clearance of interstitial waste may
constitute a feed-forward cycle whereby Ab deposition
increases cerebral arterial stiffness leading to neuro-
degeneration (Fig. 41.4). These mechanisms provide sup-
port for an association between arterial stiffness and
dementia pathogenesis.

AnalogydWhile arterial stiffness is associated with
various aspects of ADRD when accounting for potential
confounders (e.g., age, blood pressure, hypertension, and
diabetes), it is plausible that arterial stiffness simply repre-
sents some residual aspect of accelerated vascular aging in
the body or brain, but does not impart direct effects on the
brain. Additionally, hemodynamic factors and arterial stiff-
ness could have shared pathways contributing to ADRD,
making it difficult to identify direct effects. As hypertensive
models demonstrate, central arterial stiffness is both a po-
tential cause and consequence of hypertension. Further,
metabolic disorders such as glucose dysregulation, insulin
resistance, metabolic syndrome, and diabetes increase the
risk for hypertension and arterial stiffness.121 Both of which
are risk factors for ADRD and increase vascular pathology
and therefore the vascular contributions to dementia.

Applying causal effects to blood pressure, hypertension,
and diabetes is challenging because they represent complex
multifactorial traits. Blood pressure level is determined by
just two variables: peripheral vascular resistance and
cardiac output. It exhibits a Gaussian distribution in the
general population indicating that it is the net effect of a
multitude of independent factors each with a small cumu-
lative effect.122 The same can be said for the multitude of
factors regulating peripheral resistance. Principal and most
proximal of these is arterial stiffness. It can be argued that
arterial stiffness better relates hemodynamics to distal organ
systems.

Similarly, arterial stiffness and atherosclerosis are
interrelated forms of vascular pathology that makes disen-
tangling the two difficult. Arterial stiffness and changes in
vascular structure can occur from and be accelerated by
atherosclerosis, which is a major risk factor for stroke.123

Atherosclerotic plaques deposited in the media of the
carotid wall changes both the regional blood flow and the
local stiffness, and the calcification of atherosclerotic
plaques imaged by computed tomography (CT). Several
studies show that CT-assessed coronary calcification is
associated with cerebral atrophy on MRI, poorer cognitive
performance,124,125 and worse microstructural integrity.126

These relationships appear to be evident with both the
extracranial and intracranial arteries.127 Intracranial
atherosclerosis is a confirmed, strong risk factor for
dementia128; however, the presence of intracranial athero-
sclerotic plaque or stenosis is not associated with brain Ab
deposition.129 Future studies will have to confirm this
apparent lack of association between atherosclerotic disease
and dementia pathology.

The presence of regional carotid atherosclerosis alone
may be a risk factor for AD and dementia through its
contributions to cerebrovascular disease. In fact, AD cases
have a greater degree of cerebral artery (circle of Willis)
occlusion than controls, and there was a positive correlation
between the degree of arterial stenosis and neurofibrillary
tangle score.130 Regional atherosclerosis can be imaged by
carotid ultrasound, CT, and MRI. Carotid ultrasound is
routinely used to identify carotid plaques, identify vascular
occlusions, and measure carotid intima media thickness
(IMT). Greater IMT of the carotid and brachiocephalic
trunk are associated with deep subcortical WMH131 and
brain infarcts.104,123 Studies that relate both atherosclerosis
(via IMT and plaques) and arterial stiffness (via PWV) to
cerebral small vessel disease show arterial stiffness to be
more strongly related to cerebral small vessel disease than
atherosclerosis measures.104

Finally, it should be recognized that the gene encoding
APOE and the function of ApoE is a risk factor for
developing cardiovascular disease, arterial stiffness, and
ADRD. Proper function of ApoE interrupts a mechanically
driven feed-forward loop that increases the expression of

CAA AtherosclerosisAortic Stiffness

Cerebral Hypoperfusion 
/ TIA /  Strokes

Mixed Dementia / 
Alzheimer’s disease

FIGURE 41.4 Functional effects of amyloid-beta (Ab). Vascular Ab
deposition, called cerebral amyloid angiopathy (CAA), induces functional
changes (vascular stiffening) and promotes vascular inflammation and
atherosclerosis, all of which leads to cerebral hypoperfusion and associated
dementias (mixed dementia and AD). Modified from Stakos DA, Stama-
telopoulos K, Bampatsias D, et al. The Alzheimer’s disease amyloid-beta
hypothesis in cardiovascular aging and disease: JACC focus seminar.
J Am Coll Cardiol. 2020; 75:952e967.
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collagen-I, fibronectin, and lysyl oxidase in response to
substratum stiffening.132 Inefficiency of ApoE function is
expressed with inheritance of the APOE-ε4, which is also
the primary genetic risk factor for AD. Limited studies
suggested a shared risk of APOE-ε4 may modify the rela-
tionship between arterial stiffness, cognitive decline, and
AD. APOE-ε4 status modified the association of arterial
stiffness (carriers worse)133 and pulse pressure (noncarriers
worse)134 with cognitive function, but not with arterial
stiffness and dementia.20

More deeply phenotyped and multifactorial studies of
arterial stiffness and ADRD are needed to disentangle the
relationships between arterial stiffness, atherosclerosis,
APOE, and ADRD biomarkers.

Experimental evidencedUltimately, experimental evi-
dence is necessary to prove or refute causality. There are
currently no randomized clinical trials aimed specifically at
reducing arterial stiffness to prevent cognitive decline,
dementia, or dementia-related pathology. The closest
supporting evidence comes from the SPRINT MIND trial
comparing intensive systolic blood pressure lowering
(<120 mmHg) to standard treatment target for systolic
(<140 mmHg) to risk of developing dementia and MCI.
Intensive treatment of systolic blood pressure lowered
PWV,135 the risk for incident cognitive impairment,136 and
reduced the rate of WMH progression.137 This suggests that
improving hemodynamic risk factors could reduce the risk
of cognitive impairment and cerebral small vessel disease.
Future studies specifically targeting arterial stiffness should
be sufficiently powered to cognitive and brain outcomes.
Agents developed to target arterial stiffness or microvas-
cular function may blunt or mitigate the effects arterial
stiffness on cerebral health. Arterial stiffening is largely
age-related, but also modifiable. Arterial de-stiffening138 is
an active area of research in blood pressure control139,140

and lifestyle interventions such as habitual physical
activity.141e145 In addition to physical activity, weight loss,
smoking cessation, salt reduction,144 and dietary in-
terventions141 have been reported to reduce arterial stiff-
ness. Neuroendocrine-directed therapies in development
may reduce arterial stiffness. These include pharmacologic
therapies targeting the renineangiotensin system,
natriuretic peptides, insulin modulators, as well as novel
therapies that target advanced glycation end products and
arterial fibrosis. Randomized clinical trials of arterial stiff-
ness reduction and risk of ADRD are needed to provide
experimental evidence for arterial stiffness as a modifiable
target for cognitive impairment and ADRD.

Conclusions

This chapter reviewed and summarized the current state of
evidence linking arterial stiffness to clinical evidence of
ADRD biomarkers (cerebral hemodynamics, cerebral small

vessel disease, neuroinflammation, neurodegeneration, Ab
deposition, and tau hyperphosphorylation), cognitive
decline, and the risk for dementia, especially in older adults
in the eighth and ninth decades of life who are at greatest
risk for ADRD. These observations are supported by
mechanisms detailed in biologic models linking arterial
stiffness to neuroinflammation, neurodegeneration, and
accelerated cerebral pathology, as well as evidence from
clinical trials that aggressively reducing blood pressure
slows small vessel disease and cognitive decline. Further,
arterial stiffness is not only associated with forms of cere-
bral pathology related to ADRD but also the co-occurrence
of cerebral small vessel disease and Ab deposition most
commonly seen in vast majority of age-related dementias
that make up ADRD. Finally, the evidence to date posits
that arteriosclerosis, but not atherosclerosis, as prime ther-
apeutic target for the prevention of VCID and ADRD, by
preserving structural integrity of the brain. The breadth and
depth of observational data linking arterial stiffness to de-
mentia warrants more detailed examination of relationships
between the progression of arterial stiffness and specific
aspects of dementia-related pathology, as well as clinical
trials to directly test the purported relationships that place
arterial stiffness at a nexus of vascular disorders and
dementia-related pathologies commonly seen in older
adults.
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Arterial stiffness and pulsatile
hemodynamics in pregnancy and
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In healthy pregnancies, physiological changes occur to
meet the increased metabolic demands of both the mother
and the fetus. These maternal adaptations ensure adequate
uteroplacental circulation for fetal growth and develop-
ment. Early in the first trimester, the maternal cardiovas-
cular system undergoes a complex series of vascular and
hematological alterations; systemic vasodilation and
increased vascular compliance occur, leading to decreased
systemic vascular resistance to accommodate the increase
in cardiac output (CO) and plasma volume. These changes
result in a characteristic high-volume, low-resistance cir-
culation.1 Failure to accommodate the increased demands
of gestation due to vascular maladaptation leads to vascular
complications, such as preeclampsia (PrE), which can have
devastating consequences for both mother and fetus.

Below, we will elaborate on the physiological changes
that occur during healthy, uncomplicated pregnancy, fol-
lowed by a discussion of pregnancy-related vascular com-
plications, with a particular focus on PrE. Specifically, we
will provide an overview of typical physiological changes
in CO, blood volume, blood pressure (BP), vascular
remodeling and resistance, and arterial stiffness within both
contexts, followed by a discussion of the beneficial effects
of exercise in enhancing cardiovascular adaptations in
pregnancy.

Healthy pregnancy

Blood volume and hematological changes

Pregnancy is a state of circulatory volume expansion and
vasodilation involving considerable orchestration of several
physiologic processes. Plasma volume increases progres-
sively throughout gestation, starting at around 6e8 weeks,

with the steepest increase observed during the second
trimester. Plasma volume continues to increase in the
third trimester to a pooled maximum increase of over
1 L. Overall, plasma volume typically increases by about
45%e50% above nonpregnancy levels (varying from 20%
to 100%), with expansion being proportional to fetal
growth.2e4 This increase is critical to maintaining sufficient
circulating blood volume and pressure for uteroplacental
perfusion and accommodating the oxygen requirements of
maternal organs and the growing fetus.2

During pregnancy, there is systemic and renal artery
vasodilation; the latter leading to a 50% increase in renal
plasma flow and glomerular filtration rates by the end of the
first trimester.5 Vasodilation leads to a cardiovascular sys-
tem that is underfilled. This underfilling is compensated by
an activation of the sympathetic nervous system and an
increase in CO, renineangiotensinealdosterone system
(RAAS) activity, and plasma volume.6 Indeed, early in
pregnancy the sympathetic activity is elevated, with
enhanced maternal baroreceptor reflex sensitivity and
decreased responsiveness to a-adrenergic stimulation.7

Additionally, in order to maintain BP and retain salt and
water during pregnancy, there is increased activation of the
RAAS system. Aldosterone activates the mineralocorticoid
receptor, which plays an important role in the growth and
development of the placenta and fetus.8

Stimulation of the RAAS in the second and third
trimester leads to a net increase in exchangeable sodium of
approximately 1000 mg. Conversely, relaxin, a hormone
produced by the corpus luteum, decidua, and placenta,
triggers thirst and antidiuretic hormone secretion, leading to
water retention that is greater than the sodium retention
induced by RAAS.8,9 Furthermore, progesterone acts on the
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mineralocorticoid receptor as an aldosterone antagonist to
prevent sodium retention and hypokalemia. Overall, the
physiologic changes of pregnancy lead to hyponatremic
hypoosmolar hypervolemia. In the third trimester, maternal
plasma atrial natriuretic peptide levels increase by 40%,
with a rise of 148% over the mean nonpregnant level noted
during the first week postpartum, suggesting that atrial
natriuretic peptide may be involved in postpartum
diuresis.10

It is noteworthy that a significant increase in red blood
cell production occurs during pregnancy, leading to a red
blood cell mass increase of up to 40%.11 Human placental
lactogen (human chorionic somatomammotropin) enhances
the production of erythropoietin, responsible for effective
erythropoiesis. Although both plasma volume and red
blood cell mass increase, there is a proportionally greater
increase in plasma volume, leading to hemodilution and
pseudoanemia with generally no change in mean corpus-
cular volume or mean corpuscular hemoglobin
concentration.6

Cardiac output

CO is the product of heart rate (HR) and stroke volume
(SV), calculated by the formula: CO ¼ HR � SV. CO is
dependent on HR, heart contractility, preload, and after-
load.12 In normal pregnancy, CO increases with maternal
weight, and decreases with maternal age.11 The greatest
increase in CO is observed at the beginning of the first
trimester, and continues to increase up to the end of the
second trimester.13e17 CO remains stable after the second
trimester, with a possible small decline toward the end of
pregnancy.13e17 In an uncomplicated singleton pregnancy,
CO can increase by 30%e50% by the 24th gestational
week, with a further increase of 15% observed in twin
pregnancies.

In early pregnancy, increases in CO occur primarily in
association with elevated SV. Later in pregnancy, the in-
crease in CO is thought to be predominantly due to
increased HR.11 HR increases gradually throughout preg-
nancy, peaking in the third trimester, where an increase of
10e20 beats per minute (bpm), or 20%e25% over the
baseline HR, is noted.16 A recent metaanalysis demon-
strated that the mean HR of healthy pregnant women
significantly increased by 7.6 bpm (95% Confidence In-
terval [CI] 1.8e13.4) between 10 and 40 week-
s’gestation.18 SV also shows a gradual increase up to the
end of the second trimester, where it then remains constant
or decreases in the third trimester. Shortly after delivery,
CO declines rapidly followed by a more gradual decrease
over the next few weeks, reaching prepregnancy levels
around 6 weeks postpartum.

Interestingly, myocardial contractility and ejection
fraction do not appear to change during pregnancy.19 Both

echocardiography and cardiac magnetic resonance can be
used to assess CO, SV, and cardiac function in preg-
nancy.11 Typically, there is mild four-chamber dilatation
with transient mild regurgitation of all valves, except for
the aortic valve. Studies conducted in the third trimester
and postpartum performed by both modalities demonstrated
an increase in left ventricular end-diastolic volume, left
ventricular mass, and CO during pregnancy, which subse-
quently resolved within 12 weeks postpartum; however,
these values were underestimated by echocardiography
when compared to cardiac magnetic resonance.19 Indeed,
cardiac magnetic resonance imaging evaluates left ven-
tricular volumes more accurately than echocardiography
and is also safe in pregnancy, as demonstrated by data from
Ducas et al. and others.19e21

Vascular remodeling and vascular resistance

Arteries are highly adaptive structures that accommodate
large increases in blood volume during pregnancy, redis-
tributing blood flow to the growing fetus through vascular
remodeling and vasodilation (Figs. 42.1 and 42.2).22,23

Specifically, the vascular endothelium of the uterine arteries
can increase its capacity to produce vasodilators to multiple
agonists though increased expression of key mediators.24

Temporary vascular remodeling is primarily mediated
by upregulation of vascular endothelial growth factors
(VEGFs), including placental growth factor (PlGF). Upre-
gulated by placental hormones, including the human cho-
rionic gonadotropin hormone, the VEGF family of
hormones promotes angiogenesis and maintenance of
endothelial cell function during gestation.25,26 These hor-
mones increase to double their normal levels during
early gestation and tend to decrease after placentation
(13e16 weeks). Mediated by VEGF and PlGF, the
uteroplacental unit undergoes angiogenesis and vasculo-
genesis. As a result, the uterine artery increases in length by
300%e500%, predominantly in the first trimester.
Furthermore, high levels VEGF and PlGF lead to an
increase in skin capillary density (by 13%) in the
second trimester. Given that capillary beds contribute to
10%e15% of the total peripheral resistance, this results in a
decrease in vascular resistance.

Conversely, soluble fms-like tyrosine kinase 1 (sFlt-1)
is the nonmembrane-associated splice variant of VEGF
receptor-1 (VEGFR-1) and is antiangiogenic (Fig. 42.3).23

Specifically, sFlt-1 binds VEGF and PlGF, thus blocking
their angiogenic effects on VEGFR-1. sFlt-1 is secreted by
the placenta, and is thus increased in normal pregnancy. It
progressively rises, with a greater increase observed in the
third trimester, triggering a decline in VEGF and PlGF
bioavailability in preparation for delivery. The ratio of sFlt-
1/PlGF is an important clinical indicator of angiogenic
status in pregnancy.27
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FIGURE 42.2 A schematic of
placental vascular remodeling in
health (upper panel) and in
diseasedpreeclampsia (lower panel).
Exchange of oxygen, nutrients, and
waste products between the fetus and
the mother depends on adequate
placental perfusion by maternal spiral
arteries. Blood from the intervillous
space is returned to the mother’s cir-
culation via spiral maternal veins
noted above. In normal placental
development, cytotrophoblasts of
fetal origin invade the maternal spiral
arteries, transforming them from
small-caliber resistance vessels to
high-caliber capacitance vessels
capable of providing adequate
placental perfusion to sustain the
growing fetus. During the process of
vascular invasion, the cytotropho-
blasts undergo a transformation from
an epithelial to an endothelial
phenotype, a process referred to as
“pseudovasculogenesis” (upper
panel). In preeclampsia, cytotropho-
blasts fail to adopt an invasive
endothelial phenotype. Instead, inva-
sion of the spiral arteries is shallow,
and they remain small-caliber, resis-
tance vessels (lower panel). This is
thought to lead to placental ischemia
and secretion of antiangiogenic fac-
tors. Reproduced from Karumanchi
SA, Rana S, Taylor RN. Angiogenesis
and Preeclampsia. 4th ed. Amster-
dam: Elsevier; 2015:113e132.

FIGURE 42.1 Cytotrophoblast invasion of uterine spiral arteries in a normal pregnancy. Extravillous trophoblast cells (EVTs) transform into invasive
cells through a partial epithelialemesenchymal transition in which epithelial-like adhesion molecules are replaced by vascular-like adhesion molecules.
EVT migrations occur through the decidua until reaching the inner third of the myometrium to invade the maternal spiral artery. Optimal EVT invasion is
required to adapt the maternal vasculature to pregnancy and maintain blood flow to the placenta. Reproduced from Garrido-Gómez T, Castillo-Marco N,
Cordero T, Simón C. Decidualization resistance in the origin of preeclampsia. Am J Obstet Gynecol. 2020.



Vasodilation of the maternal vasculature is mediated by
hormonal and hemodynamic alterations. Estrogen, proges-
terone, and relaxin are implicated in dilation and relaxation
of the muscular layer of the maternal arterial walls.28

Relaxin levels, in particular, increase and peak at the end of
the first trimester, then decrease to a lower level for the rest
of gestation. Relaxin can cause endothelium-dependent
vasodilation, affecting small arterial vessel resistance.
Interestingly, women with higher levels of relaxin and
progesterone early in gestation had lower systolic BP (SBP)
in the second and third trimesters of pregnancy, while
higher diastolic BP (DBP) in the third trimester was noted
in women with lower relaxin levels.29

Systemic vasodilation with increased vascular compli-
ance can be detected early in gestation (at 5e8 weeks).
Systemic vascular resistance decreases substantially in the
first trimester, reaching a nadir in the middle of the second
trimester. Increased nitric oxide (NO), prostacyclin,
endothelium-derived hyperpolarizing factor, estrogen, pro-
gesterone, and relaxin are thought to mediate these ef-
fects.24,29 Consequently, systemic vascular resistance is
reduced by 35%e40% from baseline, and return to pre-
pregnancy levels approximately 2 weeks postpartum. The
decrease in systemic vascular resistance compensates for
the gestational increase in blood volume and CO, thus
preventing an increase or even leading to a decrease in BP.
However, while a drop in vascular resistance occurs
throughout the body, a disproportionately large drop in
vascular resistance is observed in the uterine circulation.
The outcome is a greater proportion of CO being directed
toward the uteroplacental unit to meet the needs of the
growing fetus.24

During early pregnancy, endothelial function is
improved, as assessed by increased flow-mediated

vasodilation (FMDdthe ability of a large conduit artery to
dilate in response to a shear stress stimulus), decreased
nonspecific vasodilation by glyceryl trinitrate, and
endothelium-dependent skin microvascular reactivity to
acetylcholine.30 Interestingly, birth weight has also been
shown to correlate positively with maternal endothelial
function (as assessed by skin microcirculatory responses to
acetylcholine and sodium nitroprusside).31 Endothelial cells
play a critical role in the redistribution of blood flow during
pregnancy to accommodate the growing fetus. Endothelial
cells are particularly responsive to hemodynamic shear
stress, thus regulating blood flow.32 Increased shear stress,
due to elevated CO and blood volume, leads to a progres-
sive increase in endothelial-dependent NO release
throughout gestation, causing decreased peripheral resis-
tance and vasodilation.32 Specifically, the myometrial
uterine spiral arteries show a threefold increase in NO
synthase activity leading to an increase in the diameter of
uterine arteries, which doubles by midpregnancy and then
plateaus. This results in redistribution of up to 12% of the
CO to the uteroplacental unit.33 Interestingly, inhibition of
NO synthase in pregnant women leads to greater vaso-
constriction when compared to nonpregnant women.33 In
healthy pregnancies, the uterine arteries are remodeled from
small muscular, high-resistance, coiled vessels to large
capacitance vessels of low-resistance, promoting greater
blood flow toward the placenta compared to other areas of
the uterus.34 During this process, there appears to be no
significant change in the collagen and elastin arrangement.
Vasodilation of the uterine arteries occurs through outward
hypertrophic remodeling. As a result of these processes, by
the end of pregnancy, blood flow in the uterine arteries
more than doubles, with the uterus getting approximately
20% of the woman’s prepregnancy blood supply.

FIGURE 42.3 Soluble fms-like tyrosine kinase
(sFlt-1) and soluble endoglin (sEng) causes endo-
thelial dysfunction by antagonizing vascular
endothelium growth factor (VEGF) and trans-
forming growth factor-b (TGF-b) signaling. There
is mounting evidence that VEGF and TGF-b are
required to maintain endothelial health in several
tissues including the kidney and perhaps the
placenta. During normal pregnancy, vascular ho-
meostasis is maintained by physiological levels of
VEGF and TGF-b signaling in the vasculature. In
preeclampsia, excess placental secretion of sFlt-1
and sEng (two endogenous circulating anti-
angiogenic proteins) inhibits VEGF and TGF-b1
signaling, respectively, in the vasculature. This
results in endothelial cell dysfunction, including
decreased prostacyclin, nitric oxide production,
and release of procoagulant proteins. Reproduced
from Karumanchi SA, Rana S, Taylor RN. Angio-
genesis and Preeclampsia. 4th ed. Amsterdam: Elsevier; 2015:113e132.
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Blood pressure

In healthy pregnancy, increases in vascular compliance and
distensibility start in the first trimester. As a result, de-
creases in BP occur, including peripheral SBP, DBP, mean
arterial pressure (MAP), and central BPs, with a relatively
larger decrease in DBP and MAP than SBP. Central BPs
are significantly lower than peripheral BPs; this difference
between central and peripheral BPs has been shown to be
most pronounced in the first-half of gestation, decreases in
the third trimester and reaches its lowest point in the
postpartum period.35

Typically, arterial pressures steadily reduce to a nadir
during the second trimester, reaching 5e10 mmHg below
preconception levels.16 The majority of this reduction is
observed by 6e8 weeks gestation.16 Visit-to-visit BP
variability increases from the second to the third trimester.
BPs increase during the third trimester and return to near
preconception levels after delivery.16 A recent metaanalysis
demonstrated that the mean SBP was lowest at around
10 weeks of gestation (110.4 mmHg, 95% CI
108.5e112.3) and significantly increased by 5.6 mmHg
(95% CI 4.0e7.2) at 40 weeks. Mean DBP was lowest at
21 weeks of gestation (65.9 mmHg, 95% CI 64.2e67.7)
and significantly increased by 6.9 mmHg (6.2e7.5) at
40 weeks.18 Several longitudinal studies have also shown
that when compared with women with a normal prepreg-
nancy body mass index (BMI), women with BMI over
25 kg/m2 have significantly higher BPs in the first
trimester, which remain elevated throughout pregnancy and
postpartum.36,37

Hormones also play an important role in modulation of
BP during normal pregnancy. It is well established that
estrogen affects the RAAS and modulates angiotensin II
sensitivity. Indeed, estrogen decreases renin, angiotensin-
converting enzyme (ACE), angiotensin II type 1 (AT1)
receptor density, and the NADPH oxidase subunits Nox1
and Nox2, whereas it increases angiotensinogen, ACE2,
AT2 receptor density, and endothelial NO synthase.38e40

Altogether, these alterations favor the vasodilatory branch
of the RAAS, leading to lower BP levels.

Arterial stiffness

Pulse wave velocity (PWV), a measure of pulse wave speed
through the vascular system, is measured as the ratio of the
total distance traveled to the transit time of the pulse
waveform. As discussed in detail in Chapters 1, 3, and 7,
PWV depends on the functional and structural features of
arteries, which are related to their intrinsic elastic proper-
ties. Stiffer arteries propagate pulse waves faster. In preg-
nancy, alterations in arterial stiffness occur due to changes
in vascular structure, NO bioavailability and responsive-
ness, and/or sympathetic vasoconstriction.33,41 Carotid-

femoral PWV (cfPWV) reflects the elasticity of the
central, elastic arteries and is considered the gold standard
measure of large artery stiffness from a clinical and
epidemiological standpoint. While normal and reference
values for cfPWV have been proposed for nonpregnant
individuals,42 cross-sectional comparisons of pregnant and
nonpregnant women suggest that these reference values
may not apply to pregnant women.17,30,43,44

Few studies16,17,30,43e51 have assessed arterial stiffness
parameters longitudinally across gestation (Table 42.1). Of
those, only seven studies16,17,30,43,44,46,50 followed the same
group of women for repeated measurements, while the rest
recruited women with normal pregnancies at varied gesta-
tional ages. Consistent with decreased peripheral vascular
resistance, most available studies have demonstrated a U-
shaped relationship between cfPWV and gestational age,
with a nadir in midpregnancy30,43 or in the third trimester.50

It is estimated that the decrease is approximately 6%e13%
when compared with nonpregnant counterparts.33 Osman
et al. reported a cubic relationship of cfPWV with gesta-
tional age (P ¼ .002), with cfPWV reaching a nadir around
17e20 weeks gestation (7.27 m/s from 7.50 m/s at
13 weeks), increasing to a peak at 35 weeks gestation
(8.33 m/s), and subsequently declining again toward term
(8.02 m/s).17 Franz et al. reported a similar cubic relation-
ship, with the lowest cfPWV values noted at 20 weeks’
gestation and the peak values at 35 weeks (P ¼ .015).
However, other authors have noted that the decrease in
cfPWV was nonsignificant in the first45 or second tri-
mesters.16,47,48 The postpartum cfPWV value was evalu-
ated in six studies with conflicting results; when compared
with the end of pregnancy measurement, three studies re-
ported the cfPWV to be slightly elevated at 7 weeks,43

12 weeks postpartum (5.4 m/s vs. 6.7 m/s),50 and 9 months
postpartum.30 Conversely, a nonsignificant decrease in
cfPWV has also been reported at 3e6 months postpartum
when compared with end of pregnancy measurements.44

Furthermore, others have demonstrated that postpartum
cfPWV values remained at a similar level to the second or
third trimester when measured at 7 weeks47 or at 14e
17 weeks postpartum.16 Thus, based on current limited
evidence, there is no consensus as to the direction of
cfPWV changes postpartum, and whether the values are
similar or greater to those of nonpregnant women.

Similar mixed findings have been reported for carotid-
radial PWV (crPWV), a measure of muscular (medium-
sized) artery stiffness. It was reported to decrease in the
second trimester by 6%e11%,33 while it was shown to
increase by the end of pregnancy, either to above
nonpregnant levels30 or similar to first trimester values.47

Still others report no difference in crPWV with gestation
and no significant difference between pregnant and
nonpregnant women.48
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TABLE 42.1 Longitudinal studies assessing arterial stiffness and hemodynamic parameters throughout healthy pregnancy and postpartum.

First

author,

year Population Design Method Metrics

Gestational

timepoints Results

Osman,
2017

Low-risk, healthy
pregnant women
with singleton preg-
nancy, n ¼ 30

Longitudinal (same
women followed
prospectively)

Oscillometric (Arte-
riograph�); NICOM
device

cfPWV, brAIx,
aoAIx, MAP,
CO

11e13, 20e22,
26e28, 32e34,
and 37e40 weeks

cfPWV reached lowest value at
17 weeks, then increased to a peak at
35 weeks (P ¼ .002); brAIx and aoAIx
reduced during early pregnancy, reach-
ing a nadir at 28 weeks and increasing
toward 40 weeks (P ¼ .001, .002,
respectively); MAP increased from T2 to
term (P ¼ .023); CO rose to a peak at
28 weeks before declining to term
(P < .001)

Iacobaeus,
2017

Healthy nulliparous
women with
singleton pregnancy,
n ¼ 52

Longitudinal (same
women followed
prospectively)

Oscillometric
(Omron 705IT);
applanation tonom-
etry; flow-mediated
dilatation (FMD)

cfPWV,
crPWV, AIx75,
MAP, CBP,
FMD

11e14, 22e24,
32e34, and 9 months
postpartum

MAP and CBP decreased in T1 and T2
followed by an increase in T3
(P < .001); adjusted cfPWV decreased
during pregnancy and rose at term
(P < .001); crPWV followed a similar
pattern but rose above nonpregnant
levels in T3 (P < .01); AIx75 signifi-
cantly reduced during pregnancy and
rose at term (P < .001); FMD signifi-
cantly increased during pregnancy
(P < .05)

Pandey,
2014

Women with, normo-
tensive, healthy,
singleton pregnan-
cies, n ¼ 137; age-
matched nonpreg-
nant controls, n ¼ 35

Longitudinal
(different women at
different gestational
ages)

Oscillometric
(PeriScope)

cfPWV,
baPWV, CBP,
AIx

12e14, 20e24, and
32e36 weeks

Central SBP, AP, and CPP greater in T1
than in nonpregnant controls (P < .05),
yet decreased to comparable levels in
T2 and increased again in T3; baPWV
lower in T1 than in controls (P ¼ .0001)
then increased in T2 and T3 to level
similar to controls; no significant
change in cfPWV; AIx was higher in T1
than in controls, decreased to a nadir in
T2, then rose again to a peak in T3
(P < .0001)

Khalil,
2009

Healthy women with
singleton pregnancy,
n ¼ 541

Longitudinal
(different women at
different gestational
ages; 45 followed
across all trimesters)

Applanation
tonometry

AIx75, CBP,
MAP

8e13, 14e26þ0,
26þ1e39 weeks
(cross-sectional); 12,
23 and 32 weeks
(longitudinal)

No significant differences in AP or
AIx75 across pregnancy (cross-
sectional); AP and AIx75 decreased
significantly from T1 to T2, then rose
again in T3 (P < .001) (longitudinal);
MAP rose significantly in T3 (P ¼ .015)

Smith,
2004

Normotensive preg-
nant women, n ¼ 53;
nonpregnant women,
n ¼ 10

Longitudinal (same
women followed
prospectively)

Applanation
tonometry

AIx, CBP 17e20, 25e28, and
33e36 weeks

AIx and CBP were lower in pregnant
compared to nonpregnant women
(P < .05); AIx decreased from T2 to T3
(P < .01)
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Franz,
2013

Healthy pregnant
women, n ¼ 53

Longitudinal (same
women followed
prospectively)

Oscillometric (Ten-
sioClinic TL1
Arteriograph)

cfPWV, AIx 11e13, 14e16,
19e21, 24e26,
29e30, 33e35,
37e38, and
3e6 months
postpartum

Significant AIx decrease from T1 to end
of T2 and increase from T3 to post-
partum (P ¼ .041 and P < .001, respec-
tively); cfPWV values lowest at
20 weeks gestation and peaked at
35 weeks (P ¼ .015)

Gomez,
2016

Women with low-
risk, singleton un-
complicated preg-
nancy, n ¼ 63

Longitudinal
(different women at
different gestational
ages; 11 followed
across all trimesters)

Applanation
tonometry

cfPWV,
crPWV, AIx,
CBP, MAP,
SEVR, PPA

7e13, 14e17, 18e21,
22e25, 26e29,
30e33, 34e40, and
6.5 weeks postpartum

MAP (P ¼ .04) and CPP (P ¼ .03)
decreased during pregnancy; PPA and
crPWV decreased in T2, then increased
steadily until delivery (P ¼ .01 and .04,
respectively); PPA sharply decreased
postpartum (P ¼ .01); AIx and SEVR
significantly increased postpartum
(P ¼ .03 and .02, respectively); no dif-
ferences in cfPWV, AIx, SEVR, or CBP
across pregnancy

Macedo,
2008

Women with normal
singleton pregnan-
cies, n ¼ 193;
nonpregnant con-
trols, n ¼ 23

Cross-sectional Applanation
tonometry

cfPWV,
crPWV, AIx,
CBP, MAP

11e41 weeks (all 3
trimesters)

Pregnant women had lower MAP
(P ¼ .01), CPP (P ¼ .03), central SBP
(P ¼ .001), central DBP (P ¼ .008), and
AIx (P < .001); metrics changed signifi-
cantly with gestation, reaching nadir at
midpregnancy (P ¼ .001 to 0.02);
cfPWV and crPWV not significantly
different across pregnancy or compared
with controls

Robb,
2009

Healthy primigravida
women with uncom-
plicated singleton
pregnancy, n ¼ 22

Longitudinal (same
women followed
prospectively)

Applanation
tonometry

cfPWV,
crPWV, AIx75,
CBP, MAP

16, 24, 32, 37, and
7 weeks postpartum

AIx75 rose from 16 weeks to term
(P < .01) and remained elevated post-
partum (P ¼ .0002); cfPWV rose from
24 to 7 weeks postpartum (P ¼ .0008);
crPWV rose from 24 weeks to term
(P < .05) and remained similar post-
partum (P ¼ .07); MAP and CBP
increased from 24 weeks to term
(P < .0001)

Mahendru,
2014

Normal pregnant
women with previ-
ous healthy pregnan-
cies, n ¼ 54

Longitudinal (same
women followed
prospectively)

Applanation tonom-
etry; Innocor� inert
gas rebreathing
technique

cfPWV, AIx,
CBP, MAP, CO

Preconception; 6e7,
23e24, 32e34, and
14e17 weeks
postpartum

Adjusted change in cfPWV not signifi-
cant; AIx, MAP, and central SBP
reached nadir in T2 and increased in T3
and postpartum (P < .001); AIx signifi-
cantly higher postpartum than precon-
ception (P ¼ .01); postpartum central
SBP remained significantly lower than
at preconception (P < .001); CO peaked
in T2 (P ¼ .001), returned to baseline
postpartum
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TABLE 42.1 Longitudinal studies assessing arterial stiffness and hemodynamic parameters throughout healthy pregnancy and postpartum.dcont’d

First

author,

year Population Design Method Metrics

Gestational

timepoints Results

Mersich,
2005

Normotensive preg-
nant women, n ¼ 12

Longitudinal (same
women followed
prospectively)

Echoewall tracking;
applanation
tonometry

cfPWV, AIx, b
stiffness index,
carotid CC,
carotid DC,
MAP

12, 20, 33, and
13 weeks postpartum

Carotid DC and CC decreased and b

stiffness increased during pregnancy and
reversed after delivery (P < .05); cfPWV
and AIx decreased from T1 to T3, then
increased in postpartum period
(P < .05); no significant changes in
MAP

Fujime,
2012

Healthy women with
normal singleton
pregnancies, n ¼ 830

Longitudinal
(different women at
different gestational
ages; 69 followed
across all trimesters)

Applanation
tonometry

AIx75, central
SBP

12e14, 17e20,
23e27, and
34e36 weeks
(cross-sectional);
12e14, 23e27,
34e36 weeks, within a
few days of delivery
and 4 weeks post-
partum (longitudinal)

AIx75 and central SBP decreased to a
nadir around midpregnancy (P < .05),
then increased to T1 levels toward term
and continued rising after delivery
(P < .05)

AIx75, augmentation index corrected for a heart rate of 75 beats per minute; aoAIx, aortic augmentation index; AP, augmentation pressure; baPWV, brachial-ankle PWV; BrAIx, brachial augmentation
index; CBP, central blood pressure; CC, compliance coefficient; cfPWV, carotid-femoral PWV; CO, cardiac output; CPP, central pulse pressure; crPWV, carotid-radial PWV; DBP, diastolic blood pressure;
DC, distensibility coefficient; MAP, mean arterial pressure; PPA, pulse pressure amplification; SBP, systolic blood pressure; SEVR, subendocardial viability ratio; T1, first trimester; T2, second trimester; T3,
third trimester.
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As discussed in detail in Chapters 3, 8, and 11, the
propagative and reflective properties of the arterial tree can
be assessed with pulse wave analysis. Specifically,
augmentation index (AIx) is a measure of pulse
wave reflection, and as such depends on the diameter and
elasticity of the small muscular arteries/arterioles at themajor
sites of pulse wave reflection. AIx is estimated to decrease by
3%e15% in pregnancy,33 and to be negatively associated
with birth weight.31 The majority of studies have shown a
nadir in AIxmidpregnancy16,30,43,45,46,48,49,51 or at the end of
the second trimester,17,44 while one study showed that the
lowest AIxwas noted in the third trimester.50 Of note, a study
by Khalil et al. in 541 women recruited at different gesta-
tional ages noted no significant difference in AIx standard-
ized to a HR of 75 bpm (AIx75) or augmentation pressure
(AP) across the three trimesters; however, when 45 of those
pregnant women were assessed prospectively once per
trimester, a significant decrease in AIx75 was noted in the
second trimester (23e24 weeks).46 That same study also
demonstrated that there was no difference in AIx75 or AP in
any trimester throughout pregnancy between Caucasian and
Afro-Caribbean ethnic groups. Furthermore, in a cross-
sectional study of 830 pregnant women who were recruited
at different trimesters, a similar nadir was shown in AIx75 in
midpregnancy; this association was confirmed in 69 of the
women who were followed longitudinally.51 Seven studies
assessed AIx postpartum between 4 weeks and
9 months16,30,43,44,47,50,51; comparedwith third trimesterAIx
values, the postpartumAIx was significantly higher in five of
these studies,16,30,44,47,51 significantly lower in one study,50

and no different in another one.43 These postpartum AIx
values were significantly higher than the first trimester value
in four studies30,44,47,51 and no different in two other
studies.16,50 In the only study that assessed AIx from pre-
conception to postpartum prospectively in the same group of
women, the AIx adjusted for HR reduced to a nadir in the
second trimester and rose above preconception values post-
partum.16 Some debate also exists as to whether AIx is
increased or decreased during early pregnancy with respect
to nonpregnant controls,45,48,49 as normative values of AIx
across gestation are not available. Of note, there is no evi-
dence of significant diurnal variability for the majority of
arterial stiffness parameters, including cfPWV and pulse
wave analysis, suggesting that their measurements do not
need be performed at a specific time of day.52

Other important hemodynamic indices have also been
assessed during pregnancy. Pulse pressure amplification, a
measure of the progressive increase in pulse pressure from
central to peripheral arteries, was found to decrease early in
the second trimester (14e17 weeks) followed by a steady
increase until delivery (P ¼ .01), and finally a sharp decrease
at 7 weeks postpartum (P ¼ .01).47 The subendocardial
viability ratio was not found to change during pregnancy but
significantly increased at 7 weeks postpartum.47

Several mechanisms have been proposed to explain the
decrease in arterial stiffness in early and midpregnancy. As
previously discussed, there is a gradual reduction in total
peripheral resistance despite a gradual increase in CO. This
occurs in response to vasodilation of the peripheral
vasculature and structural remodeling to accommodate the
volume expansion of pregnancy.33 These changes could be
due to the alterations of vasoactive substances, such as NO,
prostacyclin, endothelium-derived hyperpolarizing factor,
estrogen, progesterone, and relaxin.24,29 This state of high
flow-low resistance circulation is accompanied by
increased aortic compliance and distensibility, providing
optimal coupling between the heart and the vasculature. In
late pregnancy, the increased arterial stiffness from mid-
pregnancy to term could be due to the inhibition of NO,
increased CO, and increased circulatory volume.17

Importantly, vascular compliance and distensibility may
vary depending on the vascular bed. For example, aortic
compliance and distensibility increases gradually from the
first to the third trimester, along with an increase in its
diameter, by about 12%; the aortic compliance and
distensibility decrease postpartum compared to late gesta-
tion.50 On the other hand, in order to protect the cerebral
circulation from excessive blood flow/volume during
pregnancy, carotid compliance and distensibility have been
shown to decrease from the first to third trimester of
pregnancy, coupled with reduced arterial baroreceptor re-
flex sensitivity.53 The arterial smooth muscle cells express
both estrogen receptors (causing vasodilation and decreased
production of collagen) and angiotensin II receptors
(causing vasoconstriction). Given that the relative density
of these receptors on the vascular smooth muscle varies in
different segments of the arterial tree, it can produce
contraction in the carotid artery and relaxation in other
arteries, such as the aorta, which has been shown to have
higher density of estrogen receptors. Therefore, although
the carotid artery increases in diameter during pregnancy, it
may gradually become up to 30% stiffer compared to the
aorta. Indeed, it has previously been shown that the carotid
end-diastolic diameter is increased by 8% across preg-
nancy, while the pulsatile distension is decreased by 23%;
consequently, strain is decreased by 28%.50 Therefore,
compliance and distensibility change approximately in
parallel. These alterations were found to reverse in the
postpartum period; however, it may take over 6 months for
the aortic diameter and 3 months for the carotid artery
diameter to return to prepregnancy levels.

Pregnancy complications

Pregnancy acts as a natural cardiometabolic “stress test”
that can reveal underlying predispositions to vascular
dysfunction.54 Pregnancy complications are most likely to
manifest in the late stages of pregnancy, with the demands
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of the growing fetus steadily increasing throughout gesta-
tion. In this context, PrE, a common hypertensive disorder
of pregnancy (HDP), is a progressive multisystem syn-
drome characterized by systemic endothelial dysfunction.
Other HDPs include gestational hypertension, chronic hy-
pertension, and PrE superimposed chronic hypertension.
HDPs remain leading causes of maternal and neonatal
morbidity and mortality worldwide,55 affecting as many as
10% of pregnancies and contributing to 343,000 maternal
and around 1.5 million fetal and neonatal deaths
annually.56e58 The health burden imposed by HDPs ex-
tends beyond pregnancy, as afflicted women are at signif-
icantly increased cardiovascular risk in the postpartum
period and later in life.59,60 Importantly, HDP incidence is
on the rise, given the obesity and diabetes epidemic, as well
as more advanced maternal age in recent years to accom-
modate career and life choices.

PrE is the most severe form of HDP, occurring in 5%e8%
of pregnancies annually worldwide. It typically manifests
as new onset or worsening of hypertension, new-onset
proteinuria, and/or signs and symptoms of end-organ
dysfunction after the 20th week of gestation.61 While the
majority of PrE cases occur in late gestation (late-onset PrE),
approximately 10%occur before 34 weeks, termed early-onset
PrE. The latter typically represents a more severe form of
PrE, with greater placental dysfunction and a higher risk
for maternal and fetal complications.62 PrE occurring after the
37th week is called term PrE, while before the 37th week
preterm PrE. In 5% of cases, PrE is diagnosed postpartum.63

Diagnosis of PrE is also associated with an increased risk of
premature cardiovascular disease, at a relative risk of 2.0 for
mild PrE (95% CI 1.8e2.2) and up to 9.5 for severe PrE
(4.5e20.3). Women with a history of PrE have a 3.7-fold
increased risk (2.7e5.1) of chronic hypertension and a
1.8-fold increased risk of developing type 2 diabetes (1.3e2.6)
within 10 years postpartum. The risk for developing hyper-
tension is increased>3.5-fold after mild PrE and>6-fold after
severe PrE.64e68

Given that PrE is a heterogeneous syndrome, multiple
pathways have been proposed for both the causal and
exacerbating factors leading to maternal vascular dysfunc-
tion. Below, we present changes occurring during preg-
nancy complicated with HDPs, with a particular focus on
PrE.

Blood volume

Plasma volume expansion occurs gradually across gestation
but is lower in pregnancies complicated by pregnancy-
induced hypertension, PrE, or fetal growth restriction than
in healthy pregnancy, and hemoconcentration is often
present. According to a metaanalysis, plasma volume is
significantly lower by 13% than in healthy pregnancies in

the third trimester. Specifically, a 0.8 L volume expansion
is noted in PrE (total increase of 32% in the third trimester)
as opposed to the >1 L volume expansion seen in healthy
pregnancies (a 45% increase in the third trimester).2 It ap-
pears that the decrement in volume precedes the onset of
hypertension.

The role of the RAAS and intrarenal renineangiotensin
system (iRAS) is complex in PrE, with several different
theories proposed. It has been suggested that abnormal
placental development causes dysregulated expression of the
placental RAS through oversecretion of renin and other
proteins/angiotensin peptides by the placenta released into
the maternal circulation.5 Shallow placentation and alter-
ations in uteroplacental perfusion in PrE are also accompa-
nied by increased levels of AT1 receptor autoantibodies,
which act as agonists on the AT1 receptor. These molecules,
or their combination, may cause activation of maternal iRAS
and failure of the circulating RAAS to be activated and
respond to the homeostatic demands.5 As such, plasma
concentrations of angiotensin II are reduced in PrE, largely
due to reduced active octapeptide angiotensin. There is
correspondingly enhanced pressor sensitivity to angiotensin
II in PrE. Plasma aldosterone concentrations (PACs) are also
reduced in PrE compared with normal pregnancy. The
reduction is proportionally less than that of plasma renin
activity and plasma renin concentration (PRC), and thus the
PAC:PRC ratio rises.69 Overall, compared with the increase
in RAAS components in normotensive pregnancy, the
circulating levels of renin, Angiotensin I, Angiotensin II,
Angiotensin (1e7), and aldosterone are much lower, with
little fluctuation in ACE levels.70 In sum, most components
of the circulating RAAS are downregulated in PrE and the
condition associates with a relatively low degree of RAAS
activity compared to normal pregnancy.71

Cardiac output

CO has divergently been described as decreased, un-
changed, and increased in this disease. It has been sug-
gested that PrE is characterized by variations in
hemodynamic status, ranging from a hyperdynamic high-
COelow-resistance state with increased left ventricular
function in the preclinical phase of PrE to a low-COehigh-
resistance vasoconstrictive state with decreased left ven-
tricular function during PrE.72 However, conflicting results
have been reported. Specifically, it was shown that those
who subsequently developed PrE without small for gesta-
tional age infants had increased CO and MAP at 11e14
gestational weeks compared to a control group.73 Increased
CO was also shown by others when measured at 24e
40 weeks in cases of PrE but without fetal growth restric-
tion.74 Conversely, others have observed that women who
subsequently developed PrE have decreased CO and
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increased total peripheral resistance, even before concep-
tion, when compared with healthy pregnancies.75

Most studies report that cardiovascular adaptations are
compromised in PrE, including a 13% reduction in plasma
volume expansion and decreased CO (5.5 � 1.5 vs.
6.2 � 1.9 L/min)2,76; central venous and pulmonary wedge
pressures are also reduced and may vary inversely with the
severity of the disease.77 Moreover, higher impedance to
flow in the uterine arteries is inversely related to gestational
age at delivery.72 Furthermore, it has been demonstrated
that CO in PrE is significantly lower in the early-onset PrE
(<34 weeks) compared with late-onset PrE (�34 weeks)78

and is positively associated with birth weight.74

The evidence on HR is equally mixed. Lower HR in the
third trimester with a lower SV have been reported in PrE
and gestational hypertension.79 The SV index has also been
shown to be reduced by a mean of 9.7% between early- and
late-onset PrE.80 Conversely, others have observed no
significant differences in HR between women with PrE and
gestational age-matched healthy controls as well as be-
tween early- and late-onset PrE groups.81 HR variability
has been shown to be higher in PrE groups compared to
healthy pregnant controls, although not consistently in the
literature; HR variability and baroreceptor reflex sensitivity
were found to be significantly higher in late-onset PrE
compared to gestational age-matched controls, but not be-
tween early-onset PrE and controls.81 A study performing
24-h ambulatory BP monitoring suggested that the odds of
developing an HDP increased by 1.5 times for every 1 bpm
increase in the 24-h ambulatory BP monitor HR, when
measured at 14e24 weeks’ gestation. This became
nonsignificant at 24e32 weeks and was reversed by
33 weeks to delivery.82

In general, it is thought that sympathetic activity is
greater in PrE and gestational hypertension than in healthy
pregnancy and in nonpregnant women with hypertension.83

Although a decrease in baroreceptor reflex sensitivity is
also seen in healthy pregnancy, this is further impaired in
PrE.81,83 Interestingly, PrE appears to be associated with
decreased vagal control of the heart.81e83 More broadly,
sympathetic overdrive and adrenergic receptoreinduced
vasoconstriction are elevated in PrE.

Finally, evidence suggests that PrE is associated with
abnormal cardiac geometry.84,85 Women who subsequently
develop PrE show evidence of left ventricular concentric
remodeling at midgestation. Importantly, reduced SV, dia-
stolic dysfunction, and left ventricular remodeling can occur
before clinical manifestations of PrE and are most affected in
severe and early-onset PrE.1,84 Indeed, women who develop
preterm PrE exhibit a high resistanceelow volume hemody-
namic state and demonstrate asymptomatic left ventricular
diastolic or systolic dysfunction as well as segmental
impaired myocardial relaxation at midgestation.85 Both early
and late PrE are characterized by increased left ventricular

mass and relative wall thickness. However, concentric hy-
pertrophy and diastolic dysfunction are significantly more
prevalent in early- rather than late-onset PrE.86 Furthermore,
longitudinal, radial, and circumferential strain are signifi-
cantly worsened in women with PrE compared to those with
gestational hypertension or without HDP; however, their
ejection fraction is not significantly different, unless there is
decompensation.80,87,88 Autopsy data have shown that,
comparedwith deaths in pregnancy fromother causes, there is
a 10-fold prevalence of myocardial contraction band necrosis
in PrE cases.80

Vascular remodeling and vascular resistance

Although PrE symptoms typically appear in the second-
half of pregnancy, disease processes can be detected in
the first trimester. PrE has been associated with the failure
of the maternal cardiovascular system to undergo normal
adaptations (Figs. 42.2 and 42.4).23,89 As such, insuffi-
cient remodeling of the uteroplacental arteries results in a
21%e42% increase in uterine artery resistance in women
who develop PrE, leading to a reduction in uterine blood
flow, which can be observed as early as 16 weeks’
gestation.33 To this end, an increased uterine artery pul-
satility index in the second trimester is correlated with an
increased risk of PrE. Together, these changes lead to
abnormal placentation, angiogenic imbalance, and
maternal vascular dysfunction, which are implicated in the
development of PrE and alter the delivery of blood, oxy-
gen, and nutrients to the fetus, which can impair fetal
growth and development.33

Due to inadequate remodeling of the spiral arteries, the
myometrial segments retain vasoreactivity, leading to
intermittent placental perfusion and a cascade of events that
result in PrE.90,91 Postulated mechanisms include imbal-
ance in the bioavailability and activity of endothelium-
derived contracting and relaxing factors and oxidative
stress.92 Consistent with ischemia-reperfusion injury, fluc-
tuating oxygen supplies result in oxidative stresseinduced
endothelial dysfunction.93 Although reactive oxygen spe-
cies are required and upregulated for normal physiology
during gestation, an imbalance of oxidative species and
antioxidative defense mechanisms are implicated in PrE.94

As a result, a decrease in NO bioavailability and the
associated endothelial dysfunction occur such that
endothelial-dependent vasodilation is reduced without
concurrent changes to endothelial-independent vasodila-
tion. Furthermore, hormonal alterations and exaggerated
immune and systemic inflammatory responses occur with
production of proinflammatory cytokines (tumor necrosis
factor-a, interleukin [IL]-6, and IL-17) and a decrease in
antiinflammatory cytokine (IL-10, IL-4) levels.95 More-
over, it appears that, unlike in healthy pregnancies,
increased sensitivity to angiotensin II and vasoconstrictor
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responses are enhanced in PrE.91 To this end, placenta-
derived factors, including antiangiogenic factors, micro-
particles, and cell-free nucleic acids, are released into the
maternal circulation and act on the vascular wall to modify
the secretory capacity of endothelial cells that alter the
responsiveness of vascular smooth muscle cells to con-
stricting and relaxing stimuli.92 Indeed, the trophoblastic
stress caused by placental hypoperfusion and hypoxia
triggers excess release of sFlt-1 at the placental surface into
the circulation (Fig. 42.3).23,91 Up to a threefold increase in
sFlt-1 has been noted in PrE, resulting in up to a 90%
decrease in VEGF and PlGF.33 Together, this imbalance of
angiogenic/antiangiogenic factors negatively affects
angiogenesis and placentation in PrE.96 It is noteworthy
that the sFlt-1/PlGF ratio correlates with severity of PrE,
while a greater reduction in PlGF is associated with early-
onset PrE.97,98 A sFlt-1:PlGF ratio of 38 or lower has been
shown to have a negative predictive value (no occurrence
of PrE) of 99.3% in the subsequent week, and thus can be
used as a cutoff value to predict the short-term absence of
PrE.99

Hormonal alterations associated with PrE also play an
important role in vascular remodeling. Estrogen levels have
been shown to be decreased by 30%e40% in PrE,
contributing to the observed endothelial dysfunction.33,100

Low estradiol (E2) levels reduce angiogenesis and

vasculogenesis, leading to insufficient placental develop-
ment and maternofetal exchange,100 in turn, leading to
lower E2 levels and triggering a vicious circle between
hormonal imbalance and disrupted implantation. Both se-
vere and mild PrE have been associated with low E2 con-
centrations. In pregnancy complicated by PrE and/or fetal
growth restriction, lower placental aromatization and E2
levels and higher progesterone inactivation have been
noted.101 Indeed, E2 and progesterone levels have been
shown to be significantly reduced in PrE at the time of
diagnosis compared to gestation-matched normotensive
pregnant women.102 However, relaxin levels in women
with PrE do not seem to be significantly different from that
of healthy pregnancies during the third trimester, at de-
livery, and up to 2 weeks postpartum.103,104

It is generally believed that PrE is associated with
increased total peripheral resistance, while aortic diameter
is inversely proportional to total peripheral resistance.33,92

As such, the aortic diameter in pregnancies complicated
with hypertension is lower compared to healthy pregnan-
cies; however, this is not consistent in the literature. Con-
trary to this principle, the carotid artery’s diameter is up to
20% larger in women with PrE in the third trimester; this
increase is related to the severity of PrE and is greater in
early- versus late-onset PrE.105 The increased diameter of
the carotid artery is accompanied by a decrease in its

FIGURE 42.4 The current understanding of the pathogenesis of preeclampsia. PlGF, placental growth factor; sFlt, soluble fms-like tyrosine kinase;
VEGF, vascular endothelium growth factor. Reproduced from Almaani SJ. Placental growth factor in pre-eclampsia: friend or foe? Kidney Int.
2019;95:730e732.
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compliance. Furthermore, carotid intimaemedia thickness
has been shown to be increased by up to 10% in women
with PrE, a finding that endures postpartum. These alter-
ations in the carotid artery seem to be proportional to BP.33

In contrast, the resting diameter of the brachial artery has
been found to decrease or remain unchanged in PrE.33 At
the microcirculatory level, a decrease in the density of skin
capillaries of up to 17% has been noted in women who
develop PrE.106,107 This decrease may precede the devel-
opment of PrE and may persist up to 15 weeks postpartum.
These microcirculatory alterations further contribute to the
increased vascular resistance and decreased peripheral
blood flow observed in PrE.106,107

PrE is a very complex disorder and manifests with
different patterns. For example, PrE that occurs earlier in
gestation and is associated with fetal growth restriction is
likely related to low CO, low inotropy, and high peripheral
vascular resistance,108 while cases of later and term gesta-
tion PrE involve babies who tend to be larger, and there is a
predominantly high CO, low peripheral vascular resistance,
and increased intravascular volume in midgestation.109

Moreover, early- and late-onset PrE are both characterized
by increased total vascular resistance at term.110

Blood pressure

Altered BP trajectories in gestation have been reported in
women who develop HDP (gestational hypertension and
PrE), whereby SBP and DBP are higher throughout preg-
nancy compared to normotensive women. Specifically,
unlike women with healthy pregnancies, women with HDP
have generally stable BPs during the first-half of preg-
nancy, which then increase until delivery.111 Indeed, in
13,016 women from the Avon Longitudinal Study of Par-
ents and Children, the rate of change in SBP and DBP from
18 weeks’ gestation onward was higher in women with PrE
compared to women with healthy pregnancies.112 While
DBP increases by about 7% between midgestation and
delivery in women with healthy pregnancies, this increment
is around 12%e15% in those with HDPs.111 Additionally,
greater BP variability, especially systolic coefficient of
variation, in the second to third trimester is independently
associated with higher odds of severe hypertension and
PrE.113

Similarly, MAP has demonstrated an increasing trend
from the second trimester onwards in both early- and late-
onset types of PrE; in early-onset PrE, its highest value was
observed at 20 weeks of gestation compared to a control
group. Whereas in late-onset PrE, absolute MAP and in-
creases in MAP were higher from 20 to 27 weeks and
28e37 weeks into gestation compared to controls. Further,
while an increment of 5% in MAP was noted in women
with healthy pregnancies, this was observed to be increased
by 13% in those with late-onset PrE.111

Nonsevere hypertension in pregnancy is defined as an
SBP of 140e159 mmHg and/or DBP 80e109 mmHg,
while severe is characterized as SBP �160 mmHg and/or
DBP� 110 mmHg.114 Notably, when measured in the first
trimester (8e11 weeks), the incidence of PrE was found to
be significantly higher, in a graded manner, in women with
high-normal BP (clinic SBP: 120e129 mmHg and
DBP <80 mmHg), temporary hypertension (clinic
BP �140/90 mmHg, with clinic BP <140/90 mmHg in
midgestation), white coat hypertension, high BP (clinic
SBP: 130e139 mmHg and/or DBP: 80e89 mmHg), and
chronic hypertension than in normotensive women.115 In a
recent cohort study analyzing data of 137, 389 pregnancies,
it was found that using the lower diagnostic threshold for
hypertension recommended in the 2017 ACC/AHA
guideline (130/80 mmHg) increased the prevalence of
chronic and gestational hypertension, markedly improved
the appropriate identification of women who would go on
to develop PrE, and was associated with improved identi-
fication of adverse fetal/neonatal risk.114

As previously stated, PrE significantly increases the risk
of chronic hypertension later in life, which increases with
increasing severity of PrE.64e68 Interestingly, longitudinal
assessment of PrE revealed that z50% of women have
persistent hypertension and increased rates of nocturnal,
ambulatory, and masked hypertension at 12 weeks
postpartum.1

Arterial stiffness

Increased systemic arterial stiffness and wave reflection
have been reported among women with HDP.116e118 In a
systematic review, our group has demonstrated that PrE is
associated with increased arterial stiffness during and after
pregnancy, more so than gestational hypertension.116 Our
metaanalyses showed that a significant weighted mean in-
crease of 1.04 m/s in cfPWV was noted at the time of PrE
diagnosis, as well as a sizable 15% increase in AIx.116 The
magnitude of the increase in arterial stiffness appears to be
greater in early-onset PrE and is proportional to the severity
of PrE.116,119,120

The limited number of longitudinal studies with data
preceding PrE onset generally showed that arterial stiffness
and wave reflection parameters were increased as early as
11 weeks among pregnant women who subsequently
developed PrE and remained elevated throughout
pregnancy compared to healthy pregnant women or women
with gestational or chronic hypertension
(Table 42.2).118,121 More severe PrE was associated with a
greater increase in arterial stiffness. Furthermore, women
who developed gestational diabetes mellitus were also
shown to have increased arterial stiffness starting in the first
trimester compared to healthy controls.122 Specifically,
cfPWV has been shown to be increased in PrE pregnancies
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TABLE 42.2 Longitudinal studies assessing arterial stiffness and hemodynamic parameters throughout pregnancy subsequently complicated with

preeclampsia and postpartum.

First

author,

year Population Design Method Metric Gestational timepoints Results

Franz,
2013

Healthy pregnant women,
n ¼ 19; women presenting with
PrE, n ¼ 21

Longitudinal
cohort trial

Oscillometric (Ten-
sioClinic TL1
Arteriograph)

cfPWV, AIx Onset of disease (mean 28
(early-onset) and 36 (late-onset)
weeks) and 3e6 months
postpartum

No differences in cfPWV during
pregnancy; AIx significantly
greater in early- and late-onset
PrE during pregnancy
(P < .001); cfPWV (P ¼ .006)
and AIx (P ¼ .001) elevated in
early-onset PrE postpartum; no
differences between late-onset
PrE and controls postpartum

Robb,
2009

Healthy primigravida women
with uncomplicated singleton
pregnancy, n ¼ 22; singleton
primigravida women with PrE,
n ¼ 15

Longitudinal Applanation
tonometry

cfPWV,
crPWV,
AIx75, CBP,
MAP

At diagnosis (mean 30 (early-
onset) and 38 (late-onset)
weeks) and 7 weeks postpartum

All metrics greater in both PrE
groups (P � .01); cfPWV, AIx75,
CBP, and MAP remained
elevated 7 weeks postpartum
(P � .02)

Khalil,
2010

High-risk women with singleton
pregnancy, n ¼ 252 (42 PrE)

Nested
caseecontrol

Applanation
tonometry

AIx75 11e13 weeks AIx75 significantly higher in all
PrE, early-onset PrE and
PrE þ SGA compared to con-
trols (P � .002)

Khalil,
2014

High-risk women with singleton
pregnancy, n ¼ 245 (44 PrE)

Prospective
longitudinal

Oscillometric (Arte-
riograph, Ten-
sioMed Ltd.)

cfPWV, AIx,
aortic SBP

11e13 weeks and every
4 weeks until delivery

cfPWV, AIx, and aortic SBP
significantly higher in the pre-
term PrE group (P � .033), but
not in the term PrE group

Savvidou,
2011

Healthy women with singleton
pregnancy, n ¼ 140 (29 PrE)

Prospective Applanation
tonometry

cfPWV,
crPWV,
AIx75, MAP,
CBP, T1R

22e24 weeks Adjusted cfPWV/crPWV, MAP,
and CBP higher and T1R lower
in PrE group (P � .02); adjusted
AIx75 not significantly different
between PrE and non-PrE
groups; adjusted cfPWV not
different between early- and
late-onset PrE

Khalil,
2012

Women with singleton preg-
nancy, n ¼ 6947 (181 PrE)

Longitudinal Oscillometric (Arte-
riograph, Ten-
sioMed Ltd.)

cfPWV,
AIx75, aortic
SBP

11e13 weeks Significantly greater cfPWV,
AIx75, and aortic SBP in PrE
(P < .0001)

6
7
8

Textb
o
o
k
o
f
A
rterial

Stiffn
ess

an
d
P
u
lsatile

H
em

o
d
yn

am
ics

in
H
ealth

an
d
D
isease



Khalil,
2009

Low-risk women with singleton
pregnancy, n ¼ 210 (14 PrE)

Prospective
longitudinal

Applanation
tonometry

AIx75, MAP 11e13 weeks AIx75 had a detection rate of
79% for all PrE and 88% for
early-onset PrE, with an FPR of
11%; no differences in MAP

Carty,
2014

High-risk pregnant women,
n ¼ 140 (17 PrE)

Longitudinal Applanation
tonometry, periph-
eral arterial
tonometry

AIx75, pe-
ripheral AIx,
CBP

16 and 28 weeks; 6e9 months
postpartum

Central DBP higher in PrE at
week 16 (P ¼ .013); no differ-
ence in other metrics

Katsipi,
2014

High-risk pregnant women,
n ¼ 118 (21 PrE)

Longitudinal Doppler ultrasound cfPWV, MAP 22e26 weeks cfPWV showed a detection rate
of all PrE of 81% and of early-
onset PrE of 82% at a fixed
10% FPR; MAP elevated in PrE
(P < .01)

Khalil,
2012

Women with singleton preg-
nancy, n ¼ 6814 (337
PrE þ SGA and 48 SGA)

Prospective
longitudinal

Oscillometric (Arte-
riograph, Ten-
sioMed Ltd.)

cfPWV,
AIx75, aortic
SBP

11e13 weeks In PrE þ SGA, AIx75, and aortic
SBP were increased (P � .001)
but not cfPWV; no differences
between SGA and controls

AIx75, augmentation index corrected for a heart rate of 75 beats per minute; CBP, central blood pressure; cfPWV, carotid-femoral pulse wave velocity; DBP, diastolic blood pressure; FPR, false-positive rate;
MAP, mean arterial pressure; PrE, preeclampsia; SBP, systolic blood pressure; SGA, small for gestational age; T1R, timing of the reflected wave.
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by approximately 20% (1 m/s) above normotensive preg-
nant values and remain elevated at 7 weeks postpartum;
importantly, this increase was shown to be independent of
BP values.33,43,123e126 Only two studies measured cfPWV
in the first trimester of pregnancy, one showed that cfPWV
was significantly higher in those destined to develop PrE
and the other noted a significant increase only in early-
onset PrE.126,127 Another small study (n ¼ 20, three
developed PrE) also found a significant increase in brachial
PWV in the first trimester using ultrasound.128

When measured in the second trimester, cfPWV was
found to be significantly increased by 17%124 or 30%
(10.2 � 1.9 m/s vs. 7.2 � 1.1 m/s)125 in women who sub-
sequently developed PrE compared with healthy pregnan-
cies. It was also shown that for every 1 m/s increase in
cfPWV, there was a 3.9-fold (95% CI 2.2e7.0) increased
risk for PrE, which was even higher when an increase in
sFlt-1 levels was also considered.125

Limited evidence suggests an increase in crPWV of
around 10%e15% above healthy pregnancy values can be
detected in the third trimester in women with PrE, with no
difference postpartum.33,43,123 The difference in central
versus peripheral PWV could be due to the fact that the
aorta undergoes more adverse adaptations in PrE, while the
brachial artery structures remain generally unaltered.33

Measures of wave reflection have also shown unique
changes in complicated pregnancy. AIx may be increased
by up to 20% in PrE, although there is no universal
agreement.124,129 The four studies that measured AIx/
AIx75 in the first trimester showed that these parameters
were increased in women destined to develop
PrE,126,127,130,131 although one study found that this in-
crease was significant only for preterm PrE.126 However,
studies that measured AIx later in pregnancy (in the sec-
ond124 or second and third129 trimester) showed no sig-
nificant difference between those who did and did not
develop PrE, while some evidence suggests that AIx re-
mains elevated up to 6 months postpartum.43,44 These
mixed results highlight the lack of systematic research in
this area and the need for more comprehensive examina-
tions of arterial stiffness and wave reflection parameters
during and after pregnancy.

Overall, in a metaanalysis of a limited number of
eligible studies that assessed arterial stiffness and wave
reflection parameters, it was shown that, in the first
trimester, mean AIx75 was significantly higher in the PrE
group, with an estimated standardized mean difference
(SMD) of 0.90 [95% CI 0.07e1.73; P ¼ .034]. In the
second trimester, the PrE group had significantly higher
cfPWV with an estimated SMD of 1.26 m/s (95% CI
0.22e2.30; P ¼ .018).121

Interestingly, one study that measured AIx, cfPWV, and
central SBP throughout high-risk pregnancies found the
arterial stiffness measures to be significantly higher only in

the preterm PrE group from 16 weeks onwards, but not in
the term PrE group, and the difference increased with
gestational age.126

A study of high-risk pregnant women by our group
demonstrated that arterial stiffness was significantly
increased throughout pregnancy and that a first-trimester
1 m/s increase in cfPWV was associated with 64%
increased odds of developing PrE (P < .05), while a 1 m/s
increase in time to wave reflection (T1R) was associated
with 11% decreased odds for PrE (P < .01) (unpublished
data). Furthermore, a changepoint in cfPWV and crPWV
was detected at 14e17 weeks gestation, at which time
cfPWV started increasing in women who developed PrE
but decreasing in women who did not; at 22e25 weeks’
gestation, a 1.2 m/s difference in cfPWV was observed.
Furthermore, women who subsequently developed PrE
showed an increase in AIx at 18e21 weeks that was not
seen in women who did not develop PrE until 30e
33 weeks.132 This study further highlighted the importance
of changes in arterial stiffness early in pregnancy.

Regarding early-onset versus late-onset PrE, all markers
of arterial stiffness and hemodynamics have been shown to
be elevated at the time of PrE diagnosis compared to
healthy pregnancies,116,117 with two studies showing no
significant differences between the different types of
PrE.43,44 While there are limited studies examining post-
partum measurements, one group showed that all measures
except crPWV remained elevated 7 weeks postpartum in
both types of PrE,43 while others showed that cfPWV and
AIx were elevated 3e6 months postpartum only in early-
onset PrE,44 or that PWA parameters were not signifi-
cantly different 6e9 months postpartum from the values
during pregnancy.129 When cfPWV measurements were
performed in the second trimester, prior to PrE onset, they
were found to be either similar in early- and late-onset
PrE124 or significantly higher in early-onset PrE.125 Over-
all, evidence suggests that the early-onset PrE shows more
significant alterations in arterial stiffness, but more studies
are needed to confirm the differences between the two
types.

In terms of prediction of early- versus late-onset PrE,
AIx75 had a prediction rate of 79% for all PrE cases and
88% for early-onset PrE in the first trimester, while MAP
was not found to be predictive.131 Measurement of PWV,
among other markers in the second trimester, showed that
cfPWV had the highest prediction rate, at 81% for all PrE
cases and 82% for early-onset PE; when combined with
sFlt-1 measurements, these rates increased to 90% and
92%, respectively.125 To this end, a study of high-risk
pregnant women by our group has demonstrated that a
combination of arterial stiffness and wave reflection indices
(cfPWV, AIx75, and T1R) measured between 10 and
13 weeks’ gestation predicted PrE earlier and with greater
accuracy than BP, ultrasound indices, and/or angiogenic
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biomarkers alone. The area under the curve of arterial
stiffness, BP, ultrasound indices, and angiogenic bio-
markers was 0.84, 0.68, 0.66, and 0.64, respectively (un-
published data). Importantly, we found that BP had a
sensitivity of 14% for PrE prediction, whereas that of
arterial stiffness was 36%, demonstrating the clinical value
of these measurements.

Peripheral vascular stiffness and resistance in women
with PrE has been associated with decreased resting blood
flow,133 decreased capillary density,107 and impaired
vascular compliance and endothelial function. A meta-
analysis has demonstrated that women who develop PrE
have reduced FMD not only at the time of diagnosis but
also prior to diagnosis in the first or second trimester
compared to controls.134 Moreover, women who subse-
quently developed PrE had similar FMD values at 16e
19 weeks compared to 24e28 weeks, indicating that, un-
like in healthy pregnancy, PrE is linked to a failure of
endothelial function to improve.135 Furthermore, FMD
values were shown to be up to 75% lower in women with
PrE in the third trimester. Interestingly, the impaired FMD
values remained up to 3 years postpartum, thus contributing
to increased future cardiovascular risk.33

It is also clinically relevant that increased arterial wave
reflections may affect fetal growth in pregnant women even
in the absence of hypertension. Specifically, a significant
inverse association between AIx and AIx75 and birth
weight has been suggested.136 Furthermore, an increase of
1 m/s in cfPWV was associated with a decrease in birth
weight centiles by 17.6% and a catch-up growth after birth
of 22.3% in weight centiles, independent of MAP; this
association was even stronger for pulse pressure.137 How-
ever, these associations are not universally noted; a large
study measuring AIx and PWV in the first trimester
observed no difference in these parameters in women who
subsequently delivered small for gestational age infants
versus unaffected controls, unless PrE was also present.138

Overall, in contrast to women with healthy pregnancies,
women with PrE appear to have an impaired vascular
response to hemodynamic changes that occur during
pregnancy. As such, arterial stiffness and vascular resis-
tance may be early indicators of PrE development.

Fetal growth restriction

Fetal growth restriction (previously termed intrauterine
growth restriction) has also been independently associated
with increased markers of arterial stiffness and impaired
vessel hemodynamics. Pregnant women destined to
develop fetal growth restriction exhibited decreased SV and
CO, as well as increased peripheral vascular resistance
compared to their healthy counterparts.139 Furthermore, in
women who went on to develop fetal growth restriction, but
not superimposed PrE, AIx75 was significantly elevated.140

Moreover, aortic AIx75 was found to be the only signifi-
cant independent determinant of birth weight in a cohort of
pregnant women with chronic hypertension.140

Pregnancies complicated by fetal growth restriction had
greater MAP and reactive hyperemia index, measured in
the second or third trimester, than unaffected controls.141 In
high-risk pregnant women followed longitudinally from the
first to third trimesters, unaffected pregnancy was associ-
ated with reduced vascular resistance and increased CO
until midpregnancy, while pregnancies complicated by fetal
growth restriction showed no change across gestation with
lower CO and higher peripheral vascular resistance. Fetal
growth restriction is thus linked to a persistent failure of
maternal hemodynamic adaptation in pregnancy.142

It has been noted that screening and predictive tools for
fetal growth restriction tend to underperform in high-risk
groups compared with general pregnant populations.143

Hemodynamic indices which have shown independent pre-
dictive potential for fetal growth restriction when measured
in the first trimester in high-risk women include peripheral
vascular resistance, and to a greater extent, CO.143

Exercise in pregnancy

Due to concerns and uncertainty around the safety of
pharmacological regimens in pregnancy, there is currently a
lack of specific treatments to prevent pregnancy compli-
cations. Thus, prevention of pregnancy complications
through lifestyle modification is that much more essential to
ensuring a healthy pregnancy. Physical exercise, in partic-
ular, appears to enhance the beneficial adaptations that
occur in healthy pregnancy.

Overall, placental angiogenesis and endothelial function
are enhanced in women who are active prior and during
pregnancy compared to those who are not.33 Indeed, reg-
ular aerobic training in the year before conception and/or
during early pregnancy (up to 24 weeks of gestation) has
been found to decrease the overall risk of developing HDPs
by 30%; specifically, risk of gestational hypertension was
reduced by 20%e40%, and PrE by 20%e60%.33,144,145

Prepregnancy physical activity in general was associated
with a 28% reduced risk of PrE for every 1 hour of physical
activity per day, plateauing at 5e6 h per week, while
leisure-time physical activity in early pregnancy decreased
the risk of PrE by 17% for every hour per day with no
plateau. Higher intensity activity and increased walking in
early pregnancy were also beneficial and reduced PrE
risk.146 In patients with diagnosed PrE, supervised training
was shown to lower BP and proteinuria over time.145 The
beneficial effects of exercise on PrE have been further
examined in a transgenic mouse model, where exercise
training both before and during gestation led to normali-
zation of MAP, proteinuria, cardiac hypertrophy, vascular
reactivity, and placental VEGF expression.146
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Regular exercise also reduces the risk of gestational
diabetes by 20%e40%; it has been shown to ameliorate
glycemic control and reduce insulin resistance (improve
skeletal muscle insulin sensitivity) and leptin levels in both
normal weight and obese women.144,146e148 Exercise and
physical activity, in general, during pregnancy can prevent
excessive gestational weight gain and have been shown to
improve lipid profiles.146,148 Additionally, regular exercise
has been associated with reductions in preterm birth by
20%e50% and the risk of large-for-gestational-age infants,
or macrosomia, by 30%e50%. The odds of having a small
newborn were not found to be affected by exercise.148,149

Exercise in early pregnancy enhances placentation by
enabling the invasion and proliferation of trophoblast cells,
in part through changes in perfusion pressure and oxygen
supply. Exercise may be beneficial to placental growth and
vascular development as brief bouts of mild hypoxia and a
reduction in placental perfusion may promote cell prolif-
eration and angiogenesis.33 The increase in shear stress
produces a state of hyperemia, while an increase of blood
flow during exercise results in improved endothelial func-
tion.150 Indeed, repeated bouts of exercise effectively
improve vascular function (a) directly by exerting shear
forces on the vascular wall, which activates endothelial NO
synthase (eNOS) and reduces NAD(P)H oxidase activity,
decreasing reactive oxygen species and increasing NO
bioavailability and (b) indirectly through the release of
antiinflammatory and anabolic mediators in response to
increased energy demands from muscles.33,145,151,152 To
this end, a significant increase in FMD during the third
trimester of pregnancy has been observed in pregnant
women who participated in controlled exercise
programs.153

Exercise may also lead to improved antiangiogenic/
angiogenic balance, with an approximately 40% decrease in
sFlt-1 and approximately 50% increase in PlGF and VEGF
in active versus inactive pregnant women. Exercise was
also found to improve placental vessel formation and
density without affecting placental size.33 Regular weight-
bearing exercise in pregnancy lowers the level of plasma
proinflammatory cytokine tumor necrosis factor-a, and re-
duces oxidative stress through reduction of lipid peroxi-
dation and thromboxane levels, while increasing iron-
binding capacity, antioxidant enzyme levels, and
prostacyclin.145,146

The evidence on the effect of exercise on arterial stiff-
ness and vessel hemodynamics is limited. In a prospective
cohort study, control brachial-ankle PWV (baPWV) at
1 month after delivery was significantly higher than the
control baPWV in the early second trimester, while baPWV
remained essentially the same in healthy pregnant women
who performed vigorous exercise three or more times per
week. These results indicate a relative decrease in arterial
stiffness after healthy pregnancy associated with

exercise.154 Lastly, a randomized controlled trial found that
regular aerobic exercise starting in the second trimester
lasting 16 weeks led to greater cardiorespiratory fitness,
lower HR at rest, and 44% greater FMD at the end of the
intervention than that observed in a control group without
regular aerobic activity, as assessed by the 6-min walk test
and VO2max.

153

Worldwide guidelines encourage women without
contraindication to begin or continue regular moderate in-
tensity exercise during pregnancy, recommending
60e150 min/week.33,145 The majority of pregnant women
currently do not reach this target and continue to be inac-
tive, especially as the pregnancy progresses.145 Regular
moderate intensity exercise during pregnancy is safe and
the beneficial effects are numerous for the mother and
developing fetus.

Concluding remarks

The complexity of changes during gestation and in HDP
(and particularly PrE) have not allowed to fully unravel the
physiology of pregnancy and the pathophysiology of its
complications. Overall, it is accepted that during healthy
pregnancy there is systemic vasodilation and decreased
vascular resistance to accommodate the increase in blood
volume and CO and meet the metabolic needs of the
growing fetus. These changes lead to a U-shaped curve in
BPs, arterial stiffness, and wave reflection, reaching a nadir
in the second trimester. In contrast, in HDP and particularly
in PrE, there are relatively lower increases in blood volume
and CO, with marked elevation in peripheral vascular
resistance, leading to continuous increases in BPs as well as
in arterial stiffness and wave reflection throughout
pregnancy.

Pregnancy is a cardiometabolic “stress test” that can
uncover vascular abnormalities that manifest later in life as
hypertension, diabetes, and premature cardiovascular dis-
ease. In this context, HDP and PrE constitute sex-specific,
pregnancy-related cardiovascular disorders that share
similar risk factors and have similar long-term adverse
cardiovascular outcomes as the conventional cardiovascular
disease. Therefore, it is important to accurately predict and
prevent HDP from happening. To this end, the optimization
of health care to prevent and treat women with HDPs
continues to be a top priority on the global health
agenda.155 The American Heart Association in its
“Effectiveness-Based Guidelines for the Prevention of
Cardiovascular Disease in Women” recommends including
a history of pregnancy complications as part of the car-
diovascular risk evaluation and screening of women.

At present, there are no accurate clinical tools to predict
early HDP and PrE. Arterial stiffness and hemodynamic
parameters hold promise and they should be systematically
investigated as early predictive tools for HDP and PrE.
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Currently, the evidence examining arterial stiffness and
hemodynamic alterations, although encouraging, is still
sparse; limited number of studies of typically small sample
sizes, mainly cross-sectional study designs, methodological
differences, and measurement at different timepoints do not
allow to capture the continuum of acute vascular changes
that occur during the short timeline of pregnancy.
Furthermore, first trimester or postpartum baselines may
underestimate the magnitude of pregnancy and HDP-
related changes. Prospective studies from preconception
to postpartum, as well as identification of reference and
normative values of arterial stiffness and hemodynamic
parameters, will help reveal the magnitude of cardiovas-
cular maladaptations during pregnancy and their long-term
cardiovascular effects.

Thus, more comprehensive investigations to establish
the ability of arterial stiffness and hemodynamics to predict
early and accurately HDP and PrE are necessary. As such,
arterial stiffnesserelated parameters may serve to address
the current lack of effective and accurate screening methods
for predicting HDP and PrE risk in early pregnancy with
the potential to ultimately be incorporated into obstetric
clinical practice.
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Introduction

Measures of arterial stiffness have been measured in adults
for many years resulting in a large body of literature and
established normal values for many parameters. Contrast-
ing this, the study of arterial stiffness in children has
received less attention and data are limited on normal
values. One of the difficulties with studying arterial stiff-
ness in children is the change in arterial physiology with
growth. Aortic length progressively increases in childhood
until reaching adult proportions, which affects the wave
reflection sites. In addition to changes in aortic length,
structural aortic changes occur during development. As
discussed in Chapters 7 and 19 in detail, elastin is a major
structural component of large arteries, with elastogenesis
starting at mid-gestation and continuing after birth until
adolescence.1,2 This means that essentially no de novo
elastin fibers are made during adulthood. The most elastic
the aorta will be is during childhood with subsequent
increasing stiffness as the integrity of the elastin fibers
degrade over time. These physiologic changes over time
make studying arterial stiffness in children a unique and
interesting challenge. In this chapter, we present the
currently available literature on arterial stiffness in children,
encompassing various disease states and measurement
modalities.

Vascular effects of various disease
states

Obesity

Pulse wave velocity

Obesity increases the risk for comorbidities even during
childhood.3 The effects of obesity also extend to aortic

stiffness, with obese children having increased aortic
stiffness compared to lean children.4e6 A recent large meta-
analysis of 15 studies found that 10 out of the 12 studies
measuring central pulse wave velocity (PWV) and all of the
studies that evaluated carotid and aortic b-stiffness
demonstrated higher values in obese children compared to
controls.4 The studies measured central PWV in various
ways including assessment of carotid-femoral PWV
(cfPWV), Doppler ultrasound of the aorta, or local PWV
measured at the carotid artery. Another meta-analysis also
found that PWV was higher in obese children compared to
nonobese children but found no significant differences in
Augmentation Index (AIx).5 A significant limitation is that
PWV was also measured in various ways in the included
studies encompassing assessment of cfPWV, carotid-radial
PWV (crPWV), Doppler ultrasound of the aorta, upper and
lower limb PWV measured by Doppler ultrasound and
photoplethysmography, or local PWV measured at the ca-
rotid artery. Cardiac magnetic resonance imaging (MRI)
may be an even more sensitive technique to evaluate
obesity-related arterial stiffening in youth. Caterini et al.
found that mean aortic PWV by cardiac MRI was higher in
obese/overweight youth compared to controls despite no
differences in cfPWV measurements by applanation
tonometry.7 Sletner et al. examined the relative contribu-
tions of fat mass and lean mass and found that increasing
lean mass attenuated the effect of fat mass on cfPWV such
that subjects with the lowest cfPWV had low fat mass and
high lean mass. These findings suggest that lean mass may
have a vascular protective effect.8

Pulse wave analysis

Available studies regarding the effect of obesity on arterial
wave reflections in children are mixed. A large multiethnic

Textbook of Arterial Stiffness and Pulsatile Hemodynamics in Health and Disease. https://doi.org/10.1016/B978-0-323-91391-1.00043-1
Copyright © 2022 Elsevier Inc. All rights reserved. 689

https://doi.org/10.1016/B978-0-323-91391-1.00043-1


study found that AIx was significantly higher in obese
youth compared to lean controls.9 However, a study
examining African-American youth found no differences in
AIx between obese youth versus lean controls.10 Another
study found that AIx was significantly lower in obese
children compared to lean controls but noted that the for-
ward pulse wave amplitude (Pf) and backward pulse wave
amplitude (Pb) of the aortic pressure wave were signifi-
cantly higher in obese children.11 Pierce et al. also found
that Pf was significantly higher in obese children compared
to lean controls but saw no difference in AIx or Pb between
groups.12 It is possible that the difference in conclusions
regarding AIx, Pf, and Pb between the studies can be
explained the various age ranges of the studies. Urbina
et al. had the largest age range and included subjects up to
24 years old9 whereas Castro et al. had the youngest sub-
jects with a mean age of approximately 10 years.11 The
differences between studies may be related to the well-
known changes in arterial wave reflections over time as
subjects age and progress toward adulthood. Nevertheless,
it appears that arterial wave reflections are altered in obese
subjects, suggesting vascular changes in this condition.

Distensibility

Arterial distensibility appears to decrease in states of
obesity. Overweight children have significantly decreased
carotid distensibility compared to normal weight children.13

To our knowledge, no studies of aortic distensibility and
obesity in children currently exist. However, in a study of
predominantly normal weight subjects, Mikola et al. found
that systolic blood pressure (SBP) and low-density lipo-
protein cholesterol (LDL-C) were independent de-
terminants of aortic distensibility while body mass index
(BMI), SBP, LDL-C, and homeostasis model of insulin
resistance influenced carotid distensibility.14 Brachial
distensibility was also decreased in obese children when
compared to lean controls.9 Adding to these findings, ad-
olescents and young adults classified as severely obese
exhibited significantly lower brachial distensibility
compared to subjects classified in the nonsevere obesity
category.15 Indeed, Whincup et al. found that as measures
of adiposity increase, brachial distensibility decreases, and
that the effects of adiposity on brachial distensibility
emerge around 13e15 years of age.16 The findings of these
various studies are important because they suggest that
increasing obesity leads to further impaired arterial
distensibility and that these effects worsen with age even
during the pediatric period.

Global measures

Global measures of arterial function such as pulse pressure
(PP) and stroke volume (SV) are also affected by obesity.
SV is increased in obese children11,17 and adults17

compared to normal weight subjects. If necessary, correc-
tion of SV using BSA can be performed in order to remove
the expected effect of body size in measurements.17 PP is
also increased in obese children. Chandramohan et al.
examined NHANES data from 1988 to 1994 and found that
obesity was associated with increased PP with waist
circumference, rather than BMI, being a significant pre-
dictor of PP.18 Zachariah et al. reexamined NHANES data
more recently including data up to 2008 and found that PP
has increased over time paralleling the increase in child-
hood obesity.19

Dyslipidemia

Pulse wave velocity

Dyslipidemia influences PWV in children. Riggio et al.
evaluated children with elevated LDL-C and found that they
had significantly increased local PWV measured at the ca-
rotid artery compared to controls.20 A more recent study of
youth with familial hypercholesterolemia (FH) using cardiac
MRI showed significantly increased ascending-to-descend-
ing aortic PWV.21 However, other studies of subjects with
familial hypercholesterolemia (FH) involving greater age
ranges (adults and children) showed no differences in
ascending-to-descending PWV as assessed by cardiac
MRI22 or in cfPWV as assessed by applanation tonometry.23

Differences in outcomes of PWV between the studies may
be explained partially by differences in method of measuring
PWV, but the predominance of adult subjects in the latter
two studies may suggest possible age-related changes in
PWV. Triglyceride to HDL-C ratio (TG:HDL-C) also in-
fluences cfPWV with cfPWV increasing across TG/HDL-C
tertiles.24 Taken together, the above studies show the impact
of dyslipidemia on large artery stiffness even in children.

Pulse wave analysis

The impact of dyslipidemia on arterial wave reflections in
children has been less well studied. However, children with
elevated LDL-C had significantly higher AIx compared to
controls.20 Additionally, triglyceride levels were found to
be an independent determinant of AIx,25 and children in the
highest tertile of TG:HDL-C had significantly higher AIx
compared to the lowest tertile.24

Distensibility

The effect of dyslipidemia on arterial distensibility is
mixed. Multiple studies show that lipid levels are inde-
pendent determinants of arterial distensibility.14,16,24 LDL-
C levels were noted to be associated with both aortic and
carotid distensibility14 while another study found that total
cholesterol and LDL-C were inversely related to brachial
distensibility in youth.16 Brachial distensibility was also
noted to decrease across increasing TG:HDL-C tertiles.24
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These studies primarily looked at the general pediatric
population. However, studies specifically examining youth
with FH show a more nuanced picture. Lehmann et al.
studied young FH patients (age <24 years) and found a
significantly more compliant aorta when assessed by ul-
trasound compared to controls even after correction for age
and sex.26 LDL-C:HDL-C ratio and duration of disease
were independent predictors of aortic compliance in this
study. Evaluation of FH subjects by cardiac MRI support
these findings of increased aortic compliance as Tran et al.
found significantly increased aortic distensibility in ado-
lescents with FH and Soljanlahti et al. found a trend toward
significance in increased aortic compliance in their study
including adults and children with FH. On the other hand,
Aggoun et al. found decreased carotid compliance and
distensibility in children with FH as assessed by ultra-
sound.27 The varied findings between studies are important
as they highlight decreased distensibility in the carotid and
brachial arteries but increased distensibility in the aorta in
the setting of hypercholesterolemia in children. By adult-
hood, this effect disappears with aortic distensibility in FH
subjects being significantly higher than normolipidemic
controls.28

Global measures

Study of global measures of arterial function in children
with dyslipidemia are scarce. Adult data reveal significantly
higher central PP in hypercholesterolemic subjects
compared to normolipidemic controls.29 While specific SV
data for hypercholesterolemic children is unavailable, there
was no difference in ventricular function in two cardiac
MRI studies of FH subjects compared to norms.21,22

Hypertension

Pulse wave velocity

Hypertension is associated with increased PWV in children.
Kulsum-Mecci et al. studied 159 children and found that
cfPWV was increased in children with hypertension,
obesity, or those with both hypertension and obesity
compared to controls.30 The differences seen in the hy-
pertensive group were independent of obesity. Another
study found that obese children with hypertension had
significantly higher PWV estimated by oscillometry
compared to lean controls and obese children without hy-
pertension31 suggesting that blood pressure has an effect on
arterial stiffness beyond that explained by obesity alone.
Incremental increases in blood pressure also appear to be
associated with PWV elevation (estimated by oscillometry)
with PWV rising for each unit of increase in SBP or DBP
independent of BMI.32 However, these studies are limited
since oscillometry is not a reliable method to estimate

PWV. In another study, cfPWV (a well-validated measure
of large artery stiffness) also exhibited increases across
blood pressure categories in normotensive to pre-
hypertensive to hypertensive youth.33

Pulse wave analysis

Measures of arterial wave reflections appear to be worse in
hypertensive children than normotensive youth. When
comparing AIx across blood pressure categories of
normotensive, prehypertensive, and hypertensive youth,
there was a significant increase in AIx between groups with
increasing blood pressure.33 Differences in AIx are also
seen when comparing central blood pressures. Adolescents
and young adults (16e24 years) with high central blood
pressure (but normal peripheral blood pressure) had higher
AIx compared to subjects with normal central blood
pressures.25

Contrasting the above studies, Wójtowicz et al. found
no significant difference in AIx between lean controls,
obese subjects without hypertension, and obese subjects
with hypertension.31 No difference in AIx was also seen in
a study by Garcia-Espinosa et al., but Pf and Pb were
significantly higher in the high blood pressure group
compared to normotensive controls.34 A later follow-up
study from the same group found that high blood pres-
sure was associated with higher Pf, Pb, and AIx.35

Distensibility

Arterial distensibility is impaired in states of elevated blood
pressure. Brachial distensibility was significantly lower in a
graded fashion when compared between hypertensive to
prehypertensive to normotensive youth.33 Adolescents and
young adults with higher central blood pressure but normal
peripheral blood pressure also exhibited similar findings of
lower brachial distensibility when compared to controls
with normal central blood pressure.25 Adding to these
findings, both SBP13 and diastolic blood pressure16 were
found to be independent determinants of arterial
distensibility.

Global measures

Global measures of arterial function such as PP are
increased in high blood pressure states in children. Children
with high blood pressure were found to have significantly
higher peripheral and central PP values compared to
normotensive youth.34,35 Furthermore, youth with isolated
systolic high normal blood pressure and systolic hyper-
tension had significantly higher peripheral and central
blood pressure compared to normotensive controls.36

Subjects classified as having high central blood pressure
also exhibit higher peripheral and central PPs compared to
normotensive subjects.25
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Diabetes

Pulse wave velocity

Large artery vascular changes are present in children with
diabetes mellitus. Differences in PWV are evident between
type 1 diabetic (T1D) subjects and controls across mea-
surement modalities such as tonometry37,38 and oscillom-
etry.39 When compared to nondiabetic controls, T1D
adolescents and young adults had significantly higher
cfPWV even after adjusting for cardiovascular risk factors
such as blood pressure, adiposity, lipid levels, and micro-
albuminuria.37 Another study found significantly higher
crPWV in T1D subjects compared to controls.38 While
cfPWV was higher in T1D subjects in this study, it did not
reach statistical significance.

Large artery vascular changes are also present in sub-
jects with Type 2 diabetes (T2D). Shah et al. evaluated the
arterial stiffness of young adults with youth-onset T2D and
found increased arterial stiffness in approximately half of
the subjects.40 PWV was significantly higher in the T2D
group compared to lean controls. Treatment assignment for
T2D between metformin, metformin þ intensive lifestyle
intervention, or metformin þ rosiglitazone did not predict
arterial stiffness.

Contrasting the findings in subjects with T1D and T2D,
subjects with prediabetes do not appear to have significant
large artery changes compared to controls. Shah et al.
compared the vascular health of 102 obese youth with pre-
diabetes to 139 obese youth without prediabetes. While the
prediabetic obese youth had higher carotid intima-media
thickness and lower brachial distensibility, there was no
significant difference in PWV between the two groups.

Diabetes duration and insulin resistance influence arte-
rial stiffness. crPWV, cfPWV, and lower extremity PWV in
diabetic youth at five year follow-up were significantly
higher than their baseline values.41 Putarek et al. found that
diabetic disease duration was the strongest independent
determinant of arterial stiffness with BMI, blood pressure,
and HbA1c also influencing local PWV measured at the
carotid artery.42 Diabetes duration was also a significant
determinant of PWV in another large pediatric study of
1809 T1D youth43 which also found that subjects with a
HbA1c �9% had significantly higher crPWV, cfPWV, and
lower extremity PWV compared to youth with lower
HbA1c. Adding to these findings, Shah et al. found that
lower insulin sensitivity was associated with a higher rate
of change in cfPWV in their study of diabetic youth.44

Pulse wave analysis

Arterial wave reflections are altered in diabetic children.
Multiple studies of T1D subjects found significantly higher
AIx in T1D youth and young adults compared to nondiabetic
controls.37,39,43 Shah et al. found similar findings in T2D

subjects.40 These subjects diagnosed with T2D as children
had vascular assessment obtained as young adults (mean age
20.8 � 2.5 years). AIx was significantly higher in the T2D
subjects when compared to obese nondiabetic controls.
Prediabetic youth did not show significantly higher AIx
compared to nondiabetic youth in contrast to the aforemen-
tioned studies in T1D and T2D subjects.45 Similar findings
are seen in studies of T1D37,42 and T2D subjects40 with
significantly lower arterial distensibility and compliance
compared to controls. MRI evaluation of T2D diabetic youth
found a trend toward significance in decreased aortic
distensibility compared to controls.46 Insulin resistance
appeared to contribute to distensibility as the children in the
lowest two tertiles of insulin resistance had significantly
lower descending aortic strain and distensibility.

Global measures

Studies of global measures of vascular health in diabetic
children are very limited. Dost et al. studied peripheral PP
data of 46,737 children with T1D in Germany and found
that peripheral PP in T1D was significantly higher than the
nondiabetic control population.47 Notably, diabetes dura-
tion, insulin dose, BMI, age, and male sex were indepen-
dent determinants of PP in this study. Suláková et al. also
evaluated children with T1D but used ambulatory blood
pressure monitor data to find that diabetic subjects with
white coat hypertension or true hypertension had signifi-
cantly higher PP compared to normotensive diabetic sub-
jects.48 These findings suggest that diabetic subjects have
impaired arterial health especially in the setting of con-
current cardiovascular risk factor such as hypertension.

Other conditions

Individualswith congenital heart disease (CHD) demonstrate
abnormal large artery characteristics. Multiple studies have
shown that PWV is significantly higher in subjects with
Tetralogy of Fallot (TOF) compared to controls both before49

and after49e51 repair. Similar findings are seen in children
after heart transplantation52 and transposition of the great
arteries (TGAs).51,53 Subjects with aortic coarctation (CoA)
have significantly higher PWV after repair both during
childhood51 and as adults54 compared to controls. Measures
of pulse wave analysis (PWA) are also abnormal with
significantly higher AIx in adult subjects with cyanotic
CHD55 and children with TOF after repair.50 Adult subjects
with repaired with CoA had higher central SBP and lower
arterial compliance compared to controls,54 and children
with TGA had higher central SBP compared to controls53

though no difference in central SBP was found in children
with TOF after repair.53 The findings described above are
important because they demonstrate that individuals with
CHD have impaired arterial health even after repair which
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may put them at increased risk above and beyond their CHD.
However, there is evidence that physical activity may lower
PWV in subjects with CHD.56 Therapies to address these
large artery impairments in individuals with CHD deserve
more exploration. For a detailed review regarding arterial
stiffness and pulsatile hemodynamics in CHD, the reader is
referred to Chapter 47.

Renal disease is also known to affect arterial health.
Children with end-stage renal disease (ESRD) requiring
dialysis have significantly higher PWV57,58 and aortic
AIx58 compared to controls. These findings persist when
comparing measurements before and after dialysis58 and
continue to be elevated even 6 months after renal trans-
plantation59 suggesting that the vascular changes that occur
in ESRD are more structural rather than functional. Acute
cases of renal disease can also cause elevations in PWV
that normalize after resolution of renal disease as seen in
children with poststreptococcal glomerulonephritis.60

Contrasting the findings of the previous studies, children
with mild to moderate chronic kidney disease do not appear
to have significant differences compared to reference
values61 or controls.62 However, PWV does not appear to
be linked merely to glomerular filtration rate as children
with nephrotic syndrome but normal renal function had
significantly higher PWV compared to controls. Instead,
differences in arterial parameters may be explained by
blood pressure.62,63 The changes in arterial stiffness seen in
children with renal disease are important to note as adult
data in ESRD subjects demonstrate that PWV is an inde-
pendent predictor of all-cause and CV mortality.64

Arterial parameters are altered in numerous other dis-
ease states. AIx is increased in subjects with cystic
fibrosis,65 and PWV is higher in adults with childhood
asthma compared to nonasthmatic subjects.66 Pulmonary
arterial hypertension influences aortic stiffness with
significantly higher PWV and decreased distensibility in
subjects versus controls.67 Kawasaki disease subjects have
significantly increased PWV compared to controls,68e70

and PWV was lower and AIx higher in sickle cell disease
patients.71 Subjects with Turner syndrome and bicuspid
aortic valve had decreased aortic distensibility but no dif-
ference in PWV compared to controls in one study72

whereas another study found significantly higher PWV and
lower distensibility versus controls.73 The variety of these
studies demonstrates how large artery parameters can pro-
vide information regarding possible cardiovascular risk
across a range of disease conditions.

Methods and normal values in children

General principles regarding methods of measurement of
arterial stiffness in vivo are discussed in Chapter 7. This

section deals with aspects unique or particularly relevant to
measurements in children.

Pulse wave velocity

Similar to adults, measurement of PWV can be obtained
through various methods. cfPWV can be assessed by
placing tonometers or ultrasound probes over the carotid
and femoral regions and using ECG tracings to determine
the pulse time delay between measurement points with the
R wave as a reference point. Another approach is to use a
tonometer over the carotid and a blood pressure cuff over
the thigh. To approximate the distance the pulse travels, the
measured carotid-to-femoral distance can be multiplied by
80% or the sternal notch-to-carotid distance can be sub-
tracted from the notch-to-femoral distance.74 Brachial-
ankle PWV can be assessed using blood pressure cuffs
on both arms and ankles with the distance from the brachial
artery to the ankle calculated by height and pulse time delay
directly computed.74 Aortic flow measurements and direct
aortic measurements can also be performed using cardiac
MRI to determine aortic PWV. Sinus arrhythmia in chil-
dren can be a challenge when measuring the pulse wave
using tonometry, and usage of the thigh cuff in assessing
cfPWV may not be as accurate for children as for adults.
Use of calipers in determining pulse wave distance in obese
children helps to improve accuracy. The faster heart rate in
children can also impact readings and depending on the age
of the patient, sedation may be required for PWV mea-
surement using MRI.

Large datasets of normative data are available in adults
providing thresholds to define clinical abnormality. How-
ever, these large datasets are not available in children. The
European Network for Noninvasive Investigation of Large
Arteries published a large dataset of normal PWV values in
2010.75 This study spanned eight European countries and
included 11,092 subjects to determine reference values.
Because the centers involved in the study obtained cfPWV
through applanation tonometry using a variety of devices,
measurements were then standardized prior to generating
reference values. Ages were classified by decade for these
values: <30, 30e39, 40e49, 50e59, 60e69,
and �70 years. While the study included some pediatric
patients (age range 15e97 years), these patients were in the
adolescent age range and the proportion of the subjects
aged <18 years in the study was not specified. Neverthe-
less, this large study demonstrated that PWV increases
progressively with age and that those in the <30 year age
category had a mean (�2 SD) cfPWV of 6.2 (4.7e7.6) and
median (10e90 percentile) cfPWV of 6.1 (5.3e7.1).

In adults, a PWV cut-off of 10 m/s was proposed, above
which there is an increased risk for cardiovascular events.76
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Unlike adult guidelines, there is no set threshold value for
PWV in children as there are no longitudinal data sets tying
the measurements in children to hard outcomes. There have
been multiple attempts at defining age- and sex-specific
reference values in children and adolescents.77e84 How-
ever, these studies used varying techniques and devices in
measuring PWV such that determining a standard set of
values is difficult.

Applanation tonometry

Applanation tonometry is considered the gold standard
noninvasive method of measuring PWV. The largest study
in children thus far using this method was performed by
Reusz et al. in 2010.78 In this study, age- and sex-specific
percentile curves were developed form measurements per-
formed on 1008 children and adolescents measured by
applanation tonometry using the PulsePen device
(Fig. 43.1). cfPWV increased with age though values were
similar in both boys and girls in the first two age quartiles.
In the third and fourth age quartiles, cfPWV increased for
boys more than for girls; however, this effect disappeared
when subjects were matched for age and height. cfPWV
also increased with increasing height. The population for
the study consisted of Hungarian, Italian, and Algerian
children so this should be considered when generalizing
these values for other races/ethnicities. The Reusz et al.

values are similar to American data adapted from Urbina
et al. (unpublished data) (Fig. 43.2).6 The 50th percentile
curve is similar in both studies, but the 5th and 95th
percentile curves are slightly higher in the Urbina et al.
data. A smaller study by Curcio et al. used applanation
tonometry to obtained cfPWV in Uruguayan children.85

Similarly to Reusz et al., the authors found that cfPWV was
similar in boys and girls during the prepubescent age range
but that PWV increased more in boys after that period.
Mora-Urda et al. also used applanation tonometry to mea-
sure cfPWV and create percentile curves for healthy
Spanish children aged 8e11 years based on 350 subjects
(Fig. 43.3).80 Compared to the percentiles curves by Reusz
et al. and Urbina et al., the 50th percentile curves are
similar, but the 90th and 97th percentile curves are slightly
higher. Additionally, there is a mild decrease in cfPWV in
girls around age 10 years in the Mora-Urda et al. study that
is not evident in the Reusz et al. curves. When comparing
cfPWV by height, the values from Mora-Urda et al. rise
with increasing height similarly to the values from the
Reusz et al. study. The 50th percentile curves for boys and
girls are similar at the shorter heights but are less in the
Mora-Urda et al. study with increasing height. Boys and
girls at the 90th percentile of height in the Mora-Urda et al.
study have higher cfPWV at shorter heights but then are
similar at 160 cm to values from Reusz et al.
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FIGURE 43.1 Carotid-femoral pulse wave velocity (PWV) percentile curves assessed by applanation tonometry using PulsePen device according to age
(A) and height (B). Subjects were from Hungary, Italy, and Algeria. Reprinted by permission from Wolters Kluwer Health, Inc. Reusz GS, Cseprekal O,
Temmar M, et al. Reference values of pulse wave velocity in healthy children and teenagers. Hypertension. 2010; 56:217e224. https://doi.org/10.1161/
HYPERTENSIONAHA.110.152686.
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FIGURE 43.2 Carotid-femoral pulse wave velocity (PWV) percentile curves by applanation tonometry using SphygmoCor device according to age.
Subjects were from the United States. Unpublished data adapted from Urbina EM, Kimball TR, Khoury PR, Daniels SR, Dolan LM. Increased arterial
stiffness is found in adolescents with obesity or obesity-related type 2 diabetes mellitus. J Hypertension. 2010; 28:1692e1698. https://doi.org/10.1097/
HJH.0b013e32833a6132.

7.0

3.0

3.5

4.0

4.5

5.0

5.5

6.0

6.5

7.0

8.0 8.5 9.0 9.5 10.0 10.5 11.0 11.5 12.0
3.0

3.5

4.0

4.5

5.0

5.5

6.0

6.5

8.0 8.5 9.0 9.5 10.0 10.5 11.0 11.5 12.0

PW
V
(m

/s
)

PW
V
(m

/s
)

Age (years) Age (years)

Boys Girls
97

90

75

70

0505

25

3

97

90

75

70

50

25
3

3.0

3.5

4.0

4.5

5.0

5.5

6.0

6.5

7.0

7.5

8.0

120 125 130 135 140 145 150 155 160

PW
V
(m

/s
)

Height (cm)

Boys

97

90

75

70

50
25
3

3.0

3.5

4.0

4.5

5.0

5.5

6.0

6.5

7.0

120 125 130 135 140 145 150 155 160 165 170

PW
V
(m

/s
)

Height (cm)

Girls
97

90

75

70

50

25
3

A

B

FIGURE 43.3 Carotid-femoral pulse wave velocity (cfPWV) percentile curves by applanation tonometry using SphygmoCor device according to sex
and age (A) and height (B) in healthy children (N ¼ 277). Subjects were from Spain. Reprinted by permission from John Wiley and Sons. Mora-Urda AI,
Molina MDCB, Mill JG. Montero-López P. Carotid-femoral pulse wave velocity in healthy Spanish children: reference percentile curves. J Clinic
Hypertens. 2017; 19:227e234. https://doi.org/10.1111/jch.12899.
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Oscillometric devices

Oscillometric devices for measuring PWV have also become
popular due to relative ease of use compared to applanation
tonometry.81e84 Two German studies used the Vicorder
device to determine cfPWV in a pediatric cohort using a
carotid and femoral cuff82 and a combined group of adults
and children using a carotid plethysmograph and a femoral
cuff.86 Elmenhorst et al. studied German children with the

Mobil-O-Graph, which use a single brachial cuff, to measure
PWV in 1445 subjects (Fig. 43.4). The authors found that
while PWV increased with age and height, there were
different trajectories between boys and girls that were
potentially explained by different growth patterns. Two other
large studies used the Arteriograph device to determine
normal values with Hidvégi et al. obtaining PWV measure-
ments in 3374 Hungarian children (Fig. 43.5)81 and Diaz
et al. measuring PWV in 1000 Argentinean children

FIGURE 43.4 Pulse wave velocity percentile curves by brachial oscillometry using Mobil-O-Graph device according to age, displayed separately for
girls and boys. Reprinted from Elmenhorst J, Hulpke-Wette M, Barta C, Dalla Pozza R, Springer S, Oberhoffer R. Percentiles for central blood pressure
and pulse wave velocity in children and adolescents recorded with an oscillometric device. Atherosclerosis. 238:9e16, Copyright 2015, with permission
from Elsevier. https://doi.org/10.1016/j.atherosclerosis.2014.11.005.
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(Fig. 43.6).84 The 50th percentile values from Diaz et al. and
Hidvégi et al. are similar, but the 90th and 10th percentile
lines are slightly higher in the Hidvégi et al. study. The
percentile curves obtained by Elmenhorst et al. are lower
overall than the other two studies which may be a function of
using theMobil-O-Graph device instead of the Arteriograph.
Despite the availability of normative data from these
methods, it should be noted that single site oscillometry is not
a reliable method to estimate aortic PWV.

Cardiac magnetic resonance imaging

Cardiac MRI measures of PWV in children are limited.
Voges et al. used MRI flow data to develop normative
curves for aortic PWV in children and young adults

(Fig. 43.7).77 In addition to using a different modality, the
PWV measurements obtained in this study were of the
aortic arch only (ascending-to-descending aorta) which
may contribute to the overall lower measurements
compared to PWV values by applanation tonometry or
oscillometry. Additionally, the study was relatively small
(n ¼ 71) compared to studies measuring PWV by appla-
nation tonometry or oscillometry.

Sex-specific differences in pulse wave
velocity

In prepubescent children, there appears to be no difference
in PWV between males and females. However, after
puberty, PWV is higher in males. These findings have been
replicated in multiple studies encompassing PWV
measurements by applanation tonometry78 and
oscillometry82e84 though one large oscillometric study
found no significant difference in PWV values between
sexes.81 The higher PWV values in males after puberty can
be explained by the overall greater height and weight at
those ages compared to females.78,83,84 Indeed when sub-
jects were matched by age and height78 or by age,
anthropometric values, and hemodynamic values,84 no sex-
specific differences were evident.

Race-specific differences in pulse wave
velocity

cfPWV in African-American men has been noted to be
higher compared to cfPWV measurements in white men.87

These findings are mirrored in children as well with Lef-
ferts et al. comparing cfPWV by applanation tonometry in
54 African-American children compared to 54 white chil-
dren.88 While the African-American children were taller
and heavier than the white children, cfPWV was higher in
the African-American children even after multivariable
adjustment that included height. A large study of 791
children by Zaniqueli et al. studied Brazilian children and
adolescents comparing the cfPWV by applanation tonom-
etry in Blacks (n ¼ 211) versus Non-Blacks (n ¼ 560).89

There was no difference in cfPWV between groups during
the prepubescent time period, but cfPWV was significantly
higher in blacks during the pubescent and postpubescent
phases after adjustment for sex, age, height, BMI, SBP, and
heart rate.

Conclusions about pulse wave velocity
normal values

Measurement of arterial stiffness in youth is now estab-
lished as a robust method for evaluating CV risk, but there
is still a lack of normative data across age, population, and
device. More research into defining this normative data is
needed before arterial stiffness can be incorporated into
care for pediatric patients.
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FIGURE 43.5 Pulse wave velocity smoothed percentile curves by
brachial oscillometry using Arteriograph device according to age for boys
(A) and girls (B). Reprinted by permission from Wolters Kluwer Health,
Inc. Hidvégi EV, Illyés M, Benczúr B, et al. Reference values of aortic
pulse wave velocity in a large healthy population aged between 3 and 18
years. J Hypertens. 2012; 30:2314e2321. https://doi.org/10.1097/HJH.
0b013e328359562c.
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FIGURE 43.6 Age-specific Aortic pulse wave velocity (PWV) percentiles in male population (n ¼ 560) and female population (n ¼ 440). Reprinted by
permission from Taylor & Francis Ltd, http://www.tandfonline.com. Díaz A, Zócalo Y, Bia D, Sabino F, Rodríguez V, Cabrera Fischer EI. Reference
intervals of aortic pulse wave velocity assessed with an oscillometric device in healthy children and adolescents from Argentina. Clin Exp Hypertens.
2019; 41:101e112. https://doi.org/10.1080/10641963.2018.1445754.

FIGURE 43.7 Gender-specific referencepercentiles for pulsewave velocity (PWV) in the aortic arch assessed by cardiacmagnetic resonance imaging (MRI).
Reprinted by permission from Springer Nature. Voges I, Jerosch-Herold M, Hedderich J, et al. Normal values of aortic dimensions, distensibility, and pulse
wave velocity in children and young adults: a cross-sectional study. J Cardiovasc Magn Reson. 2012; 14:77. https://doi.org/10.1186/1532-429X-14-77.
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Pulse wave analysis

PWA is typically obtained in children, similarly to adults,
by using oscillometric or tonometric devices to determine
the central arterial PP waveform. However, invasive mea-
surement of the central waveform by cardiac catheterization
is also performed. Using the central PP waveform,
augmentation index and other parameters such as
augmentation pressure (AP), component waveforms (Pf,
Pb), and central blood pressure can be determined as
measures of arterial health. The faster heart rate in children
and heart rate variability with respiration (sinus arrhythmia)
can make measurements challenging in children. Addi-
tionally, it may be more technically challenging to take
radial artery measurements using a tonometer due to the
smaller size of the artery. Appropriate cuff sizing for
younger children is another potential challenge as the de-
vices are typically designed for adults.

More robust literature exists in children for reference
values of augmentation index whereas there are no estab-
lished reference values for Pf or Pb. Murakami et al.
assessed AIx by direct cardiac catheterization measure-
ments in Japanese subjects and found that AIx was highest
in infancy and early childhood and that it steadily decreased
until approximately age 15 years when values then pla-
teaued and then increased afterward in early adulthood.90

These findings were confirmed using oscillometry by
Hidvegi et al. in a large study of 4619 Hungarian subjects
(age range 3e18 years) with AIx decreasing from early
childhood until subjects reached puberty.91 Return time of
the systolic wave reflection was also found to be shorter in
younger children due to shorter aortic length. This finding
explains the greater AIx values in younger children as the
sooner return of the systolic wave reflection results in
greater wave augmentation. Reference curves for AIx from
Hidvegi et al. are shown in Fig. 43.8.

FIGURE 43.8 Smoothed percentile curves from 3rd to 97th of aortic augmentation index (Aixao) and return time (RT) related with age for boys (A and
C) and girls (B and D). Reprinted by permission from Springer Nature. Hidvégi EV, Illyés M, Molnár FT, Cziráki A. Influence of body height on aortic
systolic pressure augmentation and wave reflection in childhood. J Hum Hypertens. 2015; 9:495e501. https://doi.org/10.1038/jhh.2014.118.
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Diaz et al. also determined normal AIx values in chil-
dren but used applanation tonometry in a large study of
1038 Argentinean subjects (age range 5e22 years).92 Their
findings mirrored those of Murakami et al. and Hidvégi
et al. with reference curves shown in Fig. 43.9. AIx values
for girls were higher than in boys for both studies. It is
important to note the different racial/ethnic backgrounds of
the subjects in the previously mentioned studies when
attempting to generalize findings to other races/ethnicities.

Distensibility

Arterial distensibility can be assessed through multiple
methods ranging from oscillometry, ultrasound, and MRI.
Challenges in children with these methods are similar to
those seen in determining PWV and PWA and include
difficulty with correct cuff sizing due to younger/smaller
subjects, children having faster heart rates and potential
sinus arrhythmia, technical challenges of children having
smaller arteries and potentially having more compressible
arteries, and the possible need for sedation if using MRI.

Reference data for arterial distensibility in children exist
for ultrasound and MRI modalities. Doyon et al. created
sex-specific reference charts for carotid distensibility co-
efficient determined by ultrasound that are normalized to
age using data from 1051 children (age range 6e18 years).
The general trend appears to be that carotid distensibility
decreases with age in both boys and girls (Fig. 43.10G and
H). The authors noted that age- and sex-specific differences

started to appear at age 15 years and with carotid disten-
sibility for boys decreasing more steeply than girls after that
age.

Mikola et al. assessed carotid and abdominal aortic
distensibility longitudinally in children by ultrasound and
found that distensibility was significantly lower in boys
compared to girls in both regions and that distensibility
significantly decreased with age. Measurements were taken
at 11, 13, 15, 17, and 19 years of age.93 However, when
adjusted for PP, the differences between sexes disappeared
suggesting that PP may be driving the differences rather
than arterial diameter.

Engelen et al. compiled carotid distensibility coefficient
values assessed by echo-tracking across 24 studies to create
age- and sex-specific reference curves from 3601 healthy
individuals.94 While the majority of the data were of adult
subjects, data from late adolescents were included and can
be seen in Fig. 43.11. The same group also compiled data
from seven studies with femoral artery distensibility values
to create age-specific reference curves from 1489 healthy
individuals.95 Again, the majority of the data were from
adults but data from late adolescents were also included.
Contrasting the findings of the carotid distensibility coef-
ficient data, femoral artery distensibility appears to be sta-
ble over time without major changes until the 6th decade of
life. When comparing the carotid distensibility coefficient
values between the Doyon et al. study and the Engelen
et al. data, the carotid distensibility coefficient values were
higher overall for both males and females in the Doyon

A B

FIGURE 43.9 Age-specific central (aortic) augmentation index (cAIx) percentiles corresponding to male cohort (n ¼ 576) (A) and female cohort
(n ¼ 462) (B) of children and adolescents. Reprinted by permission through the Creative Commons Attribution License. Diaz A, Zócalo Y, Bia D, Cabrera
Fischer E. Reference intervals of central aortic blood pressure and augmentation index assessed with an oscillometric device in healthy children, ad-
olescents, and young adults from Argentina. Int J Hypertens. 2018; 2018:1469651. https://doi.org/10.1155/2018/1469651.
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FIGURE 43.10 Sex-specific percentile curves for carotid intima-media thickness (cIMT, mm; A and B), b (C and D), incremental modulus of elasticity
(Einc, kPa � 103; E and F), and distensibility coefficient (DC, kPa�1 � 10�3; G and H) according to age. Reprinted by permission from Wolters Kluwer
Health, Inc. Doyon A, Kracht D, Bayazit AK, et al. Carotid artery intima-media thickness and distensibility in children and adolescents: reference values
and role of body dimensions. Hypertension. 2013; 62:550e556. https://doi.org/10.1161/HYPERTENSIONAHA.113.01297.
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et al. study. These differences may be explained by the use
of ultrasound to measure distensibility in Doyon et al.
group versus the echo-tracking technique used in the
Engelen et al. study.

Cardiac MRI data are limited regarding reference values
of aortic distensibility in children. However, Voges et al.

created gender-specific reference percentiles for aortic
distensibility in multiple regions of the aorta as seen in
Fig. 43.12.96 While distensibility decreases with increasing
age similarly to the findings by ultrasound, the ascending
aortic distensibility in males appears to decrease more
drastically with age compared to that seen in females, and

FIGURE 43.11 Age-specific percentiles of carotid DC in the healthy subpopulation. (A) men; (B) women. DC, distensibility coefficient. Reprinted by
permission from Wolters Kluwer Health, Inc. Engelen L, Bossuyt J, Ferreira I, et al. Reference values for local arterial stiffness. Part A: carotid artery. J
Hypertens. 2015; 33:1981e1996. https://doi.org/10.1097/HJH.0000000000000654.
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FIGURE 43.12 Gender-specific reference percentiles for aortic distensibility at four locations: (A) ascending aorta, (B) aortic arch, (C) aortic isthmus,
and (D) descending aorta above the diaphragm. Reprinted by permission from Springer Nature. Voges I, Jerosch-Herold M, Hedderich J, et al. Normal
values of aortic dimensions, distensibility, and pulse wave velocity in children and young adults: a cross-sectional study. J Cardiovasc Magn Reson.
2012; 14:77. https://doi.org/10.1186/1532-429X-14-77.
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the aortic isthmus distensibility undergoes a steeper decline
in both males and females compared to the aortic arch and
descending aortic regions.

Future directions

As more advanced and direct methods of assessing arterial
health have been developed such as PWV, PWA, and
arterial distensibility, global measures of arterial health
such as PP are used less often in favor of the other mo-
dalities mentioned above. As demonstrated in this text,
while there are some pediatric data on reference values for
measures of arterial health, they are limited in comparison
to adult data. More normative data are needed across race,

sex, and ethnicity in children to provide better under-
standing of normal differences. Calibration of measure-
ments between devices for children is also an area of
potential focus as this will allow easier conversion/com-
parison of readings for patients. Some of the considerable
differences in PWV by device can be seen in Fig. 43.13.
Additionally, longitudinal data of arterial measures in
children are needed to show what normal change in arterial
stiffness is in children. The need for accurate assessment of
arterial health in children remains with the hope that
increased and better normative data will allow use of these
measures to more accurately risk stratify patients with CV
risk factors and be a tool toward helping children live
longer, healthier lives.

FIGURE 43.13 Comparison between the 50th percentiles for pulse wave velocity (PWV) obtained with different devices (Arteriograph [79], PulsePen
[76], Vicorder [80], and Mobil-O-Graph [81]) displayed separately for girls and boys. Reprinted from Elmenhorst J, Hulpke-Wette M, Barta C, Dalla
Pozza R, Springer S, Oberhoffer R. Percentiles for central blood pressure and pulse wave velocity in children and adolescents recorded with an
oscillometric device. Atherosclerosis. 238:9e16, Copyright 2015, with permission from Elsevier. https://doi.org/10.1016/j.atherosclerosis.2014.11.005.
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Chapter 44

Aortopathies and arteriopathies
Reed E. Pyeritz
Perelman School of Medicine, University of Pennsylvania Health System, Philadelphia, PA, United States

Introduction

Disorders primarily affecting large and medium caliber
arteries, the aorta, or both can arise in people of all ages,
from fetuses to the elderly. Except in severely affected
individuals, the age of onset is typically overestimated due
to a failure to diagnose earlier. Some of these disorders
occur or are influenced because of strong environmental
and other conditions, such as smoking, hypertension, and
lipidopathies. While genetic factors usually play a role in
the modulation of blood pressure and cholesterol levels, the
focus of this chapter is on genetic conditions that primarily
cause arteriopathies and aortopathies (Box 44.1).

Three decades or so ago, anyone with a dilated
ascending aorta, especially if there was a positive family
history, was labeled as “Marfan syndrome,” which led to an
inflated estimate of the prevalence of this condition and
inaccurate expectations as to the prognosis of each patient.
Since then, not only is there improved understanding of
true Marfan syndrome, but that many dozens of genes are,
individually, associated with arteriopathies and aorto-
pathies. Fortunately, what we learned about the medical
and surgical management of aortic disease in Marfan syn-
drome generally applies to aortopathies due to most genes.

What is meant by the term “genetic” is a trait primarily
caused by a pathogenic variant (previously termed a
“mutation”) in one gene. The term “hereditary” refers to a
condition or predisposition that is due to a genetic variant
that is, or can be, evident in multiple members of the same
family. While all hereditary disorders are genetic, the
reverse is not necessarily the case. Disorders may not be
identified as hereditary because of small families or mini-
mal clinical information of previous generations. Auto-
somal recessive and X-linked conditions may appear as
isolated cases in a family because people with only one of
two copies of the aberrant gene show no clinical effects. In
the case of autosomal dominant conditions not recognized
as hereditary, the affected person will have unaffected
parents (or more distant relatives) because the pathogenic
variant arose for the first time in the patient, typically in the
oocyte or spermatocyte that led to his or her fertilization.
For example, at least one-quarter of patients with Marfan
syndrome have parents neither of whom has the pathogenic
variant in FBN1 present in the patient. Of course, non-
paternity can confuse this interpretation (Box 44.2).

Several other terms deserve note. “Phenotype” refers to
the outward manifestations of a genetic variant while “ge-
notype” is the specific variant (a change in a single or
multiple nucleotides) that causes the condition. “Genetic
heterogeneity” refers to multiple pathogenic variants that
cause the same condition. These multiple variants can be

BOX 44.1 Human genetic complement

Nuclear DNA

6.4 billion nucleotides arranged on 23 pairs of chromo-

somes. There are 22 pairs of autosomes (numbered 1e22)

and two sex chromosomes, X and Y. Females have two X

chromosomes and males have an X and a Y.

The genome consists of all of this nuclear DNA. All of

these sequences are arrayed when whole genome

sequencing is performed.

The exome consists of the DNA that encodes approxi-

mately 22,000 genes, the exons (coding sequences) and

introns (sequences between each exon). The exons consti-

tute 1.5%e2% of the nuclear DNA. When exome

sequencing is performed, only these sequences are

examined.

Mitochondrial DNA

Each cell has multiple mitochondria in its cytoplasm. Each

mitochondrion has multiple copies of a small, circular

chromosome composed of 16,569 nucleotide pairs that

encode 37 genes. Mitochondria, utilizing its own genes and

some encoded by the nuclear chromosomes, are essential

for oxidative metabolism.
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within the same gene (intragenic) or in more than one gene
(intergenic). For example, only variants in FBN1 cause
Marfan syndrome, but there are more than a 1000 of them.
On the other hand, multiple variants in at least two genes
(TGFBR1 and TGFBR2) cause LoeyseDietz syndrome,
which reflects both intra- and intergenic heterogeneity.
“Variability” defines differences in phenotype among
people with the same genotype, often relatives. Variability
can be due to multiple causes, such as differences in age of
expression of the phenotype, influences of one or more
other genes, even environmental factors. “Nonpenetrance”
is one end of the spectrum of variability, in which a person
with a clearly pathogenic variant does not show any man-
ifestations. All of these concepts are highly relevant to both
the investigation and management of arteriopathies and
aortopathies.

Last, “natural history” and “clinical history” are often
used interchangeably but should be distinguished. Natural
history defines the evolution of a phenotype if no therapy,
effective or not, is employed for a specific trait. On the
other hand, clinical history refers to how the phenotype is
altered by therapy. For example, the clinical history of
ascending aortic disease in Marfan syndrome has been
remarkably altered by medical and surgical therapy. How-
ever, the improved life span has resulted in the emergence
of a host of features (such as sleep apnea, cardiomyopathy,
and central adiposity) that expand the scope of natural
history.1

Approaches to defining the genetic
contributions to arterial and aortic
disease

Two general approaches are employed to define how
variation in one or more genes determine a particular dis-
ease. These are defined as “phenotype first” and “genotype
first.” In the former, a specific disease, well characterized
and readily identifiable, is the basis for searching for
pathogenic variation in a specific gene or genes that are
causative. One of the first such successes was identification
in 1991 of variants in the gene for fibrillin-1, FBN1, as
causative of the Marfan syndrome.2 Since then, dozens of
successes have been achieved, often by first understanding
the pathology and protein defects of the arterial lesion and
then systematically examining the genes that encode the
relevant proteins. Another example is the vascular form of
EhlerseDanlos syndrome for which mutations in COL3A1
were identified based on the known importance of type 3
collagen in the arterial wall. As more genes predisposing to
thoracic aortic disease are discovered, then they can be
assessed for pathogenic variants in patients.3

The more recent but expanding approach is defined as
“genotype first.” Here one, several, many or all genes are
examined for pathogenic variants, which are then associ-
ated with a specific disorder. For example, we examined
patients in the Penn Medicine Biobank for one of a dozen
pathogenic variants in FBN1 and found that ** subjects had
such a variant.4 Only two of these subjects had been
diagnosed with Marfan syndrome, but many of the others
had thoracic aortic disease. Variations in all genes can be
determined by sequencing the 1.5%e2% of the genome
known to encode proteins, termed whole exome
sequencing. Increasingly, because of markedly improved
and rapid techniques, the entire 6.4 billion nucleotides that
comprise our 23 pairs of chromosomes are being
sequenced, whole genome sequencing. Then, many pro-
grams5 that screen any variation from “normal” are used to
assess whether it is likely to be harmful. Likely pathogenic
variants are then screened for their association with a

BOX 44.2 Modes of inheritance

Autosomal dominant

A mutation in only one copy of the pair of a nuclear gene

causes a disease. In some instances, this mutation arises

anew, in the DNA of either the X or Y chromosome of a

parent. In most instances, the disease is inherited from on

parent, who at each conception has a 50-50 chance of

passing his or her mutant chromosome to an offspring.

Autosomal recessive

A mutation must be present in both copies of a gene to

cause disease. One mutation is inherited from each parent.

Typically, each parent has only one copy of the mutant gene

(heterozygous), so has a 50-50 chance of passing his or her

mutant chromosome to an offspring. If each parent has a

mutation in the same gene, then there is a 25% chance the

offspring will inherit two copies and be affected by the

disorder. If the mutation is identical in each parent (which

occurs in inbred populations, or when a specific mutation is

prevalent in the population), then the affected child is ho-

mozygous for that mutation.

X-linked inheritance

A mutation on the X chromosome typically causes disease

only in males, because they have only one X chromosome

(hemizygous). Females with the mutant X chromosome are

heterozygous, and usually do not express the condition, but

do in some cases. Females have a 50-50 chance of having

an affected son and a 50-50 chance of having a heterozy-

gous daughter. Affected males do not pass their X chromo-

some to a son, but do have heterozygous daughters.

Mitochondrial inheritance

A mutant mitochondrion will only be present in oocytes, so

only females pass the condition to their children of both

sexes.
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phenotype of interest. Because of statistical applications to
large databases, such as biobanks, potential causes of spe-
cific diseases can be established. For example, all patho-
genetic variants in large numbers of subjects in a biobank
can be identified and the phenotypes of people with each
variant can be investigated to understand if they have a
disease for which the cause is undetermined.5,6 The genetic
cause of a specific Mendelian condition can be searched.
Alternatively, a common phenotype, such as type A aortic
dissection can be examined based on appropriate ICD-10
codes in a biobank. The results can include specific ge-
netic variants predisposing to type A dissection either in
specific Mendelian conditions or in subjects without a
known underlying condition.

Pathogenic mechanisms

Four major classes of proteins are abnormal in arterio-
pathies and aortopathies: extracellular, transmembrane,
cytoplasmic, and nuclear. These result in conditions that
affect many organs or mainly one. These disorders are
typically classified as connective tissue disorders, smooth
muscle disorders, and signaling disorders. Some conditions
that have been classified as connective tissue disorders, the
Marfan syndrome termed that for half a century, are now
recognized as resulting primarily from defects in signaling.
As a general example, vascular smooth muscle function is
the principal determinant of arterial contraction. Mutations
in a number of genes, for example, FBN1 and ACTA2,
disrupt the mechanosensing of the elastin-contractile unit.
This can result in numerous downstream detrimental effects
that lead to aortic aneurysm and dissection.7 As an
example, some variants increase aortic stiffness, which

increases the rate of sinuses of Valsalva dilatation and poor
outcomes in Marfan syndrome.8

Arteriopathies with limited aortic
involvement

Arterial aneurysms and dissections appear in young people
in the absence of any obvious syndrome. Occasionally,
relatives have the same disorders, so a strong genetic
component to cause is likely. For example, people, usually
women, can present with bilateral carotid or vertebral artery
dissections. In some cases, there is a family history of
similarly affected relatives. To date, screening for patho-
genic variants in genes known to cause aortic conditions is
likely uninformative. Such conditions are ideal for a
genotype-first approach.

A few Mendelian conditions are associated with arte-
riopathy (Table 44.1). Most are rare, with the exception of
hereditary hemorrhagic telangiectasia (HHT) which occurs
in about 1 in 5000.

The diagnosis of HHT is established by documenting
three or the following four signs: recurrent epistaxis,
mucocutaneous telangiectases, pulmonary arteriovenous
malformations, and a family history of HHT.9 Finding a
pathogenic variant in ENG, ACVRL1, or SMAD4 confirms
the diagnosis.10 In HHT, the telangiectases are connections
between arterials and venules bypassing capillaries. In
addition, however, patients are at risk for arterial aneurysms
and arteriovenous malformations in the nervous system
(brain and spinal cord) and arteriopathy in the liver.
Pulmonary AVMs are the most common serious problem,
but when diagnosed can be treated by embolization of the
feeding artery.11

TABLE 44.1 Arteriopathies typically with minimal aortic involvement.

Disorder OMIM entrya

ANGPTL6 associated intracranial aneurysm 609336

Cerebral arteriopathy 125310; 600142; 616719

Cutis laxa 614437

Hereditary hemorrhagic telangiectasia 600376; 601101; 6105506; 6155506; 175050; 187300

Moyamoya disease 252350; 300845; 603277; 604910; 613768; 61402; 615750; 615761

PHACE association 606519

Polycystic kidney disease 1 and 2 173900; 613095

Sneddon syndrome 182410

Spontaneous dissection of the internal carotid artery 147820

Vascular EhlerseDanlos syndrome 130050

aNumber of disorder in On-line Mendelian in Man (omim.org; accessed October 17, 2020).
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Vascular EhlerseDanlos syndrome is a serious but
fortunately uncommon autosomal dominant condition due
to pathogenic variants in COL3A1, the gene encoding type
3 collagen, an important component of skin and the walls
of muscular arteries, the intestine, and the uterus.12,13 Any
of the latter can spontaneously rupture, with pregnancy
being the only predisposing condition. Other than keeping
blood pressure as low as reasonable, there is no effective
therapy, although beta-adrenergic blockade and inhibiting
oxytocin or androgen effects are still being investigated.14

Occasionally the aorta minimally dilates. Dissection of the
aorta or peripheral arteries is not associated with histo-
pathology showing medial degeneration.

Disorders that primarily involve the
aorta with arterial involvement

The most common and well-known of these conditions in
the Marfan syndrome. Diagnosis is based on findings in
multiple organ systems and pathogenic variants in FBN1,
the gene encoding the connective tissue protein fibrillin-
1.2,15 Patients are typically disproportionately tall of stat-
ure, develop deformity of the anterior chest and vertebral
column, are prone to dislocation of the ocular lens, and
have enlargement of the lumbosacral spinal canal (dural
ectasia). At least 50% have mitral valve prolapse, and
mitral regurgitation often develops. Aortic dilatation begins
in the sinuses of Valsalva, is typically gradually progressive
and rarely progresses above the proximal ascending aorta.
With increasing diameter, the valve attachments are
stretched with the development of aortic regurgitation.
Most important, as the diameter increases so does the risk
of a type A dissection. This can be prevented with a pro-
phylactic valve-sparing ascending aortic replacement. The
appropriate diameter for recommending repair varies, with
a dimension of 45 mm if the family history includes rela-
tives with dissection at early ages, a rapidly increasing
dimeter (>5 mm in a year), or a diameter >50 mm. As
soon as the diagnosis of Marfan syndrome is made, oral
beta-adrenergic blockade or angiotensin receptor blockade
should be stared. Patients should be counseled to avoid
vigorous exertion (especially isometric) and contact sports.
The mitral valve should be assessed because of the high
prevalence of prolapse and regurgitation. About 10% of
acute dissections are type B and is the most common form
in peripartum women. Today, acute dissection remains the
most common cause of premature death.

The recommendations of beta-adrenergic blockade,
restricting exertion and contact sports, and prophylactic
ascending aortic repair were developed in patients diag-
nosed with Marfan syndrome in the 1970s and 1980s.
Angiotensin receptor blockade is equally effective as beta-
adrenergic blockade.16 Subsequently, more than two dozen

genetic predispositions to aortic disease like that in Marfan
syndrome have been defined (Table 44.2), and more are
sure to follow. However, the approaches to reducing aortic
dilatation and the risk of dissection delineated from Marfan
syndrome are completely appropriate today.

Involvement of other arteries in Marfan syndrome most
often occurs as a result of aortic dissection. However, pri-
mary dilatation or frank aneurysms of aortic branches can
occur, so it is wise to image the vascular system from the
neck to the pelvis in an adult at least once.

Some of the other aortopathies listed in Table 44.2 are
syndromic (the various LoeyseDietz syndromes and some
mutations in ACAT2), while others involve mainly the
aorta. All are autosomal dominant. While management of
the aortic disease is the same as in Marfan syndrome, based
on the specific gene and pathogenic variant surveillance
and treatment need to be more aggressive. Variants at one
specific codon in ACTA2, normally encoding an arginine at
position 179, lead to more rapidly progressive aortic dis-
ease and involvement in other arteries.17 In most of these
disorders, peripheral arteries may be involved as in Marfan
syndrome. In most, including the Marfan syndrome,
arteries may be unusually tortuous.18 Additionally, shining
a bright light through the distal phalanges of the hand
(transillumination) often reveals both vascular tortuosity
and dilatations. These tend to correlate with the severity of
the arteriopathy and are invariably asymptomatic.19

The underlying causes involve components of the
extracellular matrix or vascular smooth muscle and
signaling pathways such as for TGF-b. Knowing the ge-
netic variant underlying aortic disease in a particular patient
enables predicting the course of their condition and the
diagnosis of disease, often undetected, in relatives. Addi-
tionally, understanding how a signaling pathway is
involved may lead to the development of specific therapies,
such as angiotensin receptor blockade.

Disorders that primarily affect the aorta

The most common cause of dilatation of the ascending
aorta is its association with bicuspid aortic valve (BAV).
Postductal coarctation may also occur. The aortic valve,

TABLE 44.2 Aortopathies with arterial involvement.

Disorder OMIM entrya

LoeyseDietz syndrome 609168; 610168; 613795;
614816; 615582

Marfan syndrome 154700

WilliamseBeuren syndrome 194050

aNumber of disorder in On-line Mendelian in Man (omim.org; accessed
3 Dec 2021).
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ascending aorta, and periductal aorta all derive from the
same embryologic origin. Rarely do the sinuses of Val-
salva, which are distinct embryologically, dilate. The
severity of ascending aortic dilatation may not correlate
with the severity of the aortic valve pathology.20 In most
instances, the dilatation of the aorta is not as rapidly pro-
gressive or prone to dissection as in the Marfan syn-
drome.21 Because transthoracic (i.e., standard)
echocardiography often does not visualize the midascend-
ing aorta, patients with BAV should have a CT or MR of
the thorax to establish if dilatation is present, and if so, to
be followed by an adequate imaging modality. The histo-
pathology of the aortic wall typically shows medial
degeneration, indistinguishable from MFS.

About one-quarter of patients with BAV give a family
history of a relative with BAV or at least aortic valve dis-
ease. Thus, a strong genetic predisposition must be
contributory. Despite this evidence, there has been sur-
prisingly little success in defining specific genes with
pathogenic variants that cause BAV.

Concern about the possible diagnosis of MFS is a
common reason for referral to medical genetics clinics.
Many such probands have one or more features of MFS but
fail to meet strict criteria. The acronym MASS represents
common (but not essential) involvement of the mitral valve,
the aorta, the skin, and the skeleton.22

MVP as an echocardiographic entity occurs in perhaps
2.5% of the general population, is more common among
women, and is more common in adolescence and young
adulthood than in childhood or old age. MVP is an auto-
somal dominant trait in many families. Based on standard
transthoracic echocardiographic evaluation, two classes of
MVP can be defined: those with abnormal leaflet motion
but normal leaflet morphology; and those with both pro-
lapse and thickening of the leaflets, which correlates with
the degree of myxomatous degeneration. The latter is
sometimes termed primary MVP; is typical of the MVP in
most heritable disorders of connective tissue, including
MASS phenotype; and is more likely to be associated with
clinical complications. In some people, MVP is associated
with deformity of the chest wall or the vertebral column, or
both. These patients also often have an aortic root dimen-
sion near or slightly above the upper limit of normal for age
and body surface area (but no dissection or apparent pro-
gressive enlargement), myopia (but by definition no ectopia
lentis), joint hypermobility (in addition to pectus excava-
tum and scoliosis), pneumothorax, and striae atrophicae.
Some probands have a family history of similarly affected
relatives. Thus, the MASS phenotype is not Marfan syn-
drome, although in some instances it certainly resembles
what one would expect a mild variant of MFS to be. The
MASS phenotype seemingly has a good prognosis, with the
worst manifestation being a predisposition to progressive
MVP and mitral regurgitation. Whether and how “familial

MVP” and MASS phenotype should be distinguished have
not been clarified (Table 44.3).

The MASS phenotype is likely heterogeneous in etiol-
ogy, hence the term “phenotype,” rather than syndrome. A
very few patients with a mutation in FBN1 qualify for a
MASS phenotype diagnosis. One example is a patient with
a mutation that results in little abnormal fibrillin monomer
and is close to a null allele. In general, mutations near the
30-terminus of FBN1, little expression of the mutant allele,
and in vitro deposition of fibrillin in the ECM greater than
70% of normal are all associated with a milder MFS-like
phenotype. However, other patients with missense
mutations near the 30 end of FBN1 have had a severe,
classic MFS phenotype. Meanwhile, other pedigrees that
could be characterized as MASS are not linked to FBN1.
Moreover, three loci for familial MVP have been mapped,
Xq28, 13q31.3eq32.1, and 16p11.2ep12.1.

Precision medicine

Many factors go into determining who receives what
therapy when. From a purely phenotypic perspective, issues
such as age, gender, effectiveness of pharmacologic ther-
apies, even institutional expertise can be major factors. For
example, in the absence of useful genetic markers for BAV,
these factors are major determinants of choosing the vessel
diameter at which to recommend replacement of the
ascending aorta.23

Understanding the genetic cause, the pathogenic
mechanism, or both can lead to the development of a tar-
geted therapy for a specific disease. For example, beta-
adrenergic blockade was used for decades to reduce dP/dt
in Marfan syndrome, learning that a defect in TGFb
signally is the pathogenic mechanism led to angiotensin-
receptor blockade as an alternative therapy.16 As another
example, the arteriopathy in vascular EhlerseDanlos was
always assumed to be a straightforward connective tissue
disorder resulting in weakness of the vessel wall. Recently,
however, attenuation of androgen and oxytocin signaling
was discovered to reduce vascular risk.14

TABLE 44.3 Disorders affecting primarily the aorta.

Disorder OMIM entrya

Bicuspid aortic valve 109730; 190198; 314400;
614823; 618496

MASS phenotype 157700

Tuberous sclerosis 2 613254

Turner syndrome and X-linked
Alport syndrome

301050

aNumber of disorder in On-line Mendelian in Man (omim.org; accessed
3 Dec 2021).
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List of abbreviations

BAV bicuspid aortic valve
cfPWV carotid-femoral pulse wave velocity
EDS EhlerseDanlos syndrome
FTAAD Familial thoracic aortic aneurysms and dissections
HTN hypertension
LDS LoeyseDietz Syndrome
MFS Marfan syndrome
MMP matrix metalloproteinase
TAA thoracic aortic aneurysm
VSMCs vascular smooth muscle cells

Aortopathy refers to a family of structural pathologies of
the aorta, which can have life-threatening consequences.
These include aortic aneurysm, dissection, rupture, pene-
trating aortic ulcer, aortic intramural hematoma, and aorti-
tis. For epidemiological and clinical purposes, diseases of
the aorta are typically categorized as involving the thoracic
and/or abdominal segments of the vessel. For the purpose
of this chapter, we will focus on thoracic aortic aneurysms
(TAAs) given that most studies have focused on this
segment.

Epidemiology and sex differences of
thoracic aortic disease

TAAs are clinically silent conditions associated with high
morbidity and mortality when complicated by acute aortic
syndromes.1e4 Most TAAs can be broadly categorized as
being degenerative or heritable in nature. Patients with
degenerative aortic aneurysms are typically older, and
commonly have atherosclerotic risk factors, particularly
hypertension (HTN). HTN has the highest population-
attributable risk for acute aortic syndromes,5 and is present
in over two-thirds of patients with TAA (61%e78%).6,7

TAAs identified in younger patients are commonly associ-
ated with a number of heritable/genetic disorders, including
bicuspid aortic valves (BAVs), Marfan’s syndrome, familial
TAA, LoeyseDietz, Turner and EhlerseDanlos syndrome
(EDS) (vascular form).8 Other etiologies, such as aortitis,
posttraumatic or mycotic, are rare.

Given its predominantly silent nature, it is difficult to
precisely estimate the incidence and prevalence of TAA.
According to the published data, the annual incidence of
TAA is estimated to be 5.6e10.4 cases per 100,000 patient-
years.6,9 However, these numbers are undoubtedly under-
estimated, given the lack of screening strategies for TAA
and the fact that most TAAs are discovered incidentally
(1% of all imaging studies).10 Recent population data from
Canada11,12 and Sweden13 suggest that incidence of
thoracic aortic disease (aneurysms and dissections) has
increased over the past decade, especially in women, which
may relate to the aging population and the increased utili-
zation of imaging techniques.

All in all, the incidence of ruptured aortic aneurysm
reported in the literature is approximately 5e10 per
100,000 person-years, and that of aortic dissection is esti-
mated to be 2e4 per 100,000 person-years.14 However,
similarly to TAA statistics, the incidence of acute aortic
syndromes is also underestimated and expected to be 3e5
times higher than reported,15 since individuals who die
suddenly from these conditions are often misclassified as
dying from heart attacks or strokes,16e19 and 60% of cases
of aortic dissection are missed clinically and first identified
at autopsy.20 Importantly, contemporary mortality rates of
nondissected TAA and of acute aortic syndromes parallel
those of other known and more commonly recognized
killers such as heart disease and cancer.12

It is important to highlight the observed sex differences in
thoracic aortopathies (Fig. 45.1).21,22 Similar risk factors for
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developing TAA exist for men and women,23 including age,
HTN, atherosclerosis, and genetic factors/family history.
However, while TAAs are 2e4 times more prevalent in men
than women,24 women with this condition carry a signifi-
cantly worse prognosis.21,24e26 Compared to men, women
with TAA have twice as fast aneurysm growth rates,25 three
times higher risk of acute aortic syndromes27e30 and 40%
higher mortality. In addition, acute aortic syndromes occur at
smaller aneurysm sizes in women than men, despite correc-
tion of aneurysm size to body size.27 Further, prognosis is
also worse for women undergoing TAA repair, who experi-
ence 81% higher mortality and 90% higher risk of stroke as
compared to their male counterparts.26

Causes for these sex differences remain incompletely
understood. The lower TAA prevalence in women may be
partly due to the protective effects of estrogen during the
reproductive years, which is believed to mediate its pro-
tective effect on the aorta through modulating matrix
metalloproteinases (MMPs).31 MMPs are enzymes that
play an important role in arterial wall remodeling and have
been shown to predispose to aortic aneurysm formation and
dissection. The activity of MMPs is mainly regulated by
tissue inhibitors of metalloproteinases (TIMPs).32 It has
been found that high levels of circulating estrogen protect
against aortic aneurysm formation by reducing inflamma-
tion and MMP activity in aortic tissue.33 While it is true
that women with TAA tend to be older and harbor more
comorbidities than men with TAA, the aforementioned sex
differences in outcomes are independent of age, body size,
and comorbidities. However, one study that included aortic
specimens from men and women undergoing elective TAA
repair has demonstrated greater MMP and lower TIMP

activity, indicating greater extracellular matrix (ECM)
remodeling in the arterial wall, in women.34 This was re-
flected in stiffer aortic walls in women than men.34 Thus, it
is possible that while women may be naturally protected
against aortic aneurysm development, those that go on
to develop a TAA may have greater burden of disease
and remodeling in the aortic wall, which, in turn, may
contribute to the worse aortic-related outcomes in women.

Clinical management of thoracic aortic
aneurysm

Among patients with TAA, the risk of acute aortic syn-
dromes is influenced by a number of factors including pa-
tient characteristics (age, sex, HTN, history of smoking,
family history of aortic disease) and disease-related factors
(aortic size, rate of aneurysm growth, connective tissue
disorder, BAV, among others). Clinical management con-
sists of blood pressure control for those who are hyper-
tensive, beta-blocker or angiotensin-receptor blocker for
those with Marfan syndrome, and yearly imaging surveil-
lance with expectant management until critical aneurysm
size is met.8,35,36 As such, clinical management centers
upon the absolute size of the aneurysm in light of the eti-
ology and location of aortic disease, with recommended
TAA size cut-offs for surgical repair based on these char-
acteristics, and a watchful-waiting approach with serial
imaging surveillance for those not yet meeting TAA sur-
gical size criteria. While this strategy is adequate for many
patients, it is imperfect, as several individuals suffer acute
aortic syndromes with aneurysm sizes that are smaller than
the guideline-recommended cut-offs for prophylactic

FIGURE 45.1 Sex differences in thoracic aortic aneurysms and dissections. Sex differences exist in the epidemiology, biology, management and
outcomes of patients with thoracic aortic disease. Adapted, with permission, from Chung J, Coutinho T, Chu MWA, Ouzounian M. Sex differences in
thoracic aortic disease: a review of the literature and a call to action. J Thorac Cardiovasc Surg. 2020; 160:656e660.
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surgery.30,37 Additionally, individuals experience different
rates of aneurysm expansion and aortic complications
despite having similar aneurysm sizes. These findings
highlight the fact that aneurysm size alone fails to capture
all of the complexity of the aorta, and motivate us to turn
our attention to novel aortic parameters to better understand
disease activity, risk and prognosis among TAA patients.

Histopathological links between
thoracic aortic aneurysms and arterial
aging

Aging plays a major role in the process of aortic disease.38

Arterial aging is the age-associated change in arterial
structure and function,39 and is reflected in aortic stiffness
and measures of aortic function. With aging, and even in
the absence of aortopathy, aortic lumen increases, while the
thickness of the arterial wall triples between the ages of 20
and 90 years, mainly due to intimal and subintimal
thickening.39

As discussed in detail in Chapter 19, with increasing
age, the repetitive pulsatile stress imposed upon the aorta
by the beating left ventricle over time leads to fatigue and
breakdown of the elastic fibers in the aortic wall. These
fibers consist primarily of the structural protein elastin
(90%) as well as elastin-associated glycoproteins (10%)
including fibrillins. In arterial aging, there is an accelerated
depletion of elastin and deposition of collagen as a result of
the repetitive cyclic stress (i.e., arterial wall distension and
elastic recoil)39,40 (Fig. 45.2).

By disrupting this elastic architecture, this normal “wear
and tear” of the aortic wall due to aging causes increased
aortic stiffness and wall stress41e44 and decreased aortic
ability to buffer the pulsatile pressure generated by the
heart. Importantly, loss of elastic fiber integrity reduces

aortic resilience, which allows the artery to dilate uniformly
with aging.45 Importantly, the process of age-related aortic
stiffening is not a passive process, but involves multiple
active mechanisms, discussed in detail in Section III of this
textbook (Chapters 19e25).

The aging process also affects the vascular smooth
muscle cells (VSMCs) in the aortic wall. It has been
demonstrated that aging promotes VSMC proliferation,
migration, and apoptosis, in addition to a phenotypic change
leading to a secretory behavior by the aortic VSMCs, which
in turn promote vessel inflammation, calcification and further
alterations in the ECM.46 These changes cause additional
alterations to aortic wall structure, further impairing
pressure-buffering function. The role of VMCs in aortic
stiffening is discussed in detail in Chapter 22.

Aneurysms are characterized by the localized yet per-
manent dilatation and weakening of the arterial wall.47 Its
underlying pathophysiology is multifactorial: inflammation
of the aortic wall, modulation of the ECM, apoptosis of
VSMCs, complex atherosclerosis, and oxidative stress.48

Importantly, several of the structural abnormalities observed
in histological examination of TAAs closely resemble those
observed in aged, stiff aortas (Fig. 45.3). For example, the
main histological findings of human TAA specimens include
elastic fiber thinning, disorganization, fragmentation and
loss; medial fibrosis (collagen deposition); and VSMC
disorganization.49 The main difference is that such histo-
logical abnormalities found in TAA tend to be focal, more
severe, and occur at younger ages as compared to the normal
arterial aging process.50 As such, experts have suggested that
TAA represents a focal, accelerated aging of a segment of the
aortic wall.45

Importantly, the loss of elastic fiber integrity that occurs
with both natural aging and TAA allows the wall to dilate
either uniformly, as in aging when the loss is diffuse or
locally, as in TAAs when the loss is focal. Realizing the

FIGURE 45.2 Arterial aging and aortic stiffness.With the repetitive stretch and recoil of the aorta over the years, there is fatigue of the elastic fibers in
the aortic wall. This pulsatile stress leads to a series of structural alterations in the aortic wall’s extracellular matrix that culminates with elastic fiber
disruption, wall fibrosis (collagen deposition), and vessel remodeling. This promotes aortic wall stiffness and exacerbates pulsatile stress. This process
occurs naturally with aging but is exacerbated in the presence of hypertension, cardiovascular risk factors, renal insufficiency, and systemic inflammatory
conditions.
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close similarities between structural aortic alterations
occurring in natural aging and in TAAs, and understanding
the hemodynamic consequences resulting from aortic ag-
ing, we anticipate a significant potential for evaluating the
hemodynamic consequences of aortic aging in the clinical
evaluation of patients with TAA.

Aortic wall structure, aortic stiffness,
and arterial biomechanics in thoracic
aortic aneurysm

In animal models studying aortic aneurysm formation,
blockade of plasmin formation by overexpression of plas-
minogen activator inhibitor-1 prevents the formation of
aneurysms and aortic rupture by inhibiting MMP activa-
tion.50 Aneurysm rupture correlates with an increase in

MMP levels, local overexpansion of tissue inhibitor of
MMPs can prevent aneurysmal degeneration and rupture,51

confirming that enhanced and deleterious matrix remodel-
ing contribute to structure alterations in the aortic wall,
rendering it prone to dilation and rupture.

Per Laplace’s law, wall tension (T) equals pressure
(P) multiplied by radius (R), or T ¼ PR. Aneurysm for-
mation increases wall tension, causing further expansion of
the aneurysmal segment.52,53 As the aorta enlarges,
distensibility of the aortic wall decreases.52,53 At a diameter
of 6 cm in size, the tensile limit is reached, and at this point,
the aorta loses its natural elasticity and becomes a relatively
rigid tube.52,53 As a result, the aneurysmal aortic wall
cannot further “stretch” during systole, so the critically
enlarged aorta stays rigid and thus the full energy of the
pulse wave is translated into wall stress.52,53 This results in
the enlarged aorta demonstrating lower distensibility and

FIGURE 45.3 Structural similarities between natural aortic aging and thoracic aortic aneurysms. This figure demonstrates the structural alter-
ations of the aortic wall that occur as a result of natural arterial aging (middle panels) and a thoracic aortic aneurysm (right-sided panels). Notably, even
though the patient with a thoracic aortic aneurysm (TAA) is a decade younger than elderly patient without an aneurysm, he displayed even greater
disruptions to aortic wall architecture and composition, suggesting exacerbated and accelerated arterial aging associated with the thoracic aortic aneurysm.
These structural alterations are expected to lead to abnormalities in aortic stiffness, function, and pulsatile arterial hemodynamics. (A) Movat Pentachrome
stain in an autopsy aortic specimen of a 16-year-old male who died of noncardiovascular causes. Elastic fibers are seen stained in black, and are abundant,
intact and organized in the wall of a young, healthy aorta. (B) Movat Pentachrome stain from a 72-year-old male’s aorta, demonstrating some sparsity and
mild fragmentation of elastic fibers as compared to the young aorta specimen from panel A. (C) Movat Pentachrome stain from a surgical aortic specimen
from a 61-year-old male with TAA. Note the significant fragmentation and sparsity of elastic fibers, leading to substantial disruption of arterial wall
architecture. (D) Hematoxylin phloxine saffron (HPS) stain in the aortic specimen from the same 16-year-old male as in panel A. The areas stained in light
blue, corresponding to collagen deposition in the extracellular matrix (ECM), are minimal. (E) HPS stain in the same aortic specimen from the 72-year-old
male as in panel (B). Note the increase in the portions stained in light blue, corresponding to increased ECM collagen. (F) Hematoxylin and eosin stain
from the same 61-year old male with TAA as in panel C. There is a substantial increase in ECM collagen deposition, highlighted by the *. (G) Muscle
actin immunohistochemistry stain of the 16-year-old male’s aorta. Vascular smooth muscle cells (VSMCs) are seen stained in dark red, and their nuclei are
stained in blue. In this young aorta, the VSMCs and their nuclei are well organized along the aortic wall. (H) Muscle actin immunohistochemistry stain of
the aged aorta (72-year-old male), demonstrating VSMC hypertrophy, distortion, and mild disorganization of the cells and their nuclei. (I) Muscle actin
immunohistochemistry of a TAA in the 61-year-old male. There is extreme disorganization of VSMCs and their nuclei in the TAA wall, and the white
“empty” spaces between the VSMCs represent areas of increased collagen and glycosaminoglycan deposition. Images courtesy of Dr. John Veinot,
Department of Pathology & Laboratory Medicine, The Ottawa Hospital e Ottawa, ON, Canada.
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higher wall stress, which may predispose to dissections as a
result.52,53 Fig. 45.4 illustrates a conceptual framework
highlighting the potentially incremental effects of changes
in aortic diameter and hemodynamics in increasing
dissection risk.

Based on the histopathological similarities between
arterial aging and TAAs outlined in Section 3, it is possible
that similar hemodynamic derangements observed as a
consequence of an aged aorta may be observed in thoracic
aneurysmal disease. This has been demonstrated in several
forms of thoracic aortopathy, as summarized below.

Marfan syndrome

For a discussion of general concepts regarding genetic
aortopathy, the reader is referred to Chapter 44. Marfan
syndrome (MFS) is an autosomal dominant disorder caused
by mutations in the FBN1 gene coding for a large glyco-
protein called fibrillin-1.54 Fibrillin-1 is a protein that forms
one of the major components of microfibrils of elastin and
is found at the periphery of elastic fibers in the medial layer
of the ascending aorta.52,54 The mutations in MFS result in
a decrease in the amount of elastin in the aortic wall and a
loss of elastin’s normally highly organized structure.55 As a

consequence, the Marfan aorta exhibits abnormal elastic
properties, including lower aortic distensibility55e57 and
greater aortic wall stiffness58,59 than non-Marfan controls.
As a result of these alterations in distensibility and stiffness,
aortic pressure-buffering function is impaired in MFS,
evidenced by the higher central pulse pressure and lower
pulse pressure amplification in this population as compared
to controls.60 In addition, the age-related increases in aortic
pulse wave velocity (the gold-standard measure of arterial
stiffness and the hallmark of arterial aging) were greater in
MFS patients as compared to non-Marfan controls.61,62

Importantly, given their correlation with aortic wall struc-
ture and health, measures of aortic elasticity at baseline are
associated with aneurysm growth rate in MFS. In a study of
608 people with MFS, above-median aortic root elastic
modulus (assessed by transthoracic echocardiography) was
associated with faster root growth, and top quartile aortic
root elastic modulus was associated with greater risk of a
composite outcome that included aortic root surgery, aortic
dissection or death.63

Given the reported benefits of atenolol and losartan in
curbing aneurysm expansion in patients with MFS, these
two medications have been compared in a small random-
ized clinical trial in terms of their effects on the

FIGURE 45.4 Role of aortic size and pressure on wall tension and possible aortic dissection risk. Conceptual framework demonstrating the
potentially incremental effects of aneurysm size and aortic pressure on potential risk of progressive aortic dilation and dissection resulting from increased
wall tension. Larger aneurysms with the greatest alterations in aortic wall structure, resulting in impaired aortic pressure-buffering function and increased
central blood pressure, may have the highest risk for progressive aneurysm expansion and aortic dissection. This conceptual framework illustrates the need
to consider both aortic size and aortic hemodynamics to improve estimation of disease activity and risk of acute aortic syndromes in patients with thoracic
aortic aneurysms. BP, blood pressure.
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biomechanical properties of the aorta. Although there were
group imbalances in terms of participant sex and baseline
aortic root size, the main finding was that losartan therapy
led to more favorable changes in measures of aortic stiff-
ness (pulse wave velocity) and pulsatile arterial hemody-
namics (aortic impedance, total arterial compliance) as
compared to Atenolol.64 These findings highlight measures
of aortic stiffness and pulsatile hemodynamics as potential
therapeutic targets in MFS patients with TAA.

LoeyseDietz syndrome

Although MFS has been most vastly studied, alterations in
aortic stiffness and pulsatile hemodynamics have also been
reported in individuals with other heritable forms of aort-
opathy, helping prove the concept that the deleterious
structural alterations in the aortic wall that simulate the
natural aging process may be responsible for hemodynamic
abnormalities in this population. Among patients with
LoeyseDietz syndrome (LDS), an autosomal dominant
disease characterized by mutations in transforming growth
factor beta receptor 1 or 2, there is increased transforming
growth factor beta signaling65 in the arterial walls, which
culminates in disorganization of elastic fibers and enhanced
deposition of collagen in the aortic media (again, similar to
the processes observed with natural aging, but in these
cases occurring much earlier in life, and in an exacerbated
fashion).65 Unlike MFS, literature reporting arterial hemo-
dynamic alterations in LDS is scant. In a study of 31 pa-
tients with heritable aortopathies that included five
participants with LDS, aortic distensibility and strain
(estimated with transthoracic echocardiography) was lower
in aortopathy patients as compared to controls, even when
their aortas were not dilated.66 Aortopathy patients with
dilated aortic root had the worse values of aortic distensi-
bility and strain.

Familial thoracic aortic aneurysms and
dissections

Familial thoracic aortic aneurysms and dissection (FTAAD)
describes a spectrum of heritable disorders associated with
aortopathy in the absence of identifiable syndromes or other
characteristic phenotypical features. Several gene mutations
have been reported in FTAAD, including SMAD3, ACTA2,
MYH11, MYLK, and PRKG1. Description of aortic speci-
mens from individuals with FTAAD caused by MYH11
mutation also demonstrates focal medial degeneration, with
increased proteoglycans, decreased elastic fibers, and disor-
ganized VSMCs.67 Similarly, in six individuals with
FTAAD due to ACTA2 mutation, aortic tissue examination
showed loss of elastic fibers, marked medial smooth muscle
cell proliferation, and increased proteoglycan accumula-
tion.68 At the time of writing of this chapter, human

hemodynamic data from FTAAD remain extremely scant. In
a study of eight asymptomatic subjects with amutation of the
MYH11 gene but without aortic aneurysms, MRI-derived
aortic compliance and distensibility were significantly
lower, and aortic pulse wave velocity was higher when
compared to 21 controls without this mutation.69

Bicuspid aortic valve

BAV is the most common form of congenital heart disease,
affecting 0.5%e2.0% of the population. As a result, aort-
opathy associated with BAV is the most common form of
heritable aortopathy. Being relatively common, BAV
aortopathy has benefited from abundant research with
regards to aortic elasticity and hemodynamics. The body of
available data is fairly concordant in identifying abnormal
aortic material properties and adverse pulsatile hemody-
namics in patients with BAV. Similar to what was
described above for MFS, LDS, and FTAAD, histological
examination of BAV-TAA also demonstrates varying de-
grees of elastic fiber fragmentation and smooth muscle cell
abnormalities,70 also resembling abnormalities found in the
naturally aged aorta. Importantly, advanced histological
abnormalities in BAV-TAA can be found even when the
aorta is not severely dilated,70 confirming the notion that
the absolute size of the aorta is an imperfect predictor of
aortic wall disease and subsequent risk. Another important
observation is that, in BAV-TAA, the greatest severities of
aortic wall histological abnormalities were found in
younger individuals,70,71 giving rise to the notion that the
arterial age may be more relevant than chronological age
for understanding TAA disease activity and risks.

These structural abnormalities of the aortic wall in BAV
predispose patients to impaired aortic biomechanics and
function. Compared to individuals with TAA but who have
trileaflet aortic valves, aortas from BAV-TAA have greater
collagen-related stiffness.72 Perhaps as a result of this, the
elastic module of BAV-TAA aortas has been shown to be
higher than in trileaflet aortic valve TAA and in normal
aortas, translating into greater wall stiffness in BAV-
TAA.72 The aortic energy loss, a size-independent mea-
sure defined as hysteresis normalized to total stored strain
energy, represents the relative amount of energy absorbed
by the aorta during the cardiac cycle. Higher energy loss
highlights greater aortic inefficiency in expanding to act as
a capacitor during systole, and in recoiling to return the
stored energy to the circulation in diastole. The aortic en-
ergy loss correlates with elastin and collagen composition
in the aortic wall, increasing with lower elastin and greater
collagen content.72 As such, aortic energy loss directly
reflects aortic health by corresponding to the aorta’s
pressure-buffering function and efficiency in performing
Windkessel functions. Aortic energy loss is higher in BAV-
TAA than in normal aortas, reflecting abnormal aortic
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pressure-buffering function in BAV aneurysms, but not as
high as in trileaflet aortic valve TAAs, who have the
greatest aortic energy loss and, therefore, the worst aortic
function.72

The BAV-TAA abnormalities in aortic stiffness and
aortic function identified in the fundamental studies above
have also been demonstrated in clinical studies that have
used imaging techniques to estimate aortic stiffness and
hemodynamics. Even in the absence of an aneurysm, the
aortas of patients with BAV already display lower disten-
sibility and higher stiffness index, estimated by transthoracic
echocardiography, as compared to controls with trileaflet
aortic valves.73,74 In addition, lower aortic distensibility and
higher stiffness index correlate with larger aneurysm sizes in
BAV.74 Among 50 BAV patients, 28% of whom had dilated
ascending aortas, carotid-femoral pulse wave velocity
(cfPWV), central augmentation index, and central pulse
pressure were higher, whereas pulse pressure amplification
was lower than in age- and sex-matched trileaflet aortic
valve controls without aortopathy.75

There appears to be a gradient of aortic hemodynamic
abnormalities based on clinical involvement of the aorta in
patients with BAV. As demonstrated by the aforementioned
studies, measures of aortic stiffness and function are
abnormal in BAV patients when compared to trileaflet
aortic valve controls. But even within the group of BAV
subjects, further deterioration of aortic function is observed
based on degree of aortic involvement. In 32 men with
BAV, 16 of whom also had a TAA, cfPWV, augmentation
index, central systolic, and pulse pressures were higher, and
pulse pressure amplification was lower among patients with
BAV-TAA as compared to those with BAV alone, despite
similar ages, body sizes, and brachial blood pressures.76

BAV-TAA participants also exhibited greater circulating
levels of matrix metalloproteinase-2 (MMP-2) than those
with BAV alone, likely reflecting a greater degree of
adverse arterial wall remodeling among those with an
aneurysm.

Measures of aortic stiffness and pulsatile arterial he-
modynamics also appear to carry potential to serve as
gauges for disease activity and risk in BAV. We have
previously shown that higher cfPWV, aortic characteristic
impedance (Zc) and amplitude of the forward pressure wave
(Pf), and lower total arterial and proximal aortic compli-
ances are independently associated with faster TAA
expansion among individuals with BAV.77 Subsequently,
Longobardo and colleagues evaluated 47 BAV patients
who underwent echocardiographic evaluation of ascending
aorta longitudinal strain (LS), finding that lower aortic LS
was independently associated with progressive aortic dila-
tion and need for aortic surgery after a 48 � 11 month
follow-up.78

Turner’s syndrome

Turner’s syndrome is a genetic disorder caused by the
presence of a single X chromosome (typically 45X0), and
associated with cardiovascular abnormalities in approxi-
mately half of affected patients.79 Although aortic dissec-
tion is relatively uncommon in Turner’s syndrome,79 at
least one predisposing factor to aortic dissection including
BAV, HTN, or aortic coarctation is present in 90% of pa-
tients. A few patients with Turner’s syndrome also have
dilation of aortic root, although the true prevalence is un-
known. Aortic root diameters have been shown to be
significantly larger for Turner’s syndrome patients with
45XO karyotype (complete absence of the second X
chromosome in all cells), as compared to those with either
mosaic (when some cells have a second X chromosome,
and some do not), isochromosome (when one of the X
chromosomes is composed of mirror images of one of the
arms of the chromosome, resulting in deletion of the
opposite arm) or deletion (when the individual has two X
chromosomes, but one of them has a deletion) forms of the
disorder, and to controls.80 These differences were
observed despite similar body sizes among groups. Aortic
dilation has been reported as present in 29%81e46%81 of
TS patients. It appears that abnormalities of aortic function
may be most prominent among Turner’s syndrome patients
with some degree of aortopathy, confirming the link be-
tween aortic pathology and aortic function. Aortic disten-
sibility, assessed by echocardiography, has been reported to
be significantly lower in Turner’s syndrome patients with
aortic dilation as compared to those with normal aortas, and
controls without Turner’s syndrome or TAA.81 Similarly,
Turner’s syndrome patients who have aortic coarctation
have much lower MRI-derived descending aorta distensi-
bility than age-matched female controls and Turner’s syn-
drome patients without coarctation.82 In this study, lower
aortic distensibility in Turner’s syndrome resulted in higher
central systolic blood pressure.

EhlerseDanlos syndrome

Patients with vascular EDS (EDS type IV) have very
different aortic pathology as compared to MFS, BAV,
FTAAD, and LDS. Instead of disruption of elastic fiber
integrity promoting collagen deposition in the aortic wall,
as seen in other heritable aortopathies, vascular EDS is an
autosomal dominant condition characterized by mutation in
the gene encoding type III procollagen (COL3A1), which
leads to deficits in the most abundant type of collagen
found in the aorta’s ECM. This results in excessive vessel
fragility and predisposition to rupture. In contrast to MFS,
vascular EDS most often involves the descending thoracic
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and abdominal portions of the aorta and can be complicated
by arterial rupture even in the absence of vessel dilation. As
could be expected by the different type of insult to the
aortic wall, it appears that EDS leads to normal to increased
arterial elasticity. In a study of 12 individuals with EDS
from six families, four of whom had vascular EDS, EDS
participants did not have different aortic or carotid pressure
strain elastic modulus or beta stiffness index as compared to
controls.83 Conversely, in a study of 60 EDS patients (eight
of whom had vascular EDS), patients with this condition
had lower cfPWV when compared to age-based reference
values from normal subjects.84

Degenerative aortopathy

Patients with degenerative TAAs are typically older, with
high prevalence of HTN and other cardiovascular risk
factors. Considering the significant similarities between
natural aortic aging and pathological alterations of the
aortic wall in TAAs, perhaps degenerative thoracic aort-
opathy may represent the ultimate manifestation of aortic
aging. By adding further structural disruptions to an aortic
wall that may already be abnormal from aging, patients
with degenerative TAAs may exhibit the greatest abnor-
malities in measures of aortic health and function.
Concordant to this hypothesis, in a recent study, Chung
et al. performed extensive biomechanical testing of human
aortic tissue and demonstrated that Sd, the force required to
mechanically tear apart the aortic sample, was the lowest
among dissected aortas, and lower in patients with non-
dissected TAAs with trileaflet aortic valves (91% of whom
had degenerative TAAs) than in patients with nondissected
BAV-TAA.72 In the same study, the authors also showed
that aortic energy loss is much higher in the trileaflet TAA
patients (again, 91% of whom had degenerative aneurysms)
than in BAV-TAA and nonaneurysm controls, and that
aortic energy loss was inversely correlated with Sd. The
interpretation of these findings is that degenerative TAAs
have the greatest disruption to elastin/collagen balance in
the wall, leading to the greatest impairments to the aorta’s
pressure-buffering function and the highest susceptibility to
dissection.

In a separate biomechanical study, surgical aortic
specimens from 26 subjects with degenerative TAA
(average aneurysm size: 59 � 3 mm) were examined and
compared to fresh postmortem control aortic specimens
from 15 age-matched individuals without aortopathy.85

TAA specimens had lower elastin density in the aortic wall
when compared to control aortas, as well as lower wall
thickness and failure strain values, and higher peak elastic
modulus. Failure stress (i.e., tensile strength) was not
different between TAA and control aortic specimens. These
findings confirm that aortas affected by degenerative TAA
have greater structural disruption to wall architecture (lower

elastin fiber density) and are considerably stiffer than aortas
of age-matched control subjects, once again highlighting
the accelerated vascular aging affecting the aortic wall of
patients with aortopathy. In addition, since the tensile
strength of TAAs does not appear to be different than that
of unaffected aortas, with only weak negative correlations
between maximum aneurysm diameter and tensile strength,
findings from this study also corroborate the notion that
aneurysm size (the universally acknowledged criterion
considered for prophylactic surgical intervention) may not
be the most representative parameter for the quality of
aortic tissue. Rather, the rupture risk of TAAs (in the case
of this study, degenerative TAAs) may be better ascribed to
the increased wall stresses caused by tissue stiffening and
vessel enlargement. Importantly, and particularly relevant
for degenerative TAAs (whose main risk factor is HTN), a
study that focused on the effects of HTN and wall stiffness
found that stiffer TAAs were correlated with the most
altered distribution of wall stress, and an acute change of
peripheral vascular resistance could significantly increase
the risk of rupture for a stiffer aneurysm.86

Measures of aortic stiffness and
pulsatile hemodynamic as markers of
disease activity and thoracic aortic
aneurysmerelated risk

The natural history of TAA is one of slow expansion with
an increasing risk of aortic dissection as the aorta enlarges.
The rate of aneurysm growth gives insights into disease
activity, highlighting potential adverse processes occurring
in an unstable aortic wall that ultimately promotes growth.
Expansion rates range from 0.1 to 1.0 cm per year,
depending upon TAA etiology diameter and location within
the aorta.1e3,87e89 A recent meta-analysis reported that the
average TAA expansion rate is w0.60 mm/year, being
faster for those with BAV (w0.76 mm/year) and those with
trileaflet aortic valves (w0.34 mm/year).90 Although sex-
based data have historically lacked, we have demon-
strated that TAA expansion is twice as fast in women than
men, which seems to be unique to individuals with
degenerative forms of TAA.25

Given the direct links between aortic wall structural and
functional abnormalities, leading to accelerated vascular
aging and alterations in the aorta’s mechanical properties in
the presence of TAA, it is reasonable to consider that al-
terations in aortic function (aortic stiffness and pulsatile
hemodynamics) may present a window to better understand
aortic health, disease activity, and risk (Fig. 45.5).

At the time of writing of this chapter, this remains a
relatively new area for research but with significant po-
tential to positively impact the field. To date, a few studies
have evaluated the role of measures of aortic stiffness and

720 Textbook of Arterial Stiffness and Pulsatile Hemodynamics in Health and Disease



hemodynamics as potential predictors of aneurysm size,
expansion or acute aortic syndromes. Research from our
group has focused on noninvasive assessment of aortic
stiffness (cfPWV), central blood pressure, and pulsatile
hemodynamics (assessed with pressure-flow analyses that
integrate pressure data from arterial applanation tonometry
with flow and volume data from transthoracic echocardi-
ography, as described in detail in Chapters 1e3). In an
initial cross-sectional study, we demonstrated that aortic
stiffness, measured by cfPWV, as well as measures of
higher pulsatile arterial load (central systolic blood pres-
sure, central pulse pressure, proximal aortic compliance
global reflection coefficient, and reflected pressure wave
amplitude in univariable analyses; central systolic blood
pressure and global reflection coefficient retained statistical
significance in multivariable analyses) are correlated with
larger aneurysm sizes in women, but not in men,91 sug-
gesting a greater role for aortic structural and functional
abnormalities in women with TAA. In accordance to his
topic, in a retrospective evaluation, we have shown that
greater aortic stiffness (cfPWV) is independently associated

with a faster rate of aneurysm growth, and that this asso-
ciation is stronger in women than men.92 Also in a retro-
spective analysis, we focused on the subgroup of
participants who had a TAA associated with a BAV and
showed that a stiffer aorta (higher cfPWV) with higher
measures of pulsatile arterial load (higher aortic character-
istic impedance and forward pressure wave amplitude, as
well as lower proximal aortic, and total arterial compli-
ances) was associated with faster aneurysm expansion rates
in the BAV-TAA population.77

In prospective studies that have included participants
with all TAA etiologies (58% degenerative TAA, 42%
heritable TAA with the majority having a BAV), we have
demonstrated the independent value of baseline aortic
stiffness and aortic function assessment for the evaluation
of future aneurysm growth. Higher aortic stiffness (cfPWV)
and greater pulsatile arterial load (higher central systolic
and pulse pressures, amplitude of the forward and reflected
pressure waves, and lower total arterial compliance) at
baseline were not only independently associated with faster
TAA expansion in the future, but some of the hemodynamic

FIGURE 45.5 Potential mechanisms linking aortic stiffness, central blood pressure, and pulsatile arterial load to thoracic aortic aneurysm
expansion. The compliance and pressure-buffering function of the aorta are intrinsically linked to the health of its wall. According to this premise, it is
possible that thoracic aortic aneurysm patients with more active disease in the wall (i.e., greater degree of inflammation, elastic fiber disruption, and matrix
remodeling) may be identified by greater aortic stiffness and impaired pressure-buffering capacity. This, in turn, marks an individual whose aneurysm is
more likely to expand over time, and highlights a window to identify disease activity, increase surveillance, and develop targeted therapies to control the
disease. cfPWV, carotid-femoral pulse wave velocity; PP, pulse pressure; SBP, systolic blood pressure. Adapted, with permission, from Boczar KE,
Boodhwani M, Beauchesne L, et al. Aortic stiffness, central blood pressure, and pulsatile arterial load predict future thoracic aortic aneurysm expansion.
Hypertension. 2021; 77:126e134.
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measures (namely cfPWV, forward pressure wave ampli-
tude, and central pulse pressure) were even stronger cor-
relates of future TAA growth than the current clinical
standard of care (aneurysm size).93 Fig. 45.6 illustrates a
comparison of two real-life examples of patients with
similar clinical characteristics and baseline TAA sizes, but
with very different aortic stiffness and pulsatile hemody-
namic measures, resulting in different rates of aneurysm
expansion.

Further, it appears that undertaking an aortic evaluation
that takes into account both aortic size and function may be
a superior strategy for assessment of TAA disease activity,
as the combination of aneurysm size with variables
reflecting aortic stiffness and pulsatile hemodynamics were
more strongly associated with future TAA expansion than
aneurysm size or aortic function measures alone.94 This is
directly in line with the concepts proposed in Fig. 45.4,
whereby combined abnormalities of aortic diameter and
hemodynamics/pressure have potential to cause the greatest
increases in aortic wall tension, which, in turn, may lead to
unstable aneurysmal disease.

The role of assessing the aorta’s function and elastic
properties has also been demonstrated in the specific

population of patients with TAA due to MFS. In a study of
78 unoperated MFS patients who underwent aortic stiffness
and distensibility assessment by MRI, both larger aortic
diameter and lower aortic distensibility were found to be
independent predictors of future aneurysm expansion.95 In
this study, a 10�3 mmHg�1 decrease in aortic distensibility
was associated with a fourfold increase in the risk
of experiencing progressive aortic dilation, independent of
baseline aortic diameter. Most recently, a separate study of
117 unoperated MFS patients followed patients prospec-
tively after MRI, showing that lower proximal aorta LS at
baseline was independently associated with faster aneurysm
growth rate in the future, and aortic events (composite of
aortic dissection and elective aortic surgery).96 Confirming
the notion that including information about aortic health/
function/elasticity improves risk stratification in TAA (in
this case, in MFS-TAA), the authors compared the receiver-
operating characteristic curves for aortic diameter alone
(C-statistic: 0.80), aortic LS alone (C-statistic: 0.74), and a
full model that included age, sex, aortic diameter, and aortic
LS (C-statistic: 0.95) in the prediction of aortic events,
demonstrating that combining aortic size and function is
better than each parameter alone in this prediction.

FIGURE 45.6 Comparison of two patients with similar clinical characteristics and baseline thoracic aortic aneurysm (TAA) sizes, but with
different rates of aneurysm expansion. Despite similar age, clinical characteristics, and baseline aneurysm sizes, Patient A has a stiffer aorta, with
greater pulsatile load and central pulse pressure (cPP) leading to faster aneurysm expansion compared to Patient B who has a more compliant aorta (albeit,
with the same baseline aneurysm size). This highlights the fact that measures of aortic stiffness, central blood pressure, and pulsatile arterial load could
potentially be clinically useful office-based markers for TAA risk assessment and determination of disease activity in TAA. BSA, body surface area;
cfPWV, carotid-femoral pulse wave velocity; cSBP, central systolic blood pressure; PAC, proximal aortic compliance; Pb, reflected pressure wave
amplitude; Pf, forward pressure wave amplitude; TAC, total arterial compliance; Zc, characteristic impedence of the aorta. Adapted, with permission, from
Boczar KE, Boodhwani M, Beauchesne L, et al. Aortic stiffness, central blood pressure, and pulsatile arterial load predict future thoracic aortic aneurysm
expansion. Hypertension. 2021; 77:126e134.
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When it comes to assessing disease activity and risk in
TAA, it also makes sense to include HTN as a potential
prognostic factor in patients with this condition. Arterial
HTN is the greatest population-attributable risk factor
leading to the development of TAAs.97e99 Being highly
prevalent among TAA patients, HTN is a predictor of acute
aortic syndromes in these patients and negatively influences
their overall survival.7,97,98,100,101 Importantly, HTN in-
creases hemodynamic forces on the ascending aorta.102 In
these cases, the aortic VSMC’s mechanosensing is stressed
by the increased forces on the wall, leading to mis-
perceptions of high stress as low stress and resulting in
maladaptive remodeling.102,103 Importantly, wall stress in-
creases almost linearly with systolic blood pressure.104,105

Thus, controlling HTN is particularly important in TAA in
order to reduce aortic wall stress104 and, in turn, target
disease prevention.45,103 Understanding the importance of
HTN in TAA, we must acknowledge that HTN is typically
diagnosed based on brachial blood pressure, which does not
perfectly reflect central blood pressure and may better
predict cardiovascular events.106 To address this, we have
prospectively studied patients with TAA and found that
occult central HTN (i.e., central systolic blood
pressure �130 mmHg in the presence of brachial blood
pressure <140 mmHg and no previous clinical diagnosis of
HTN) is relatively common, affecting 15% of TAA pa-
tients.107 Furthermore, among all patients, while baseline
brachial BP was not associated with aneurysm size or
aneurysm growth, higher central blood systolic and pulse
pressures were independently associated with larger aneu-
rysms among those without a clinical diagnosis of HTN,
and with faster future aneurysm expansion in all partici-
pants regardless of previous HTN diagnosis. Similar to our
findings, in the aforementioned study of 117 MFS-TAA,
brachial blood pressure was not included in multivariable
statistical models for prediction of aortic growth and aortic
events, as it was not associated with these outcomes.96

Therefore, although HTN diagnosed by brachial artery
measurement remains an important risk factor for TAA and
acute aortic syndromes, it appears that central BP and
central HTN may carry even higher potential for improving
risk stratification of TAA patients. In addition, central
blood pressure may present a viable therapeutic target
aimed at controlling TAA expansion and complications,
which remains amenable to testing in clinical trials.

Conclusions and future directions

Thoracic aortopathies are silent killers of increasing prev-
alence. Despite this, TAA remains an understudied condi-
tion with suboptimal management strategies that rely on an
imperfect parameter (aortic size) for decision-making, fol-
lowed by a watchful waiting until an irreversible abnor-
mality occurs and either culminates in a catastrophic

outcome (acute aortic syndrome) or in prophylactic surgical
repair. In the present chapter, we demonstrated the simi-
larities between natural aortic aging and TAA (considered
by some as an accelerated, focal aging of the affected
segment of aortic wall), the resulting aortic functional and
hemodynamic abnormalities associated with thoracic aort-
opathy, and the role of alterations in aortic stiffness and
hemodynamics on aneurysm growth and aortic events.

Although this research field is relatively young, existing
evidence highlights a significant role for incorporating
measures of function (aortic stiffness, central blood pres-
sure, and pulsatile hemodynamics) into clinical practice to
better assess a patient’s disease activity and aneurysm-
related risk. By affording a window into the evolving
fundamental biology of TAA expansion, measures of aortic
function may provide an early indication of when adverse
events are occurring in the aortic wall, presenting the op-
portunity to intervene on susceptible patients before expe-
riencing excessive dilation and having to resort to surgery
to correct an irreversible abnormality. This is key for
development of new therapies for TAA, as there is a po-
tential for these aortic function measures to be used toward
identifying patients that would benefit from novel biolog-
ical therapies directed toward the unstable aortic wall.
Further, aortic function measures may be used to person-
alize a surveillance plan for patients, suggesting closer
imaging follow-up and earlier prophylactic surgery for
those with faster predicted growth or higher risk of aortic
events, and longer imaging intervals and delayed surgical
intervention for those with slower predicted growth or
lower risk of events. This will optimize utilization of
healthcare resources. By moving from standard size cut-
offs to a personalized assessment based on a combination
of individual characteristics, aortic size, and function, TAA
care will be brought into the realm of precision medicine,
with significant potential to improve outcomes. To achieve
this, additional studies are needed to develop and validate
TAA risk prediction algorithms, and to test biological in-
terventions aimed at containing disease activity and pre-
venting progressive aneurysm dilation.
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Chapter 46

Arterial stiffness and pulsatile
hemodynamics in congenital heart
disease
Michael A. Quail
Department of Pediatric Cardiology, Great Ormond Street Hospital for Children and University College London, London, United Kingdom

Background

Congenital heart disease (CHD) is any developmental
malformation of the heart or great vessels. Involvement of
the aorta is common and may occur in isolation (coarctation
or interruption of the aortic arch) or in association with
more complex abnormalities such as hypoplastic left heart.
Aortic involvement (usually dilatation) may also compli-
cate forms of CHD traditionally considered to be limited to
the right heart, such as tetralogy of Fallot (TOF).

Normal aortic morphology

The normal aorta is a spiral structure, arising above the
aortic valve and ascending in a cranial and rightward di-
rection. At the level of the right pulmonary artery, the
ascending aorta spirals leftward and posteriorly, adopting a
transverse orientation. The transverse aorta passes to the
left of the trachea and is morphologically divided into
proximal and distal portions. The proximal transverse
aorta gives rise to the innominate and left common carotid
arteries (LCCAs), and the distal transverse aorta gives rise
to the left subclavian artery (LSA). In normal fetal life, the
aorta and left pulmonary artery (or pulmonary trunk) are
connected by the arterial duct (ductus arteriosum), a vessel
which facilitates a physiological bypass of the lungs,
redirecting right ventricular cardiac output to the descend-
ing aorta. The aortic isthmus is the region of insertion of
the ductus arteriosus into the aorta and is usually located on
the under surface of the aorta in the vicinity of the LSA.
Distal to the aortic isthmus, the proximal descending aorta
spirals caudally toward the diaphragm passing leftward to
the vertebral bodies.

Aortic development

The aortic arch and pulmonary trunk, together with the main
branches, are evolutionally related to six pairs of arterial
arches which exist in embryological life. The aortic arches
represent the blood supply to the embryological pharyngeal
(branchial) arches. Remodeling of these transient symmet-
rical arch arteries into the definitive adult left-sided aortic
arch pattern involves the asymmetrically programmed
regression and persistence of specific arch arteries. This
process involves signaling between the endothelial cells
lining the pharyngeal arch arteries, neural crest cellederived
smooth muscle and mesenchyme, and the endoderm;
disruption of this process is believed to contribute to
congenital abnormalities of the aortic arch.1,2

The embryological aortic arches partially encircle the
pharynx to connect the ventral aorta to the paired dorsal
aortas, which are joined to the future descending aorta.
Edwards originally proposed a simplified embryonic dou-
ble arch system (Fig. 46.1A and B) which can assist un-
derstanding the morphological variations which can
occur.3e5 Once the third paired arches have developed, the
first and second paired arches disappear. The cephalic
extension of the ventral and dorsal aorta beyond the fourth
arch becomes the common carotid (portion of ventral aorta
between third and fourth arches), internal carotid (cephalic
extension of ventral aorta beyond third arch), and external
carotid (third arch and cephalic extension of dorsal aorta)
arteries, respectively, on each side. The dorsal aortas be-
tween the third and fourth arches regress. The part of the
ventral aorta proximal to the fourth arch on the right be-
comes the brachiocephalic artery (segment D, Fig. 46.1B),
and on the left it becomes the future aortic arch between the
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right brachiocephalic and LCCAs (segment E, Fig. 46.1B).
The fourth arch on the left side becomes the future aortic
arch between the LCCA and the origin of the future LSA
(segment F, Fig. 46.B), and on the right it forms the origin
of the future right subclavian artery (segment C,
Fig. 46.1B). The fifth paired arches usually disappear but
may persist. The lateral portion of the left sixth arch forms
the ductus arteriosus, and the medial portions of both sixth
arches form the origins of the pulmonary arteries. The
seventh intersegmental arteries migrate cephalad to form
the future subclavian arteries (see Fig. 46.1A). Ultimately,
the spiral septation of the ventral aorta, or common arterial
trunk, provides for separation of the pulmonary trunk from
the ascending aorta.

In normal development, we observe the disappearance
of segment A (see Fig. 46.1B) of the dorsal aorta and distal
part of the right sixth arch while the distal part of the left
sixth arch persists as the arterial duct, thus giving rise to a
left aortic arch. Atresia or persistence of various segments
can give rise to morphological aortic variations (see
Fig. 46.2), some of which may result in vascular rings with
compression of the trachea or esophagus.

Coarctation of the aorta and interrupted aortic
arch

Coarctation of the aorta is a form of aortic obstruction,
characterized by narrowing at the level of the aortic
isthmus. The prevalence is 2.9 per 10,000 births and
globally it represents 3.6% of all CHD (Table 46.1).6 The
condition is more common in boys, with a 2:1 sex ratio.
Morphologically, this lesion is a localized intraluminal
projection of a “shelf” from the posterior or lateral wall of
the isthmus in the region of the ductus arteriosus.

Coarctation is also often associated with a variable degree
of hypoplasia of the transverse arch. As the ductus arte-
riosus closes, the degree of aortic obstruction becomes
progressively more severe, resulting in reduced systemic
perfusion, acutely increased afterload, and cardiogenic
shock. Initial medical treatment includes resuscitation and
initiation of intravenous prostaglandin therapy to maintain
or restore ductal patency. Definitive surgical treatment re-
quires resection of the narrowed aortic isthmus, with end-
to-end anastomosis or patch angioplasty using the LSA or
prosthetic patch material. Rarely a primary percutaneous
balloon angioplasty or endovascular stenting is performed.
Antenatal diagnosis is difficult but can identify a proportion
of infants with features suggestive of coarctation, who can
be stabilized prior to clinical deterioration by commencing
prostaglandin therapy at birth. Less severe forms of isthmus
narrowing, or those with an extensive collateral supply may
present later in life, sometimes with resistant arterial hy-
pertension (Fig. 46.3). A collateralized circulation is not
developed at the time of birth because the aorta is not
obstructed in utero, but may develop in those with less
severe obstruction over weeks and months. Coarctation
may occur in combination with other forms of CHD, most
notably bicuspid aortic valve in approximately 50% of
patients (conversely coarctation occurs in approximately
5% of patients with bicuspid valves). Turner syndrome is
the most frequent chromosomal abnormality associated
with coarctation. This, together with the male preponder-
ance suggests an X-chromosome dosage effect.7,8

Interrupted aortic arch (IAA) is characterized by
complete luminal discontinuity in the aortic arch; it is
morphologically subdivided according to the location of the
interruption. Type A is interrupted at the level of the aortic
isthmus, after the LSA (20%); Type B is interrupted in the
distal transverse arch between the left common carotid and
LSA (75%), Fig. 46.4; and Type C is interrupted in the
proximal transverse arch, between the innominate artery
and left common carotid (5%). IAA is a developmentally
different entity to coarctation and is more frequently asso-
ciated with other complex cardiac lesions and genetic ab-
normalities. The prevalence of IAA is 0.4 per 10,000 births,
and it represents 0.6% of all CHD (Table 46.1).6 DiGeorge
syndrome (22q11 deletion) is the most frequently associ-
ated chromosomal abnormality. IAA shares medical and
surgical management strategies with coarctation but has a
higher rate of reintervention.9,10

Hypertension after coarctation repair

Large studies published in the late 1980s and early 1990s
identified an emerging problem among patients who had
undergone surgical repair of coarctationda very high
prevalence of hypertension, Table 46.2. An increased rate
of hypertension also appears likely for IAA, despite limited
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FIGURE 46.1 (A) The basic pattern of the six pairs of primitive aortic
arches with the position of the primary pulmonary arteries (PA) and
subclavian arteries (SA) also indicated. (B) The embryonic double arch
system is formed by the fourth arches and the dorsal aortas of both sides.
The various lettered segments may persist or disappear in different con-
figurations of the great arteries.
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sometimes leading to severe obstruction. Each aortic arch gives rise to respective common carotid and subclavian arteries.
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data. A recent systematic review has estimated the preva-
lence of hypertension in adults following coarctation repair
as 32.5% (range 25%e68%),a which is significantly higher
than expected for equivalent groups of teenagers and young
adults without coarctation.11 By contrast, the estimated UK
prevalence of hypertension is: 1% between 16 and 24years;
11% between 15 and 34years; and 18% between 35 and 44
years of age (BHF statistics compendium 2019). In the
USA, the prevalence of hypertension among 18e39 year
olds is 7.5% (CDC 2015e16).12

A large contemporary study from Sweden using a na-
tional registry (n ¼ 653), found hypertension in 53% of
adult patients, raising the possibility earlier studies have
underestimated the extent of the problem.13 Similarly high
levels were also reported recently by Lee et al.14 in a large
single center study of 834 patients. Systemic hypertension
was present in 57% (375/661) and prehypertension in a
further 13% (83/661) of patients. Risk factors for elevated
blood pressure included age, sex, and age at repair and re-
sidual coarctation. Thirty-six percent of patients (289/796)
were on at least one antihypertensive medication. Hyper-
tension was found to be difficult to treat; multiple medica-
tions were required in 10% (2 mediations), 4% (3
medications), 2% (4 medications), and 0.3% (5 medications)
of patients. It is of great concern that only 18% (50/279) of
patients on antihypertensive medication were normotensive.

The average age of repair in studies covering the period
1960e1980 was significantly older than current practice.
However, a trend toward earlier coarctation repair was
already emerging at this time: Koller et al.15 reported that

the percentage of patients operated before age two years of
age doubled from 12% in the period 1961e70, to 26% in
1971e80. In a contemporary cohort (Great Ormond Street
Hospital for Children, 2004e20), the median age of repair
was 25 days (IQR eight daysesix months), with 83% of
infants repaired under two years (unpublished data from
author’s institution).

The trend to earlier coarctation repair was facilitated by
two major developments in CHD practice during the 1970s
and 1980s. First, infants with severe coarctation could now
be resuscitated and stabilized using prostaglandin infusions
to dilate the ductus arteriosus, thus providing the first
effective emergency therapy for duct-dependent cardiac
lesions.16e19 The second important development was the
ability to more easily diagnose infants with arch obstruction
noninvasively by the proliferation of echocardiography.20

An understanding of the evolution of clinical practice
during the latter part of the 20th century is important
because many patients with severe coarctation died in in-
fancy and are underrepresented in early studies. Samples in
earlier studies are therefore dominated by groups of patients
who survived infancy (due to less severe disease) but had
been exposed to a hypertensive ascending aorta (and ce-
rebrovascular circulation) for many years prior to repair.
Optimism that early repair may mitigate the high preva-
lence arose from an observation that younger patients
appeared to have a lower prevalence of hypertension.15,21,22

Unfortunately, the view that earlier surgery would
completely mitigate the increased risk of hypertension has
not been realized. A large study of children by O’Sullivan
et al.23 showed that approximately 30% of the cohort
operated on in infancy (median age of 2.6 months [IQR
0.5e48 months]) had significantly elevated blood pressure,
based on either office or ambulatory readings, when fol-
lowed up at a mean age of 12 years. Unpublished data from

TABLE 46.1 Prevalence and percentages of common forms of congenital heart disease.

Congenital heart disease subtype

Prevalence of congenital heart disease

subtype per 1000 (95% confidence interval)

Percentage of congenital heart disease

subtype, % (95% confidence interval)

Ventricular septal defect 3.07 (2.85e3.31) 35.6 (33.9e37.3)

Atrial septal defect 1.44 (1.22e1.69) 15.4 (13.5e17.4)

Patent ductus arteriosus 1.00 (0.80e1.23) 10.2 (8.5e12.0)

Pulmonary stenosis 0.55 (0.49e0.61) 6.2 (5.7e6.8)

Tetralogy of Fallot 0.36 (0.33e0.39) 4.4 (4.1e4.8)

Transposition of the great arteries 0.30 (0.27e0.32) 3.8 (3.4e4.2)

Atrioventricular septal defect 0.29 (0.27e0.32) 3.6 (3.3e3.9)

Coarctation of the aorta 0.29 (0.26e0.31) 3.6 (3.3e3.9)

Interrupted aortic arch 0.04 (0.03e0.05) 0.6 (0.4e0.8)

Adapted from Liu Y, Chen S, Zühlke L, et al. Global birth prevalence of congenital heart defects 1970-2017: updated systematic review and meta-analysis
of 260 studies. Int J Epidemiol 2019; 48:455e463.

a The age of patients at time of assessment in published studies is variable,
but typically less than 40years. There is also considerable variability in the
definition of hypertension and inclusion of patients with some degree of
residual obstruction.

730 Textbook of Arterial Stiffness and Pulsatile Hemodynamics in Health and Disease



FIGURE 46.3 Computed tomography (CT) aortogram from adult patient with unrepaired coarctation of the aorta. (A) Narrowed aortic isthmus (red
arrow). (B) Arterial collaterals on right lateral chest wall and back (white arrows). (C) Arterial collaterals on anterior chest wall and abdomen.
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the author’s institution indicate that approximately 20% of
children aged 5e7 years after successful neonatal coarcta-
tion repair have prehypertension (systolic and diastolic
blood pressure >90th centile), Fig. 46.5. These data sug-
gest that even in an era of very early coarctation repair,
patients without arch obstruction remain at increased risk
for hypertension. Such hemodynamic abnormalities

manifest even in early childhood, but unfortunately the
underlying mechanisms are unclear.

Cardiovascular morbidity

Patients with repaired coarctation of the aorta exhibit higher
rates of cardiovascular disease.21,24e28 A systematic review

FIGURE 46.3 cont‘d.

FIGURE 46.4 Computed tomography (CT) aortogram from a neonate with unrepaired Type B interruption of the aortic arch, (interruption of the distal
transverse arch between the left common carotid and left subclavian artery). (A) Anterior projection showing the relationship between aorta (Ao) and
pulmonary artery (PA), note the absence of the distal transverse aorta. (B) Posterior projection showing origin of left subclavian artery (LSA) from the
descending aorta. (C) Lateral projection showing ductus arteriosus (DA) connecting pulmonary artery and descending aorta.
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TABLE 46.2 Prevalence of Hypertension in large observational studies of coarctation and interrupted aortic arch.

Author

Year of

study

Sample

size Definition of HTN (mmHg)

Residual gradient

excluded

Age at opera-

tion (year)

Mean follow

up (year) HTN (%)

Coarctation

Koller (EHJ)15 1987 362 >18 year � 140/90; <18 year � 95th centile for age No 17.7 10.4 25

Presbitero
(BHJ)24

1987 226 >30 year � 160/95; 19e30 � 150/90 Yes 20 20 36

Cohen
(Circ)21

1989 646 �150/90 No 16 20 25

Brouwer
(JTCVS)22

1994 120 �160/90 No 15.5 32 25

Seirafi
(ATS)126

1998 176 >18 year � 160/90; <18 year � 90th centile for age No 0.9 7.5 17

O’Sullivan
(Heart)23

2002 119 Casual �95th centile for normal pop;
ABP ¼ mean > 95th centile for age.

Yes 0.2 9.5 30

Toro-Salazar
(AJC)25

2002 274 Casual �95th centile for age or drug treatment for
hypertension.

No 10.3 29.8 34

Vriend
(EHJ)127

2005 73 Mean ABP systolic �135 � diastolic �85 Yes 8.1 21.7 45

Hager
(JTCVS)128

2007 245a Drug treatment for hypertension, mean ABP
systolic �133 � diastolic �78

Yes 10.4 19.5 55

Roifman
(Circ)30

2012 616 Registry data (1983e2005) ICD-9 codes for
hypertension

No e e 45

Choudhary
(Heart)129

2015 140 �140/90 on two separate occasions No 5 26 42

Rinnström
(AJC)13

2016 653 �140/90 or drug treatment for hypertension (Swed-
ish registry)

No 9.5 27.4 53

Lee (Heart)14 2019 834 �140/90 or drug treatment for hypertension No 4 27 57

Interrupted aortic arch

Hussein
(JTCVS)9

2010 112 >133/78 No 6 days 18 12

ABP, ambulatory blood pressure; HTN, Hypertension.
aSubset of patients without obstruction.
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found a disappointing survival rate of 87.4% at a mean age
of 40 years in patients with aortic coarctation, with a
particularly increased risk of cerebrovascular events and
myocardial infarction.29 Recent data by Lee et al. in a
sample of 834 patients report overall survival of 99%, 88%,
and 65% at 30, 50, and 70 years of age, respectively.
Survival was significantly reduced compared with a
matched normal population (standardized mortality ratio:
3.20, log-rank: P < .001).14 A study by Roifman et al.30

used registry data to compare patients with coarctation to
patients with a repaired ventricular septal defect (VSD).
Those with coarctation had higher rates of congestive heart
failure (14.8% vs. 7.4%; P < .0001), stroke (5.6% vs.
2.6%; P < .0001), coronary artery disease (4.9% vs. 3.5%;
P ¼ .04), and peripheral vascular disease (13.1% vs. 2.7%;
P ¼ .0001). The authors found that the increased risk of
cardiovascular morbidity appeared due, at least in part, to a
higher burden of “traditional” cardiovascular risk factors,
including hypertension and dyslipidaemia which were
disproportionately higher in patients with coarctation.

Pickard et al.31 examined the relationship between
coarctation repair and cerebrovascular events in a cross-
sectional study utilizing the US National Inpatient Sample
database from 2005 to 2014. Among 4,894,582 stroke dis-
charges, 207 had a diagnosis of coarctation. After adjusting
for potential confounders, coarctation patients had strokes at
significantly younger age compared with others: 18.9 years
younger for all-cause stroke (P < .001), 15.9 years younger
for ischemic stroke (P < .001), and 28.5 years younger for
hemorrhagic stroke (P < .001). The authors found an
increased rate of diabetes in patients with coarctation and
confirmed the high prevalence of hypertension.

These concerning data highlight the need for close
cardiovascular surveillance of coarctation patients, with
mitigation of cardiac risk factors to prevent cardiovascular
morbidity and mortality.

They also raise an important question: why are patients
at risk of hypertension following successful aortic repair?
We will explore this question in the following sections.

Abnormalities of pulsatile
hemodynamics

Arterial stiffnessdregional effects

Several studies, in the1990s and2000s, showedanassociation
between abnormal arterial stiffness and hypertension in pa-
tients with coarctation.32e35 These findings have been
extensively replicated and strongly support a role for increased
arterial stiffness as a key explanatory variable underlying the
increased rates of hypertension in coarctation.36e40

In 1997, Xu et al.41 used intravascular ultrasound at the
time of cardiac catheterization to measure the aortic stiff-
ness in patients with coarctation. The authors appear to be
the first group to suggest regional variation in arterial
stiffness in the aorta of patients with coarctation, showing
increased stiffness in the aorta proximal to the coarctation.
However, data from this study suggest an important role for
different segmental loading conditions. Following balloon
dilatation of coarctation, there was a reduction in distal
compliance and distensibility as a result of increased distal
pressure. This finding demonstrates the influence of loading
conditions on stiffness metrics, which is especially prob-
lematic in patients with residual coarctation.
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FIGURE 46.5 Childhood blood pressure in 25 children, mean age 5.8 (SD one year) who underwent neonatal coarctation repair in 2012e14. (A)
Distribution of casual systolic blood pressure (SBP), compared to normal distribution according to age and height, 20% had SBP >90th centile. (B)
Distribution of diastolic blood pressure (DBP), compared to normal distribution of age and height, 24% had DBP >90th centile.
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In 2001, de Divitiis et al.33 reported muscular artery
stiffness metrics in coarctation patients (n ¼ 64, mean
age ¼ 19 � 9.9; median age at repair ¼ 4 months) and
controls (n ¼ 45, mean age ¼ 20 � 8.1). The authors re-
ported abnormal brachial-radial pulse wave velocity
(PWV), but normal femoral-dorsalis PWV. This PWV
finding was replicated in a slightly larger study by the same
group in 2003. Which also showed a relationship between
ambulatory BP and increased LV mass.32

Asymmetric upper-lower body stiffness has been reported
across different ages, levels of blood pressure, and method of
ascertainment.37,42e44However, the role of different segmental
loading conditions has not been sufficiently resolved.

It remains an unanswered question whether the increased
proximal stiffness is congenital or acquired. However, data
from children suggest that the phenomenon occurs early.43,45

Central pressure and total arterial compliance

It is well recognized that brachial systolic blood pressure
(SBP) usually overestimates central SBP due to patient
specific pressure augmentation, and there is some evidence
that central SBP is a better predictor of cardiovascular
risk.46 Limited data exist on the correct assessment of
central blood pressure in CHD, especially in the presence of
regional variations in stiffness which may affect pulse
pressure amplification.

One approach to estimate central aortic blood pressure
is to use cardiovascular magnetic resonance (CMR)-derived
area-time data in the ascending aorta, calibrated to brachial
mean and diastolic pressure using an exponential model of
the pressure-area relationship.47 This method avoids the use
of a generalized transfer function, which may not be valid
in patients following coarctation repair.48

The possibility of CMR-derived central pressure and
simultaneous aortic flow makes it feasible to possible to
perform a comprehensive, noninvasive, assessment of cen-
tral arterial hemodynamics. A single breath-hold flow
acquisition with simultaneous oscillometric blood pressure
provides data to calculate: central aortic pressure, systemic
vascular resistance (SVR) (MAP/cardiac index); total arterial
compliance (TAC) (2-element Windkessel model using
central pulse pressure and aortic flow); PWV/characteristic
impedance (BramwelleHill equation, using delta area and
pulse pressure); and wave intensity analysis (WIA).

Quail et al.49 used this technique in a study of coarc-
tation patients (median age ¼ 22 years; IQR 20e28)
without arch obstruction and representative of those
repaired in the 1990s. These patients were slightly older at
repair than current cohorts (described above): median age at
repair was 4.0 months (IQR 0.5e48.2 months); 68% had
their repair <2 years of age. The main findings of this study
were that compared to healthy controls, patients with

repaired coarctation showed evidence of an aortopathy
associated with elevated central SBP, decreased TAC,
increased ascending aorta local PWV and increased back-
wards compression waves (BCWs), without differences in
aortic root characteristic impedance (due to an increased
aortic root size). Despite similar brachial blood pressure,
central SBP was on average 6 mmHg higher in patients.

Conflicting data have arisen in studies using the
SphygmoCor device to assess central hemodynamics using
radial applanation tonometry. Swan et al.40 measured cen-
tral blood pressure in postcoarctation repair patients and
normal volunteers, and in contrast to the study by Quail
et al.,49 no difference was observed in c-SBP. However,
this may be partly due to their exclusion of any patient with
high brachial artery blood pressure. By contrast,
Szczepaniak-Chicheł et al.50 studied 85 patients with
repaired coarctation and found higher c-SBP, PWV, and
augmentation index. Unfortunately, despite the many ad-
vantages of such devices, the validity of a generalized
transfer function in patients with CHD remains uncertain.
In particular, generalized transfer functions may not
adequately control for the abnormal wave reflections that
may be present in patients postcoarctation repair.48,51

Murakami and Takeda recruited 20 patients following
coarctation or IAA repair and age-matched controls who
had not undergone aortic surgery. Aortic pressure was
measured invasively during cardiac catheterization.
Compared to controls, patient with arch repairs had higher
SBP (105.2 � 12.2 vs. 94.7 � 11.7 mmHg, P ¼ .0018) and
pulse pressure (40.4 � 7.2 vs. 32.7 � 5.3 mmHg,
P ¼ .0004). Patients also had increased augmentation index
(27.5 � 15.4 vs. �3.47 � 8.8%, P < .0001), suggesting
increased wave reflection.

Data from the preceding chapter sections indicate that
hypertension manifests prematurely in patients with
coarctation as a consequence of early aortic stiffening.
However, the hemodynamic abnormalities are not limited
to increased pressure and aortic stiffness, but also other
elements of aortic input impedance which are less
frequently considered, such as aortic wave reflections.

Aortic wave reflections

Experimental occlusion of the thoracic aorta in animals has
been shown to result in partial reflection of the early sys-
tolic forward compression wave, thereby increasing ven-
tricular afterload.52e55 Similar findings have also been
observed in humans with unrepaired coarctation at the time
of cardiac catheterization and surgery.54

After surgical repair of coarctation, the presence of
increased wave reflection has been inferred based on
abnormal augmentation index or semiquantitative assess-
ment of aortic flow curves.38,40,56,57 However, augmentation
index may not be a reliable index of wave reflection, since it
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has a major dependence on both aortic wave speed, forward
wave amplitude, and left ventricular function. Unfortunately
very few studies have investigated simultaneous pressure
and flow relationships.58

Recently, it has been shown that WIA can be per-
formed noninvasively using image-based measures of
arterial distension and blood flow.49,59e61 The initial
implementation by Feng and Khir relied on ultrasound
imaging; however, phase contrast magnetic resonance
(PCMR) can also provide accurate measures of distension
and flow (see Chapters 2 and 4).62 Unfortunately, high
temporal resolution data are necessary to accurately assess
wave speed, and this conventionally requires long free
breathing acquisitions which may be associated with im-
age blurring due to bulk motion of the aortic root through
the imaging plane.63

Using high temporal resolution PCMR in the ascending
aorta, Quail et al. performed WIA using flow (Q) and area
(A) waves.49 The authors found that patients with

coarctation had evidence of higher BCWs compared to
controls, and that the magnitude of the BCW was an
important explanatory variable of LV mass in the sample. It
is speculated that these reflections arise from reflection sites
in repaired the aortic arch. To support this thesis, one-
dimensional (1D) computer models were used to simulate
the repaired aortic arch: First, the diameter of a segment in
the descending aorta was reduced by 25% to mimic a mild
residual aortic coarctation, while maintaining the normal
distensibility. Second, the stiffness of the narrowed section
was increased by five orders of magnitude to mimic the
effect of a stiffened coarctation repair zone. Using this
model, the authors observed an increase in backwards re-
flections in mild coarctation which was significantly
increased in the presence of a stiffened segment (Fig. 46.6).
These data are in keeping with the more sophisticated FSI
modeling study by Taelman et al.64

Mynard et al.65 have performed detailed experimental
and computer modeling studies of wave reflection in

FIGURE 46.6 A validated one-
dimensional (1D) model of the systemic
vascular tree was used to explore differ-
ences in wave reflection between controls
and patients following coarctation repair.
The model solves the 1D NaviereStokes
equations and provides pressure and flow
waveforms along the arterial tree. The
model was run using a time-varying ela-
stance model for the heart on its upstream
boundary, such that simulated waves origi-
nate from the interaction of the pumping
heart in the arterial tree. Apart from the
baseline condition (Blue) using default pa-
rameters for the model (default lengths,
inlet and outlet diameters, and arterial
distensibility), two additional scenarios
were simulated. First, the diameter of a
segment in the descending aorta was
reduced by 25% to mimic a mild residual
aortic coarctation, while maintaining the
normal distensibility (Green). Second, the
stiffness of the narrowed section was
increased by five orders of magnitude to
mimic the effect of a stiffened coarctation
repair zone (Red). Positive (dIþ) and
Negative wave intensity (dI�) in 1D
simulation. Units of wave intensity are
conventional W/m2. Note scale of dI-
increased relative to dIþ to assist visuali-
zation. In the coarctation models, increased
backward compression waves are observed,
which increase in magnitude in the presence
of stiffened segment.
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coarctation with particular reference to the effects of wave
reflection on the cerebral circulation. Their study investi-
gated the hypothesis that the BCW is not only reflected
back toward the heart but also partially transmitted into
cerebral circulation. The authors measured simultaneous
pressure and flow in the aorta and brachiocephalic trunk
(BCT) of eight sheep with surgically induced coarctation of
two severities: (A) 10 mmHg and (B) 25 mmHg mean
pressure increase in ascending aorta. Using wave power
analysis,66 it was shown that aortic constriction produced
not only an aortic BCW, but also a second forward
compression wave in the BCT that augmented pressure and
flow after the initial forward compression wave, which
increased with increasing coarctation severity.

In further mathematical and computational analyses, the
authors investigated the effects of altering the stiffness of
the head and neck vessels to examine the influence on wave
transmission to the cerebrovascular system and on LV load.
The authors discovered that stiffer or smaller head and neck
vessels (i.e., with lower admittance, which is the inverse of
impedance) had two important effects: (1) Greater trans-
mission of FCW from the ascending aorta to aortic isthmus,
and also greater reflection of BCW from the aortic isthmus
to ascending aorta. Both of these mechanisms would tend
to increase the impact of wave reflection on LV load; (2)
Increased transmission of waves toward the brain with
increased aortic stiffness was reversed or ameliorated when
stiffness in the head and neck branches was also increased.
Although this reduced peak flow pulsatility in the carotid
artery, it increased pulse pressure and flow pulsatility in the
middle cerebral artery.

This group complemented this experimental work with
an observational study of head and neck wave reflection in
patients with coarctation. Kowalski et al.67 showed that
coarctation subjects had higher brachial and central SBP
(P ¼ .04), with lower aortic compliance and increased
characteristic impedance (Zc). Aortic distensibility was the
only independent predictor of central aortic SBP on
multivariable analysis. In agreement with their modeling
work, carotid forward compression wave power was higher
and was negatively correlated with aortic compliance
(r2 ¼ 0.42, P < .001) and distensibility (r2 ¼ 0.37,
P ¼ .001) in coarctation subjects. Although carotid intima-
media thickness was higher (P < .001), carotid biome-
chanics were no different.

In contrast to Quail et al.,49 aortic wave power and wave
reflection indices were not different in control and coarc-
tation patients. The reasons for this difference could be
related to factors such as differing imaging modalities
(magnetic resonance imaging vs. ultrasound) and acquisi-
tion locations (ascending aorta vs. transverse aortic arch),
or more likelyddifferences in patient characteristics which
are typical in the coarctation literature. Another possibility
is different carotid stiffness in the samples which could

affect reflection to the ascending aorta according to their
modeling study. Increased aorto-carotid transmission of
wave energy following surgical repair of aortic coarctation
may contribute to the high rates of cerebrovascular disease
in this group. This work contributed substantially to our
understanding of possible biomechanical mechanisms of
cerebrovascular disease in coarctation patients.

Geometric considerations

Aortic arch obstruction

Residual aortic arch obstruction (residual or recurrent ste-
nosis at the repair site) can occur in patients with coarcta-
tion and results in increased proximal aortic pressure. A
contemporary study found arch obstruction in 15% of pa-
tients using a conventional definition of a Doppler-derived
peak gradient >25 mmHg.68 However, studies which have
specifically excluded patients with residual obstruction still
demonstrate an increased risk of hypertension (Table 46.2).

Arch obstruction can be identified using routine clinical
assessments, including clinical imaging (Doppler echocar-
diography or cross-sectional imaging) or clinical measure-
ments (brachial-ankle BP gradient). An interesting
phenomenon in echocardiographic imaging of native or
recurrent coarctation is the presence of continuous diastolic
flow distal to the coarctation site (Fig. 46.7). The pattern is
traditionally ascribed by cardiologists to the severity of the
stenosis. However, the phenomenon is better understood in
terms of a Windkessel, with consideration given to both the
resistance of the coarctation and the proximal aortic
compliance.69 Conceptualized in this way, the presence of
diastolic flow is related to the RC time constant. Patients
with severe stenosis but significantly reduced proximal
compliance may not manifest this echocardiographic
finding, due to a lower RC time constant and more rapid
diastolic pressure decay.

Abnormal aortic shape without obstruction has also
been implicated as a significant mediator of increased load
after coarctation repair.38,39 Quenelle et al. found that
persistent, mild aortic arch hypoplasia, even in the absence
of an arm-leg SBP difference at rest, is also associated with
late systemic hypertension.70 Acute arch angulation (the
gothic arch) has also been proposed as an important
determinant of increased load and hypertension.38,39 In
particular, the gothic arch has been associated with exercise
hypertension and abnormal flow profiles that are suggestive
of increased wave reflections.38,39 However, other studies
have demonstrated no relationship between shape and ex-
ercise hemodynamics.71

Types of repair

As described briefly in the background section, aortic
coarctation may be repaired via a number of surgical
techniques, including end-to-end anastomoses (with

Arterial stiffness and pulsatile hemodynamics in congenital heart disease Chapter | 46 737



variable augmentation of the transverse arch, so-called
extended end-to-end anastomosis), subclavian flap aorto-
plasty (the subclavian artery is used to augment the nar-
rowed isthmus), or prosthetic material patch repairs
(e.g., Dacron, GoreTex). Each of these approaches will
affect the aortic geometry and regional stiffness. While it is
possible that variation in surgical strategy may influence
hypertension risk, the evidence for this is currently
limited.72 A recent prospective study compared vascular
phenotypes in patients treated by either surgery, balloon
dilatation, or endovascular stenting, and found no signifi-
cant group differences.73

Three-dimensional shape and
hemodynamics

The analysis of complex three-dimensional (3D) shape is
difficult; the aorta is a curved tube with continuous varia-
tion in curvature and radius along its length.74,75 Unfortu-
nately, the coarctation literature suffers from evaluations of
aortic shape which are often qualitative (i.e., identification
of a gothic arch) or overly simplistic (i.e., simple height/
width ratios). This may be why several studies have pro-
duced contradictory results regarding the link between
shape and hemodynamic parameters.71 Curvature and
“shape” are often conflated with most definitions of
abnormal shape actually relating to curvature. Using prin-
cipal component analysis, Quail et al.76 recently analyzed
the relationship between the two components of 3D shape
(curvature and radius) and pulsatile hemodynamics
including wave reflections. Using this methodology, the
authors found no association between principle components
of curvature and abnormal wave reflection, suggesting that
the so-called Gothic arch is less important than suggested
by other groups. By contrast, principle components of
radius were associated with the magnitude of the BCW.

Specifically, a large ascending aorta (associated with
bicuspid valves), transverse arch hypoplasia, and a rela-
tively smaller descending aorta were all associated with an
increased magnitude of BCW.

The fact that curvature does not significantly influence
wave reflections is not surprising from a mechanical point
of view. The wave lengths of pressure and flow waves are in
the order of meter, much larger than the geometrical di-
mensions of the aorta and its bends and curves. This ex-
plains why arterial wave dynamics are very well described
using 1D formulations of the momentum equations.77

What causes the arterial abnormalities
arise in coarctation?

In the previous sections, we have explored the data which
show that patients with repaired coarctation have a very
high prevalence of hypertension, and this appears to be due
to an underlying vasculopathy characterized by reduced
TAC, increased ascending aorta PWV, and pathological
wave reflections.

However, it is still unexplained why patients develop
this vasculopathy, given successful early repair of coarc-
tation. In order to effectively reduce the excess cardiovas-
cular risk in this population, it is important that this
question is answered, although currently there are little
explanatory data.

Congenital stiffness or control of systemic
vascular resistance?

A commonly held view is that the aorta in coarctation is
congenitally noncompliant. While this is a possibility, it is
difficult to separate from transient abnormalities of arterial
function in the perioperative period.43,45

FIGURE 46.7 Continuous wave Doppler flow profile
in the proximal descending aorta in a patient with
unrepaired coarctation of the aorta (closed ductus
arteriosus). There is increased velocity and continuous
antegrade flow in diastole which is related to the
severity of the stenosis and the compliance of the
proximal aorta.
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Unpublished data from the author’s institution showed a
20% incidence of prehypertension (casual SBP and DBP
>90th centile) in 5e7-year-old children. These children
had proportional elevations in SBP and DBP (and thus
increased mean pressure, rather than pulse pressure), likely
due to higher SVR. This pattern contrasts with older pa-
tients, in whom the predominant hemodynamic mechanism
of hypertension is reduced TAC with normal SVR, char-
acterized by a widened pulse pressure and a stiff aorta.49

The presence of elevated SVR is strongly suggestive of
abnormal renal and autonomic control mechanisms. Infants
with coarctation are at increased risk of renal injury at the
time of aortic surgery due to either preoperative cardiogenic
shock or renal ischemia due to aortic cross clamp.78e80

Unfortunately, there are no long-term studies assessing the
relationship with incident hypertension.

A role for autonomic dysfunction in coarctation is sug-
gested by the presence of abnormal stress responses in pa-
tients with coarctation, in particular during exercise.34,58,71,81

However, the underlying mechanisms are unclear, and could
include the effect of increased stroke volume in a system
with markedly reduce TAC. Alternatively, abnormal auto-
nomic control mechanisms may be operating in children
following coarctation repair.28,82e84 Reasons for afferent
baroreflex dysfunction in coarctation include abnormal
antenatal baroreflex development (developmental program-
ming), vagal nerve injury (aortic arch manipulation), or
injury to descending inhibitory pathways due to subclinical
spinal ischemia during aortic cross clamp.65,66

Evidence for neurohumoral abnormalities is suggested
by a study of children by Hauser et al.85 The cardiovascular
response to the sympathomimetic, isoprenaline, is charac-
terized by an increased heart rate and a reduction in blood
pressure due to vasodilation. In a study of children with
repaired coarctation (mean age 11.3 � 6 years), 20%
experienced a “paradoxical” increase in BP to isoprenaline.
These children also had an elevated plasma renin activity
response to exercise and high rates of early, transient,
postoperative hypertension. These data suggest that
abnormal responses to physiological stress in late child-
hood may be mediated by abnormal activity of the RAS
and autonomic nervous system.

Assessment of endothelial function by flow-mediated
dilatation has featured heavily in many studies of coarcta-
tion and has suggested the presence of endothelial dysfunc-
tion in patients,33,34 as summarized in Table 46.3. However a
recent careful study of contemporary patients, including half
who had a diagnosis of hypertension, demonstrated no ab-
normalities of endothelial dysfunction by either reactive
hyperemia or circulating endothelial progenitor cells.86

Evolution to vasculopathydinflammation and
biomechanics

Although congenital stiffness, renal, autonomic or neuro-
humoral abnormalities could explain the initiation of

hypertension in coarctation, they do not fully explain the
increased rate of aortic stiffening with age in coarctation,
Fig. 46.8.

Inflammation is emerging as an important risk factor for
the development of large artery stiffness and hypertension.
In the general adult population and in other specific disease
groups, systemic inflammation is associated with increased
large artery stiffness.87e93

Conventionally, hypertensive vascular remodeling has
been ascribed to smooth muscle cell hypertrophy and
medial collagen deposition by these cells.94 However, there
is a growing body of knowledge that points to inflammation
within the adventitia as a significant and perhaps even the
principal contributor to pathological hypertensive
remodeling.95e97 The underlying idea is that adventitial
inflammation switches the normal adaptive response to
hypertension (increased wall thickness) to an exaggerated
and maladaptive process.98,99

Variation in a child’s systemic inflammatory state may
potentiate maladaptive remodeling caused by elevated
blood pressure in coarctation. Acute inflammatory stimuli
in coarctation may include SIRS due to surgery or cardio-
genic shock, or chronic inflammation due to renal
dysfunction.100e102 Additional variability in childhood
systemic inflammation has many causes, including in-
fections/vaccinations, obesity, psychological stress, and
poverty.103e106

Both systemic and aortic inflammations have also been
described in adults after coarctation repair; however, their
role in the development of aortic stiffness is
unclear.45,86,107e110 While increased inflammatory bio-
markers have been reported, there has not been an unam-
biguous relationship demonstrated with either hypertension
or stiffness, Table 46.1.

Vascular abnormalities in other forms
of congenital heart disease

Compared to coarctation of the aorta, the literature related
to other forms of CHD is sparse.

Tetralogy of fallot

TOF is the most common form of cyanotic CHD, occurring
in 36 per 10,000 live births. Morphologically the principal
defect of this condition is anterocephalad deviation of the
muscular outlet septum resulting in the tetrad of, VSD,
pulmonary outflow tract obstruction, overriding aorta, and
right ventricular hypertrophy. Complete repair of TOF was
devised over 50 years ago and can result in complete intra-
cardiac repair in early infancy. However, despite excellent
short- and medium-term survival rates, the 30-year actuarial
survival for patients repaired before their fifth birthday is
90% of the expected survival rate and the annualized risk of
death triples in the third postoperative decade.111,112
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TABLE 46.3 Selected studies of inflammatory and vascular function biomarkers in coarctation of the aorta.

Study Year

Type of

study Biomarkers

Vascular

biomarkers

Disease

status

Mean

age

Cases, N

(% males)

Pulse wave

velocity Pressure Aix

Other

vascular

Serum

findings Notes

Brili

(atherosclerosis)109
2005 Case-

control

IL-1b, IL-6,

sVCAM-1,

sICAM-1,

E-Selectin

Flow medi-

ated-dilatation

(FMD)

Normoten-

sive coarc-

tation pa-

tients, age

operation

17.7 years

29.9 15 (30%) Higher IMT

and lower

carotid

distensi-

bility in

coarctation

versus con-

trol. Lower

FMD in

coarctation

versus

control

Coarctation

versus con-

trol: higher

sICAM-1,

higher

sVCAM-1,

higher IL-

1b, higher

E-selectin.

(No differ-

ence, CRP,

fibrinogen,

IL-6)

No explicit

linear rela-

tionships

between

serum

inflamma-

tion and

stiffness

metrics

Osmancik

(Endothelium)130
2006 Case-con-

trol

(pediatric)

IL-6, sE-

Selectin,

sL-Selectin,

sICAM-1

Mean age

at opera-

tion 7.7

years

(3e12.8).

Pre- and

postopera-

tive

samples

17 (82%) sICAM-1

higher in

coarctation

than con-

trols at 10

months.

No differ-

ences pre-

or postop-

erative in

adhesion

molecules

or IL-6.

Postopera-

tive sam-

ples 10

months af-

ter surgery

Brili (JACC)108 2008 Random-

ized cross-

over trial:

Ramipril

5 mg/day

four weeks

IL-1b, IL-6,

sCD40L,

sVCAM-1,

CRP

Flow medi-

ated-dilatation

(FMD)

Normoten-

sive coarc-

tation pa-

tients, age

operation

13.4 years

27.3 20 (65%) Reduced systolic pressure

with ramipril versus control:

110 versus 121 mmHg

Improved

flow-medi-

ated dilata-

tion with

ramipril

Reduced:

IL-6, IL-1b,

sVCAM

and

sCD40L

with

ramipril

Brili (Heart)131 2012 Open-la-

bel: ator-

vastatin

10 mg/day

four weeks

IL-1b, IL-6,

sVCAM-1

Flow medi-

ated-dilatation

(FMD)

24% hyper-

tensive in

atrovastatin

arm, age

repair 10

years

31.4 17 (60%) e e e Improved flow-mediated

dilatation with atorvastatin

Reduction

in IL-1b

and

sVCAM-1

in

atorvastatin



Mizia-Stec (IJC)110 2012 Case-

control

Asymmetric

dimethylar-

ginine

(ADMA),

hsCRP

Flow-medi-

ated dilatation

(FMD), in-

tima-media

thickness,

PWV

47% hyper-

tensive,

age opera-

tion 11.1

years.

34.1 62 (60%) Higher pulse

wave velocity

(PWV) in pa-

tients than con-

trols (higher

PWV in hyper-

tensive cases)

Lower

FMD in pa-

tients

versus con-

trols,

higher IMT

in hyper-

tensive

coarctation

ADMA and

CRP higher

in hyper-

tensive pa-

tients than

not-hyper-

tensive

(also higher

than

controls)

Inverse

linear rela-

tionship be-

tween

ADMA and

FMD. No

relationship

with CRP

(personal

communi-

cation with

author)

Moutafi (IJC)132 2012 Case-

control

IL-1b, IL-6,

sVCAM-1,

sICAM-1, E-

Selectin, IL-

10, Endothe-

lin-1, TNF-

alpha

Flow medi-

ated dilatation

(FMD), Sphyg-

mocor: PWV,

Aix

Mean sys-

tolic blood

pressure

(SBP)

130 �
19 mmHg,

age opera-

tion 7.4

years

25.3 19 (47%) Higher AIx

in patients

versus

controls

Lower

FMD in pa-

tients

versus con-

trols, lower

aortic

distensi-

bility and

higher stiff-

ness index

in patients

versus

controls

Higher in-

flammatory

markers in

patient

than con-

trols

(except IL-

6, sFAS,

ET1 and

TNF-alpa)

No explicit

linear rela-

tionships

between

serum

inflamma-

tion and

stiffness

metrics

Moutafi (IJC)133 2014 Case-con-

trol

(pediatric)

IL-10, IL-6,

TNF-alpha,

sFAS, Endo-

thelin-1,

sICAM-1,

sVCAM-1,

E-Selectin

9.1 10 (60%) No differ-

ences in

aortic

distensi-

bility or

stiffness be-

tween

cases and

controls

Elevated IL-

10, IL-6,

TNF-alpha

and sFas in

patients.

No differ-

ences in

endothelin-

1 or solu-

ble adhe-

sion

markers

Radke (Heart)86 2014 Case-

control

IL-6, IL-8,

ICAM-1,

VCAM1,

MCP1,

VEGF. Circu-

lating endo-

thelial pro-

genitor cells

Peripheral

arterial

tonometry

50% hyper-

tensive.

Mean age

at opera-

tion seven

years

35 20 (80%) No differ-

ences in

peripheral

tonometry

or EPCs be-

tween hy-

pertensive

and normo-

tensive

patients

Only MCP-

1 higher in

patients

compared

to controls

Continued



TABLE 46.3 Selected studies of inflammatory and vascular function biomarkers in coarctation of the aorta.dcont’d

Study Year

Type of

study Biomarkers

Vascular

biomarkers

Disease

status

Mean

age

Cases, N

(% males)

Pulse wave

velocity Pressure Aix

Other

vascular

Serum

findings Notes

Wybraniec

(JASH)134
2014 Case-

control

Renalase,

CRP

Sphygmocor:

PWV, AIx. In-

tima-media

thickness

Dacron

patch

repair. 42%

hyperten-

sive. Me-

dian age at

operation

10 years.

33 50 (62%) Higher PWV in

hypertensive

cases

Inverse cor-

relation be-

tween

renalase

and pulse

pressure

Higher

CRP in

cases than

controls.

Significant

association

between

CRP and

diagnosis

of hyper-

tension:

OR 1.13

(1.03e

1.23) [per

1 mg/L in-

crease in

CRP]

Brili (IJC)42 2016 Case-

control

TGF-beta,

IL-6

Sphygmocor:

PWV, AIx

17 Higher carotid-

radial, but not

carotid-femoral

PWV in

coarctation

Elevated

TGF-beta

and IL-6 in

coarctation

No explicit

linear rela-

tionships

between

serum

inflamma-

tion and

stiffness

metrics

Brili (Circ

Imaging)107
2018 Case-

control

18-FDG

PET-CT,

Spyhgmocor

Sphygmocor:

PWV, AIx

Normoten-

sive coarc-

tation

patients

e 15 No relationship

with PWV and

TBR

Higher

target to

background

ratio (TBR)

associated

with higher

mean

pressure

No relation-

ship be-

tween Aix

and TBR

Higher TBR

in coarcta-

tion pa-

tients

(particu-

larly

bicuspid

valve) than

controls.

Descending

aorta high-

est TBR

Correlation

between

IL-6 and

TBR

Control

group

treated for

lymphoma

Rog (Acta

Cardiologica)135
2018 Case-

control

Fibrinogen,

hsCRP

Sphygmocor:

PWV, AIx

Mean SBP

137 �
16 mmHg.

Median

age at

operation

8.7 years

27.5 58 (62%) Higher PWV in

hypertensive

coarctation.

Correlation be-

tween PWV and

fibrinogen

(r ¼ 0.31,

P ¼ .039)

Higher

central SBP

in patients

than

controls

Higher AIx

in patients

versus

controls

CRP and

fibrinogen

higher in

coarctation

than

controls

No associa-

tion of

PWV with

hsCRP



In addition to the right ventricular lesions of TOF, it is also
increasingly recognized that these patients have an increased
risk of progressive aortic root dilatation.113 Risk factors for
progressive aortic dilation include the presence of pulmonary
atresia, right aortic arch, history of an aortopulmonary shunt,
male sex, and the presence of a 22q11 deletion114; pregnancy
does not appear to be associated with a significantly increased
risk of progression or aortic events.115 Current data indicate
that the risk of aortic dissection is less than for other forms of
connective tissue disease.116 However, aortic root and valve
surgery may be required when accompanied by significant
aortic regurgitation.

Histological studies of the aortic wall in TOF have
highlighted degeneration of the tunica media of the aorta
(including fibrosis, fragmentation of elastic fibers, and loss
of smooth muscle cells) as an important cause of aortic root
dilatation.117,118 Abnormal aortic distensibility has also
been described in children and adults with both repaired
and unrepaired TOF (Table 46.4).119,120

Senzaki et al. has performed the most detailed assess-
ment of aortic pulsatile hemodynamics in TOF.58 In this
study, simultaneous aortic pressure and flow data were
acquired using a high-fidelity pressure transducer and a
catheter-mounted flow velocity probe at the time of cardiac
catheterization to calculate aortic impedance in patients and
controls. Flow velocity was converted to flow volume using
echocardiographic measurements of the sinutubular
junction.

TOF patients had larger aortic diameters than controls:
18.8 mm (SD 4.8) versus 15.8 mm (SD 3.6). Patients had
similar systolic, but lower diastolic and mean blood pres-
sures. In patients compared to controls, there was higher

impedance modulus at heart frequency (Z1; 204 vs.
151 dyn s/cm5.m2; P < .05) and higher Zc (average imped-
ance moduli at 3e10 Hz; 158 vs. 105 dyn s.cm�5.m2;
P < .05). Patients had an overall stiffer vasculature as
assessed by TAC (0.93 vs. 1.24 mL/mmHg/m2;P < .05) and
PWV (5.6 vs. 4.2 m/s; P < .05). Interestingly, patients also
had evidence of increased wave reflection as measured as the
ratio between the peak amplitudes of forward and backward
pressure waves (0.21 vs. 0.16; P < .05). There was a
nonsignificant trend to higher SVR in TOF. The authors re-
ported a significant inverse correlation between cardiac index
and measures of pulsatile load.

These data are interesting as they show abnormalities
of pulsatile hemodynamics in the absence of hypertension
in TOF. Left ventricular dysfunction is common in TOF.
In retrospective unpublished data from the author’s insti-
tution, 13% of patients (53/408) have at least mild LV
systolic dysfunction on CMR imaging (LVEF <55%).
However, while indices of LV systolic function are
frequently abnormal, they are infrequently severe (<3%).
The reasons for impaired LV function in TOF are poorly
understood but are likely multifactorial. One possible
explanation, at least in part, could be abnormal pulsatile
hemodynamics arising as a consequence of abnormal
aortic biomechanics.

Other forms of congenital heart disease

Abnormalities of arterial biomechanics have been described
in several other forms of CHD (including transposition of
the great arteries [Table 46.4] and in single ventricle CHD),
but their clinical significance remains uncertain.121e125
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FIGURE 46.8 Relationship between pulse wave ve-
locity and age in patients with coarctation repaired in
infancy <1 year (Blue), compared with healthy con-
trols (Red). Significant linear relationship between
covariates for coarctation group (P ¼ .02). Nonsignif-
icant association for control group (P ¼ .7). Unpub-
lished data from Quail MA, Short R, Pandya B, et al.
Abnormal wave reflections and left ventricular hyper-
trophy late after coarctation of the aorta repair.
Hypertension 2017; 69:501e509.
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Conclusions

In this chapter, we have discussed the abnormalities of arterial
stiffness and pulsatile hemodynamics in patients with CHD,
with a particular focus on coarctation of the aorta. There is an
extensive body of evidence showing that coarctation is asso-
ciated with excessive cardiovascular morbidity and mortality
compared to the normal population or other forms of CHD.
Abnormalities in vascular function appear in early life and are
associated with the development of a vasculopathy charac-
terized by elevated blood pressure, reduced arterial compli-
ance, increased stiffness (particularly the proximal aorta), and
pathological wave reflections. This latter phenomenon in-
creases LV afterloadwith resultant hypertrophy and emerging
evidence suggests a role in the pathogenesis of cerebrovas-
cular events. There are important knowledge gaps: Why does
this vasculopathy develop?; Is the increased risk of cardio-
vascular mortality associated with hypertension only, or are
more complex hemodynamic abnormalities such as wave re-
flections involved?;Canmedical therapies beused to attenuate
wave reflections and reduce afterload? Finally, it is vital that
we begin to better understand the hemodynamic abnormalities
in order to develop rational treatments to prevent their
development and associated complications.
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Introduction

Acute infections can perturb the cardiovascular system
acutely and are also associated with increased cardiovas-
cular risk in the long-term. Patients with chronic infections
are also at increased risk of cardiovascular disease. In this
chapter, using sepsis as model for acute infection, and
infection with the human immunodeficiency virus (HIV) as
model for chronic infection, we discuss the association
between infections and the cardiovascular system and
explore the potential role of arterial stiffness in these
relationships.

Arterial stiffness and sepsis

Sepsis is a life-threatening multiorgan dysfunction caused
by a dysregulated host response to infection.1 The patho-
physiological cascade of sepsis starts when an invading
pathogen (bacteria, virus, or fungus) is recognized by the
innate immune system and triggers the generation and
release of inflammatory mediators that while promoting an
immune response against the infecting agent, can also have
detrimental effects on several body organs. A detailed
discussion of the molecular, cellular, and regulatory path-
ways of sepsis, as well as the range of organ involvement
and treatment strategies in this condition are beyond the
scope of this Chapter, and the reader can refer to published
reviews on this topic.2 The circulatory system is preemi-
nently affected in sepsis, and cardiovascular abnormalities
are a hallmark of this syndrome. In this section, we will
discuss our current understanding of the circulatory re-
sponses to sepsis, how arterial stiffness could influence this
paradigm, the current experimental and clinical evidence of
a relationship between sepsis and arterial stiffness, and the
potential mechanisms underlying this association.

Effect of sepsis on the circulatory system

Short term

In the prevailing model of the effect of sepsis on the cir-
culatory system, the acute septic inflammatory response
leads to the synthesis and release of inflammatory medi-
ators (tumor necrosis factor, interleukin [IL]-1, IL-6, IL-8,
IL-12, IL-18, interferon g, prostaglandins [PGs], and
matrix-metalloproteases [MMPs], among others) and toxic
oxidative and nitrosative intermediates into the blood, and
the adhesion of platelets and leukocytes to the endothe-
lium.3,4 The net result is vascular smooth muscle dilation
and disruption of the supportive structures of the vascular
endothelium, including the cell cytoskeleton (actin),
intercellular adhesion molecules (tight junctions), and an
array of supportive proteins. These effects produce dila-
tion of the “resistance” vessels (i.e., vessels with pre-
dominant vascular smooth muscle wall architecture like
small arteries and arterioles) and capillary “leakage” (with
outflow of intravascular proteins and plasma fluid) into the
extravascular space, both leading to a drop in the
peripheral vascular resistance and effective preload,
progressively challenging the conservation of adequate
blood pressures.3,5 Compounding these effects is the
development of a form of nonischemic sepsis-induced
cardiomyopathy characterized by ventricular dilatation,
reduced ventricular contractility, and both right and left
systolic and diastolic dysfunction.6,7 In its most advanced
stages, sepsis results in a form of shock that is poorly
responsive to plasma volume expansion and the admin-
istration of vasopressor and inotropic agents, and that
shows poor tolerance to fluid challenges. Increased serum
markers of myocardial injury (i.e., cardiac troponin) are
present in a majority of patients with sepsis and they are
associated with increased sepsis mortality.8
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The mechanisms underlying this sepsis-induced car-
diomyopathy are not well understood but appear to involve
excessive formation of nitric oxide (NO), reactive oxygen
species and nitrogen radicals, mitochondrial dysfunction,
transcriptional and metabolic changes, direct cardiotoxicity
from bacterial products and inflammatory molecules, and
ischemic damage due to mismatches between the metabolic
demands of the myocardium and the coronary blood supply
(i.e., “supply/demand mismatch”).6,7,9,10 Sepsis-associated
myocardial dysfunction can affect both systolic and dia-
stolic function, and it is present in a majority of patients
with sepsis.11 Given the circulatory and metabolic demands
of sepsis and the effect of sepsis on myocardial function, it
is not surprising that sepsis is one of the most common
precipitants of new-onset or acutely decompensated heart
failure,12,13 and that sepsis carries a particularly poor
prognosis in patients with preexisting diagnosis of heart
failure.14,15 However, the relationship between sepsis and
new onset heart failure is confounded by the need for
aggressive fluid resuscitation, which often leads to a
markedly positive sodium and water balance over short
periods of time, particularly in critically ill patients.

The incidence of acutemyocardial infarction during sepsis
is difficult to ascertain due to the difficulty of distinguishing
between true myocardial infarction and nonischemic sepsis-
induced myocardial injury, and the changing criteria for
defining myocardial infarction in clinical research.16

Contemporary reports suggest that myocardial infarction
complicates the course of about 4% to 8% of patients with
severe sepsis.17,18 A similar incidence of myocardial infarc-
tion has been reported in patients with pneumonia.19e21 The
mechanisms contributing to the increased risk of myocardial
infarction during sepsis and associated states (i.e., pneumonia)
are largely unknown, but infection driven increased systemic
and coronary inflammatory activity, and dominant pro-
thrombotic conditions, among others, have been proposed as
potential contributors.22e24

Intermediate and long term

In the last decade, a growing body of literature suggests that
the effects of sepsis and other sepsis-related conditions such
as pneumonia on the circulatory system are not limited to
the short-term but can extend for months and years after an
index septic/infectious episode. Epidemiologic studies
show that new-onset heart failure can occur in as many as
13% of sepsis survivors by year 2 after their index sepsis
episode.25 Compared to nonhospitalized and hospitalized
controls without sepsis, the risk of heart failure in sepsis
survivors over 7 years after their index sepsis episode is
increased by 43% and 48%, respectively.26 Likewise,
among elderly survivors of pneumonia requiring

hospitalization, about 10% develop new-onset heart failure
in the first year after the index pneumonia episode.27

Compared to elderly controls without pneumonia, the risk
of new-onset heart failure in pneumonia survivors is
increased by about sevenfold between 30 and 90 days after
the index infection, about threefold between 90 days and
1 year, and almost twofold between 1 and 5 years post-
pneumonia.27 An increased long-term risk of new-onset
heart failure after pneumonia has also been observed in
other age-groups.28

Both sepsis and pneumonia survivors also remain at
high risk of myocardial infarction and stroke.29 Epidemi-
ologic studies of sepsis survivors suggest a one-year post-
sepsis incidence of stroke and myocardial infarction of 18%
and 9%, respectively.30 Similar to the risk of HF, the risk of
myocardial infarction in sepsis survivors over 7 years of
follow-up after their index episode of sepsis and relative to
nonhospitalized and hospitalized controls was increased by
22% and 14%, respectively. Among elderly survivors of
pneumonia, the cumulative incidence of (composite)
myocardial infarction or stroke is 12% at 30 days after
pneumonia, 13% at 90 days and 18% at 1 year.31 Compared
to controls without pneumonia, the risk of myocardial
infarction or stroke in elderly survivors of pneumonia with
severe sepsis is increased by about fivefold in the first
30 days postinfection, two- to threefold between 1 month
and 1 year postpneumonia, and about onefold afterward
and up to 10 years.31 An increased long-term risk of
myocardial infarction and stroke after pneumonia has also
been observed in other age-groups.30,31

Sepsis and arterial stiffness

Mostly neglected in the pathophysiologic model of the
acute circulatory effects of sepsis discussed above, is
the role of the larger elastic conduit arterial vessels and the
ventricle-arterial pulsatile interactions in the septic state. In
the current model, the circulatory system is conceived as a
pump-driven, one-way system of blood flow in which the
hemodynamic effects of the pulsatile nature of the cardiac
cycle and the mechanical properties of the arteries that
accommodate the blood ejected by the heart in each
heartbeat are largely overlooked. However, as discussed
throughout this textbook, the arterial tree imparts afterload
to the left ventricle, and arterial structure and function
directly impact both steady and pulsatile left ventricular
afterload. Microvascular and muscular artery dysfunction in
sepsis could interact with large artery stiffness to produce
adverse patterns of left ventricular afterload that may
contribute to cardiac complications both during sepsis and
after recovery from the acute septic episode.
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Animal studies on sepsis and arterial
stiffness

In rabbits, injection of lipopolysaccharide (LPS, the major
component of the outer membrane of gram-negative bac-
teria) induces reduction of endothelium-mediated relaxa-
tion of the aorta in the context of a severe-sepsis type of
response.32 In another swine LPS-induced sepsis model,
LPS infusion produces, within an overall hypotensive
hyperdynamic septic-shock type of response, acute reversal
of the usual pulse pressure (PP) amplification (from aortic
to radial or femoral arteries), and reduced total arterial
compliance increased aortic characteristic impedance (Zc)
(Table 47.1).33 Interestingly, these adverse large artery
changes occurred despite a reduction in blood pressure.
There are no animal studies examining long-term effects of
sepsis on arterial stiffness.

Human studies on sepsis and arterial
stiffness

Concordant with the animal models above, a challenge with
the Salmonella typhi capsular polysaccharide vaccine in
healthy volunteers resulted in acute increase of the carotid-
femoral PVW by 0.43 m/s, but a reduction in the
augmentation index (by 5%) at 8 h postchallenge. The latter
effect was thought to result from a reduction in the
magnitude of wave reflection at peripheral sites secondary
to peripheral vasodilation.34 In a study of 45 septic patients
(median age 67 years; interquartile range 54e75), the
median carotid-femoral pulse wave velocity (PWV) was
14.6 (8.1e24.7) m/s when measured within 24h of admis-
sion compared to 12 m/s, the reference value for hyper-
tensive individuals �70 years old (with or without history
of dyslipidemia and/or smoking). In this study, however,
carotid-femoral PWV did not correlate with the progression
of multiple organ failure, (before or after adjustment for
vasopressor use), or with improvement in the subgroup of
patients who had cardiovascular instability at baseline.
Nonetheless, Cox regression and survival analyses
(including age, APACHE II, and baseline SOFA score)
showed shorter hospital survival time for patients with

carotid-femoral pulse wave velocity >24.7 m/s
(HR ¼ 9.45, 95% CI 1.24e72.2; P ¼ .03).35,36 This cutoff
corresponds to a very high value of carotid-femoral PWV,
indicating marked large artery stiffening. Another study of
21 patients with sepsis found a significant increase in their
cardio-ankle vascular index (CAVI) after 1 week of treat-
ment, with no significant change in blood pressure, relative
to the measurements at their presentation to the emergency
department before initiation of guideline-directed therapy
for sepsis (7.9 � 2.4 at presentation vs. 9.6 � 1.8 at
1 week, P < .001). The magnitude of CAVI increase
posttreatment correlated with initial serum levels of pro-
calcitonin, a biomarker associated with inflammation,
bacterial infections, and infection severity. In this study,
there was no association between CAVI and a systemic
inflammatory response syndrome score, prevalence of hy-
pertension and diabetes, type of infection or treatment.37

There are no human studies examining long-term effects of
sepsis on arterial stiffness. Interestingly however, the long-
term incidence of new-onset heart failure after recovery
from sepsis is not significantly different between survivors
that exhibit left ventricular dysfunction during sepsis and
survivors whose left ventricular function remained pre-
served, thus suggesting that factors other than myocardial
injury during the acute septic state can contribute to the
elevated long-term risk of cardiovascular morbidity
postsepsis.25

Potential mechanisms for an effect of sepsis
on arterial stiffness

Infections can produce acute inflammatory changes in hu-
man aortic cells. In an in-vitro model, Staphylococcus
aureus induced several inflammatory responses in human
aortic endothelial cells including cyclooxygenase-2
expression, PGE2 secretion, and PGE2/ IL-6/matrix metal-
lopeptidase-9 (MMP-9)-dependent cell migration.38 Infec-
tion with influenza virus in Apo-E deficient mice induced
the expression of MMP-13 in aortic atherosclerotic pla-
ques.39 Administration of the Streptococcus pyogenes
Phospholipase A2 to mice acutely upregulates the

TABLE 47.1 Derived aortic hemodynamic parameters in a porcine model of endotoxemia.

Parameter
Baseline Endotoxemia ANOVA

Mean ± SD Mean ± SD Baseline to endotoxemia

Z 1.5 � 0.6 2.7 � 1.2 P ¼ .0003; F ¼ 23.5

R 10.7 � 3.3 6.9 � 3.5 P ¼ .004; F ¼ 11.9

C 34 � 11 20 � 18 P ¼ .02; F ¼ 5.8

n ¼ 19. Z, input impedance (mmHg.min/L); (mmHg$min/L); R, resistance; and C, compliance (mL/mmHg).
Adapted from Hatib F, Jansen JR, Pinsky MR. Peripheral vascular decoupling in porcine endotoxic shock. J Appl Physiol. 2011; 111(3):853e860.
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transcription of the cell adhesion molecules ICAM1 and
VCAM1 and their aortas.40 In humans, white blood cell
count, a marker of systemic inflammatory activity that is
very sensitive to acute infections, correlates with increased
brachial-ankle PWV.41 The increase in carotid-femoral
PWV after vaccination with Salmonella typhi capsular
polysaccharide described in the previous sections correlated
with increases in inflammatory markers such as C-reactive
protein, IL-6, and MMP-9, and interestingly, pretreatment
with aspirin blunted these effects.34 In animal models, a
septic insult results in an inflammatory infiltration of the
aortic wall that continues well after the septic episode has
resolved and into the long-term.42 Therefore, it seems likely
that sepsis can affect the function and structure of conduit
arterial vessels and that inflammation is the main driver of
this effect. However, the putative specific mechanisms by
which the inflammatory response in sepsis would affect
arterial stiffness (i.e., elastin degradation, smooth muscle
dysfunction, endothelial dysfunction, extracellular tissue
matrix remodeling, cellular inflammatory infiltration, etc.)
remain to be studied in detail.

Can alterations of the human microbiome by
antibiotics used to treat acute infections
affect the associations between sepsis and
cardiovascular phenotypes?

The historical view of the interaction between microbes
(bacteria, viruses, and/or fungi) and humans is of a constant
battle in which microbes try to establish infection in our
bodies and we try to eliminate them from our system.
However, over the last two decades, we have come to
realize that because of human/microbe coevolution, a large
variety (in the trillions) of microbial communities reside in
our bodies in a symbiotic manner, primarily in the gastro-
intestinal tract. This large collection of resident microbes
(and their genes) is referred to as the “human microbiome”
and has the human gastrointestinal tract as its primary
anatomical residence.43 Rather than a mere co-existence,
the relationship between the human body and the micro-
biome is dynamic and bidirectional where internal (i.e., age,
hormonal changes, inherited genes, among others) and
external factors (diet and antibiotics, among others) can
affect the composition of the microbiome, and the make-up
of the microbiome is also capable of affecting body phys-
iological functions such as immune, metabolic, and
vascular functions, among others.43 Relative to arterial
stiffness, for example, Menni et al.44 demonstrated, in adult
middle-aged female twins, that arterial stiffness (measured
by carotid-femoral PWV) is inversely correlated with gut
microbiome diversity and with the abundance of specific
bacterial taxa (mainly from the Ruminococcaceae family).
Because (a) these bacteria have been linked to lower levels
of gut derived endotoxemia in mice; (b) experimentally

induced endotoxemia is known to increase inflammatory
cytokines in humans; and (c) persistent low-grade systemic
inflammatory activity is associated with increased arterial
stiffness; it has been hypothesized that an association be-
tween the composition of the gut microbiome and arterial
stiffness could be mediated, at least in part, by the effect of
the microbiome make-up on the background systemic in-
flammatory activity of humans.45

The make-up of the oral microbiome could also affect
arterial stiffness via the increased or decreased bacterial
metabolism of nitrates. In humans, NO formation occurs
via two pathways: (1) The L-arginine-NO pathway (where
NO synthases [NOS] catalyze the formation of NO from L-
arginine and O2), and (2) the nitrate-nitrite-NO pathway
(NOS-independent; Fig. 47.1).46

In the nitrate-nitrite-NO pathway, inorganic nitrate
reaches the oral cavity from (a) dietary nitrate (from veg-
etables such as leafy greens, beets, among others); and (b)
salivary nitrate (actively taken off the circulation and
concentrated in the saliva by the salivary glands).46 In the
oral cavity, bacteria of the oral resident microbiome reduce
nitrate to nitrite. Nitrite and remaining nitrate are then
swallowed and almost fully absorbed in the intestine
(>90% bioavailability). Nitrite in blood is then directly
reduced to NO in reactions catalyzed by several molecules,
particularly deoxygenated myoglobin47 and hemoglobin.48

Meanwhile, w75% of circulating nitrate (coming from
intestinal absorption and from being the stable end-
metabolite of NO) is excreted in urine and the rest is
taken-up by the salivary glands to continue the cycle just
described.46 Mammalian cells are thought to be incapable
of reducing nitrate to nitrite; therefore, reduction of nitrate
to nitrite by the oral microbiome is the limiting step in this
pathway. NO is known to decrease the vascular tone of
resistance vessels and coronary and brachial conduit ar-
teries, and more recent evidence suggests that higher NO
blood levels from oral nitrate supplementation can also
functionally reduce the hemodynamic effects of stiffened
larger vessels, probably via modulation of smooth muscle
tone.49,50

Antibiotics are the mainstay treatment for acute in-
fections including sepsis. Since antibiotics, depending on
their class, have important effects on the composition of the
intestinal microbiome,51 it is possible that they could also
affect putative associations between the human microbiome
and arterial stiffness. For example, Dougall et al.52

demonstrated that pretreatment with amoxicillin (a beta-
lactam antibiotic with high activity against Veillonella
sp., the most important nitrate-reducing bacterial taxa of the
mouth) reduces the concentration of salivary nitrite by 40%
after a loading dose of potassium nitrate (Fig. 47.2). Thus,
if an association existed between oral nitrite production
levels and arterial stiffness, it could be affected significantly
by the administration of antibiotics. These considerations
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are even more relevant when current evidence suggests that
alterations of the intestinal microbiome induced by antibi-
otics can be lasting and long-term.51

Finally, it is important to acknowledge that any associ-
ation between the composition of the intestinal microbiome
and arterial stiffness is likely complex, and that the effect of
antibiotics on this relationship, given the differences among
them in terms of antibacterial spectrum, intestinal absorp-
tion, and other factors, need not to be consistent in only one
direction. For example, treatment of older mice (20e
24 months of age) with a cocktail of very broad spectrum
nonabsorbable antibiotics including ampicillin, neomycin,
metronidazole, and vancomycin produced a decrease in their
aortic PWV to levels that were no longer different from
those of control young mice (8e10 weeks of age).53

Arterial stiffness and human
immunodeficiency virus infection

Once invariably fatal, infection with HIV has evolved into a
more chronic condition in which combination antiretroviral
therapy (CART) can effectively suppress viral replication
and extend the life expectancy of people living with HIV
(PLHIV) to levels that approach the general popula-
tion.54,55 As a consequence, age-related noncommunicable
conditions like cardiovascular diseases are becoming an
increasing burden for PLHIV.56 Indeed, while death rates
associated with cardiovascular diseases in the general
population and some high risk groups (like people with
inflammatory polyarthropaties) are decreasing, these rates

continue to rise in PLHIV (Fig. 47.3).57 It is estimated that
by the year 2030, 73% of PLHIV will be �50 years of age,
and 78% of them will have cardiovascular disease.58 In this
section, we discuss the burden of cardiovascular disease,
including coronary artery disease and heart failure in
PLHIV, review the evidence suggesting increased risk of
arterial stiffening in this population and the potential
mechanisms in this relationship.

Myocardial infarction in people living with
human immunodeficiency virus

Although myocardial infarction is not directly related to
arterial stiffness, since it is a consequence of atherosclerotic
disease of the coronary vessels, it is useful to review its
epidemiology in PLHIV, to better understand the burden of
cardiovascular disease in this population. Moreover, some
mechanisms of arterial disease may be common to conduit
muscular arteries and proximal elastic large arteries.

Epidemiological studies have consistently demonstrated
a 0.5- to one-fold increased risk of myocardial infarction in
PLHIV compared to uninfected individuals, even after
adjustment for other known cardiovascular risk factors
(including smoking, which is particularly prevalent in this
population).59e62 The magnitude of this excess risk of MI
associated with HIV infection is comparable to other major
traditional risk factors (Fig. 47.4).59,60,63

The excess MI-risk attributable to HIV is higher in
patients whose infection is suboptimally controlled (as
measured by lower CD4 cell counts and higher detectable

FIGURE 47.1 The classic NOS-dependent NO pathway (left), and the nitrate-nitrite-NO pathway (right). Deoxy-Hb, deoxy-hemoglobin; Deoxy-Mb,
deoxy-myoglobin; NOS, nitric oxide synthase; XOR, xanthine oxidoreductase. Reproduced from Chirinos JA, 2018, J Card Fail, 24(4); 74e77.
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levels of viral copies of HIV in blood) and in those that
interrupt CART.64,65 Nonetheless, excess risk of MI is still
present (at around 0.5-fold higher) even among PLHIV that
achieve undetectable viral levels (<500 viral copies/ml) in
blood with treatment.59 Data suggest that MI risk is also
increased in “elite controllers,” a unique population of
PLHIV (<1% of them) able to suppress HIV replication
below detectable levels in blood without CART, but the
magnitude of this excess risk is not well defined.66 A pri-
mary mechanism for the increased risk of MI attributable to
HIV infection is thought to be persistent immune dysre-
gulation. PLHIV with lower nadir CD4 cell counts before
initiation of CART are at higher risk of MI.67 PLHIV
exhibit higher levels of CRP compared to uninfected in-
dividuals, and increasing levels of HIV viral load correlate
positively with IL-6 levels in this population.68,69 Higher
CRP and IL-6 are both independently associated with

greater MI-risk in PLHIV.70,71 In addition to smoking be-
ing highly prevalent among PLHIV,61,62 some studies
suggest a magnified effect of smoking on MI-risk in the
setting of HIV infection with approximately three of four
MIs among PLHIV being associated with ever smoking
compared to only one of four MIs among uninfected con-
trols.72 Dyslipidemia, hypertension, and diabetes are also
more prevalent in PLHIV, and this observation has been
linked to CART use.73e75 Some specific antiretrovirals
have also been associated with increased MI-risk in
PLHIV, independent of traditional cardiovascular risk fac-
tors. Antiretrovirals belonging to the protease-inhibitors
class, especially those approved before the early 2000s,
have been associated with about 10% increase in the risk of
myocardial infarction per year of use.76e78 The newer
protease-inhibitors atazanavir and darunavir appear to carry
significantly less cardiovascular risk than their older
counterparts with atazanavir appearing to have the safest
cardiovascular risk profile.77 Abacavir, another antiretro-
viral belonging to the nucleoside reverse transcriptase in-
hibitors class has also been linked, although inconsistently,
to a higher risk of myocardial infarction.79,80 However,
both early protease inhibitors and abacavir are no longer
preferred agents in contemporary CART regimens.81 Inte-
grase inhibitors, a newer class of antiretroviral agents are
associated with favorable lipid profiles but also increased
risk of obesity and their overall effect on MI-risk and in the
context of CART regimens with other antiretroviral classes
is to be characterized.82e84

Heart failure in people living with human
immunodeficiency virus

In the pre-CART era, AIDS-related dilated cardiomyopa-
thy, often accompanied by pericardial involvement,
affected as many as one-third of AIDS patients.85,86 This
disorder appeared to be secondary to direct myocardial
invasion by HIV, opportunistic infections of the myocar-
dium by other pathogens, and also inflammation and
autoimmunity.85,87 However, with the wide adoption and
ever earlier initiation of CART, AIDS-related dilated car-
diomyopathy has become rare in developed countries.88

Nevertheless, PLHIV appear to still remain at higher risk of
developing HF even when CART is widely available.89e94

Over the last decade, several large studies have consistently
documented a HF-risk increase in PLHIV compared to
uninfected controls (Table 47.2).89e95 The magnitude of
this HIV-associated HF-risk increase has varied between
0.3- and 1.5-fold among studies, it has been demonstrated
in both predominantly male89,91e95 and female pop-
ulations,90 and it has shown independence from coronary
heart disease (prevalent or incident),89e95 traditional car-
diovascular risk factors,89e95 and makers of socioeconomic
status and access to health care.92,93,95,96 Importantly, while

FIGURE 47.2 Mean salivary nitrate concentration (�s.e. mean) after
ingestion of potassium nitrate (200 mg) showing the significantly lower
levels attained after a two-day course of amoxycillin (C) when compared
with control (,) in healthy male volunteers. Reproduced from Dougall HT,
Smith L, Duncan C, Benjamin N. The effect of amoxycillin on salivary
nitrite concentrations: an important mechanism of adverse reactions? Br J
Clin Pharmacol. 1995; 39(4):460e462.
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most of these studies used administrative data codes for the
ascertainment of HF diagnosis,89e92,94 one study used a
centralized adjudication protocol involving objective clin-
ical, laboratorial, radiographic, and pharmacy criteria.93

Compared to uninfected controls with HF, PLHIV with HF
also have higher risk of hospitalization, rehospitalization
(after an index HF hospital admission), sudden cardiac
death, and cardiovascular and overall mortality, and lower
CD4 counts, higher viral loads and lower LV ejection
fraction are associated with worse outcomes.94,97e101

Depression appears to have a synergistic effect with HIV
infection in increasing HF risk.91

The contribution of the different phenotypes of HF (i.e.,
HF with reduced ejection fraction [HFrEF] and HF with
preserved ejection fraction [HFpEF]) to the burden of PLHIV
is still not well characterized. A large study (31,523 subjects)
of predominantly (97%)male PLHIVwithout prior history of

cardiac disease found 941 cases of newly diagnosed
HF (defined by the new documentation of one or more
inpatient or two or more outpatient ICD.9 codes consistent
with HF) over a mean follow-up of seven years. After
extracting EF values from clinical notes using an automated
extraction application, of these 941 cases, 284 (30%) were
classified as HFpEF (EF �50%), 142 (15%) as borderline
HFpEF (EF �40% and <50%), and 380 (41%) as HFrEF
(EF <40%); another 135 (14%) did not EF ascertained.
Relative to uninfected controls, the adjusted risks of HFpEF,
borderline HFpEF and HFrEF were increased by 21%, 37%,
and 61%, respectively (Table 47.2). The risk of HFrEF
was particularly elevated (by 2.6-fold) among PLHIV
younger than 40 years at baseline.94 In another study of
only women with prevalent HF of mean age of 59 years,
HFpEF comprised 71% and 63% of cases among PLHIV
(n ¼ 1388) and controls (n ¼ 13,781), respectively

FIGURE 47.3 Proportionate mortality for cardiovascular disease of all deaths within the general population, inflammatory polyarthropathy population,
and human immunodeficiency virus (HIV)-infected population. Reproduced from Feinstein MJ, Bahiru E, Achenbach C, et al. Patterns of cardiovascular
mortality for HIV-infected adults in the United States: 1999 to 2013. Am J Cardiol. 2016; 117(2):214e220.

FIGURE 47.4 Cardiovascular risk of HIV compared to traditional risk factors. Because ORs can give inflated estimates of risk when the outcome is
common, it is likely that the RRs of traditional risk factors in the INTERHEART study are smaller and thus closer to that of HIV. aRisk of acute MI,
adjusted for age, sex, and smoking. Adjustment for confounders was limited to those available in the primary studies. bRisk of ASCVD (CVD, stroke, or
MI). cHigh ApoB/ApoA1 ratio. dOR (99% CI) for current smoking; PAR for any smoking. ePAR for 2015 using prevalence data for HIV for the 15- to 49-
year-old group. Apo, apolipoprotein; ASCVD, atherosclerotic cardiovascular disease; CVD, cardiovascular disease; HIV, human immunodeficiency virus;
MI, myocardial infarction; OR, odds ratio; PAR, population attributable risk; RR, risk ratio. Reproduced from Hsue PY, Waters DD. Time to recognize HIV
infection as a major cardiovascular risk factor. Circulation. 2018; 138(11):1113e1115.
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TABLE 47.2 Studies of heart failure risk in people living with HIV (PLHIV).

Study, year of

publication

(ref)

Country in

which the

study was

done Population Outcome

Follow-

up time

Adjusted risk of HF

attributable to HIV infection

Butt et al.,
201189

USA 2391 veteran PLHIV and 6095 veteran
uninfected controls
All men
Median age in both groups, 48 years old
No prior diagnosis of coronary heart dis-
ease or heart failure

New diagnosis of heart failure defined as
new documentation of one or more inpa-
tient or two or more outpatient ICD-9
codes 425.xx or 428.xx

Median of
7.3 years

HR 1.8 (95% CI 1.4e2.4)

Womack et al.,
201490

USA 710 veteran PLHIV and 1477 veteran unin-
fected controls
All women
Median age 44 years old in both groups
No prior diagnosis of coronary heart dis-
ease or heart failure

New diagnosis of heart failure defined as
new documentation of one or more inpa-
tient or two or more outpatient ICD-9
codes 428.xx, 429.3, 402.01, 402.11,
402.91, and 425.xx

Median of
6.0 years

IRR 2.5 (95% CI 1.5e4.5)

White et al.,
201591

USA 26,908 veteran PLHIV (19% with major
depression diagnosis) and 54,519 veteran
uninfected controls (16% with major
depression diagnosis)
w97% male in both groups
Mean age 48 years old in both groups
No prior diagnosis of heart failure, coro-
nary heart disease, or stroke/transient
ischemic attack

New diagnosis of heart failure defined as
new documentation of ICD-9 codes
428.xx, 429.3, 402.01, 402.11, 402.91,
and 425.xx

Median of
5.8 years

PLHIV without depression,
HR 1.3 (95% CI 1.2e1.4)
PLHIV with depression, HR
1.68 (1.45e1.95)

Al-Kindi et al.,
201692

USA 36,400 PLHIV and 12,208,430 uninfected
controls
68% of PLHIV and 41% of controls were
male
93% of PHLIV and 73% of controls
were <65 years old

Prevalence of heart failure defined by the
umbrella term “heart failure” in the plat-
form Explorys (Cleveland, Ohio, USA) that
uses ICD codes, systemized nomenclature
of medicinedclinical terms (SNOMED-
CT), logical observation identifiers names
and codes and RxNorm

Not
applicable

RR 1.7 (95% CI 1.6e1.7)

Freiberg et al.,
201794

USA 31,523 veteran PLHIV and 66,492 veteran
controls
97% male in both groups
Mean age 48 years old in both groups
No prior diagnosis of heart failure, coro-
nary heart disease, or stroke/transient
ischemic attack

New diagnosis of heart failure defined as
new documentation of one or more inpa-
tient or two or more outpatient ICD-9
codes 428.xx, 402.01, 402.11, 402.91,
404.01, 404.03, 404.11, 404.13, 404.91,
and 404.93. EF was ascertained using an
automated extraction application from clin-
ical notes

Median of
7.1 years

HR 1.4 (95%
CI 1.0e1.4) for HFpEF
HR 1.2 (95%
CI 1.1e1.7) for borderline
HFpEF
HR 1.6 (95%
CI 1.4e1.9) for borderline
HFrEF
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Feinstein et al.,
201893

USA 4640 PLHIV and 4250 uninfected controls
w80% male in both groups
Mean age 40 years old in both groups
No prior diagnosis of heart failure
Baseline prevalence of coronary heart dis-
ease 5% in both groups

New diagnosis of heart failure, centrally
adjudicated by physicians based on clinical
and laboratorial criteria

Mean of
5.6 years

HR 2.1 (95% CI 1.4e3.2)

Yen et al.,
201995

Taiwan 24,153 PLHIV (72% on CART) and 96,612
uninfected controls
94% male in both groups
Mean age 32 years old in both groups
No prior diagnosis of heart failure

New diagnosis of heart failure defined as
new documentation of one or more inpa-
tient or three or more outpatient ICD-9
codes 428.xx

Mean of
5.8 years

HR 1.5 (95% CI 1.3e1.8)

Prasada et al.,
202096

USA 2715 PLHIV and 19,358 uninfected con-
trols
85% males in PLHIV and 43% in controls
Mean age 43 years old in PLHIV and 49
years old in controls
No prior diagnosis of heart failure

New diagnosis of heart failure defined as
new documentation of an unspecified set
of ICD.9 codes associated with heart
failure

Median of
3.6 years

HR 1.3 (95% CI 1.0e1.7)

ICD-9 denotes International Classification of Diseases, Ninth Revision. HR denotes hazard ratio. IRR denotes incidence rate ratio. RR denotes relative risk. HFpEF denotes heart failure with preserved
ejection fraction, EF �50%. Borderline HFpEF, �40%e49%. HFrEF denotes heart failure with reduced ejection fraction, EF <40%.
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(P ¼ .44). Although left ventricular ejection fractions were
similar between groups, HIV-infected women had wider
QRS (113.19 vs. 97.20 ms; P < .0001) and higher pulmo-
nary artery systolic pressure (49.12 vs. 39.10 mm
Hg; P < .0001). HIV þ women also had higher rates of HF
hospitalization, longer HF hospitalizations, lowers rates of
optimal pharmacological therapy forHFrEF, and higher rates
of all-cause and cardiovascularmortality.101 Ameta-analysis
of studies of cardiac function in PLHIV observed a shift to-
ward lower prevalence of systolic dysfunction in more recent
reports and in settings of wide availability of CART.102 In
another meta-analysis of 11 studies of paucisymptomatic
PLHIV without clinical cardiovascular disease, the pooled
incidence of diastolic dysfunction among 2242 participants
(mean age, 42 years) was 43.4% (95% CI: 31.7%e55.0%)
compared to only 8.3% (95% CI: 2.2e14.3) for systolic
dysfunction.103 For reference, the prevalence of diastolic
dysfunction in the general population aged 45e55 years is
estimated at w6%.104,105 In studies where LV mass is
assessed, PLHIV without clinical HF consistently show
larger masses than uninfected controls.106e110 However,
differentiation between eccentric versus concentric LV hy-
pertrophy was not clear. All in all, current data appear to
signal to HFrEF being more prominent among male PLHIV
and HFpEF more prominent in female PLHIV. However,
given the high prevalence of subclinical diastolic dysfunction
in PLHIV, and as this population continues to age, it is likely
that HFpEF will continue to take a more prominent role
overall.

An association between persistent immune dysregula-
tion and increased risk of HF in PLHIV, similar to the case
of MI risk in this population, has also been proposed
though its supportive evidence is less robust. Among 5098
PLHIV participating in a trial of intermittent versus
continuous use of CART, serum levels of IL-6, high
sensitivity CRP, and D-dimer were associated with an
increased risk of a composite endpoint of cardiovascular
disease that included cardiovascular death, nonfatal
myocardial infarction, nonfatal stroke, congestive heart
failure, coronary revascularization, coronary artery disease
requiring drug treatment, and peripheral arterial disease.71

Otherwise, we could not find reports documenting associ-
ations between inflammatory markers and specific HF risk
in PLHIV. Several studies also suggest that PLHIV, even
when well controlled with CART and without clinical heart
failure, have increased myocardial inflammation, interstitial
fibrosis and steatosis as measured by cardiac magnetic
resonance.111e114 However, the exact contribution of these
abnormalities to the excess HF risk of PLHIV is not well
defined. There is a relative paucity of data about the in-
fluence of CART on HF risk. One study suggested that the
excess risk of HF associated with HIV decreases over time
as the duration of CART increases.95 The use of tenofovir,
an antiretroviral of the nucleotide reverse transcriptase

inhibitor class, has been associated with lower incidence of
HF whereas the use of antiretrovirals of the protease in-
hibitor class has been linked to lower left ventricular
ejection fraction, higher pulmonary artery systolic pressure,
and increased mortality and readmission rates after a hos-
pitalization for acute decompensated HF in PLHIV.115

Overall the effect of CART on HF risk is still unclear.

Human immunodeficiency virus infection and
arterial stiffness

In two small studies from 2005 to 2008, Schillaci
et al.116,117 found that PLHIV that were either CART-naive
or already receiving CART, had higher carotid-femoral
PWV than uninfected controls. Since then, several subse-
quent reports, also mostly with small sample sizes, have
delivered inconsistent results on this topic, with some
studies finding increased aortic stiffness in PLHIV
compared uninfected controls,116e128 while others did
not.129e139 Reports have also been conflicting regarding the
impact of CART on arterial stiffness as some studies found
a negative impact of CART on PWV,118,119,125,132,139

whereas others did not.120,126,131,134 This divergence in
findings could well be explained by the small sample sizes
of these studies and also the remarkable heterogeneity
among them including, but not limited to, the sex and age
composition of their groups, their geographic setting, the
time since HIV diagnosis in their PLHIV cohorts, the
techniques used to account for the central blood pressure,
the arterial segments used for the measurement of PWV
(some including muscular arterial segments), the exposure
to CART among PLHIV participants, the duration and
composition of the CART regimens, the degree of immu-
nodeficiency reached before CART was initiated, the de-
gree of immune recovery with CART, and the techniques
and equipment used to measure PWV (Table 47.3). Several
studies also claimed the assessment of PWV in PLHIV but
did not specify the arterial paths for their measurements and
thus, they are difficult to interpret.140e143

Studies that investigated other specific determinants of
PWV in PLHIV showed that factors that have been
associated with arterial stiffness in the general population,
such as age, blood pressure, smoking, body mass
index, dyslipidemia and metabolic syndrome, are also
primary determinants of arterial stiffness in
PLHIV.116e120,122e125,129e131,133,136e139 The magnitude of
the effect of the metabolic syndrome on arterial stiffness
seems especially magnified in PLHIV.123,139 Among fac-
tors specific to HIV infection, lower nadir T-CD4þ cell
counts (i.e., before initiation of CART), ongoing immune
dysregulation, and duration of exposure to CART also
seem to be associated with PWV in
PLHIV.118e120,123,126,127,132,136,139 Overall, however, the
preponderance of data suggests that the burden of
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TABLE 47.3 Studies of arterial stiffness in people living with HIV (PLHIV).

Study, coun-

try, year (ref) Population

Measurement

instrument Findings Significance

Factors associated with

PWV in PLHIV

Schillaci
et al., Italy,
2005116

32 PLHIV (78% men, mean age 41 � 8,
mean BMI 25 � 4, all on CART)
32 uninfected controls (78% men, mean
age 41 � 8, mean BMI 25 � 3)

SphygmoCor Vx
(AtCor Medical,
West Ryde, NSW,
Australia)

Mean cfPWV in PLHIV, 7.6 � 1.1 m/s
Mean cfPWV in uninfected controls,
6.8 � 1.2 m/s

P ¼ .015

Age, duration of CART

Schillaci
et al., Italy,
2008117

39 PLHIV, CART naive (67% men,
mean age 37 � 8, mean BMI 23 � 3)
28 uninfected controls (67% men, mean
age 37 � 7, mean BMI 25 � 3)

SphygmoCor Vx
(AtCor Medical,
West Ryde, NSW,
Australia)

Mean cfPWV in PLHIV, CART naive,
7.5 � 1.4 m/s
Mean cfPWV in uninfected controls,
6.7 � 1.1 m/s

P ¼ .001

Age, mean arterial pressure,
serum gamma-glutamyl trans-
peptidase, HIV infection

Vlachopoulos
et al., Greece,
2009129

51 PLHIV, CART naive (92% men,
mean age 33 � 8, mean BMI 24 � 3)
35 uninfected controls (89% men, mean
age 33 � 8, mean BMI 27 � 5)

Complior SP
(Artech Medical,
Pantin, France)

Mean cfPWV in PLHIV, CART naive,
6.4 � 0.8 m/s
Mean cfPWV in uninfected controls,
6.3 � 1.0 m/s

0.74

Age, BMI, aortic systolic and
diastolic blood pressure,
brachial systolic and diastolic
blood pressure, hs-CRP, and
LDL-cholesterol

Lekakis et al.,
Greece,
2009118

22 PLHIV, CART naive (all men, mean
age 40 � 13, mean BMI 23 � 3)
34 PLHIV, CART exposed (96% men,
mean age 40 � 14, mean BMI 23 � 2)
28 uninfected hypertensive controls
(96% men, mean age 41 � 13, mean
BMI 24 � 3)
28 uninfected normotensive controls
(96% men, mean age 40 � 12, mean
BMI 24 � 3)

Complior SP
(Artech Medical,
Pantin, France)

Mean cfPWV in PLHIV, CART naive
and CART exposed, 8.1 � 1.4 m/s
Mean cfPWV in uninfected normoten-
sive controls, 6.7 � 1.1 m/s
Mean cfPWV in PLHIV, CART naive
and CART exposed, 8.1 � 1.4 m/s
Mean cfPWV in uninfected hyperten-
sive controls, 9.0 � 1.0 m/s
Mean cfPWV in PLHIV, CART naive,
7.5 � 1.3 m/s
Mean cfPWV in PLHIV, CART exposed,
8.4 � 1.4 m/s
Mean cfPWV in PLHIV, CART exposed,
8.4 � 1.4 m/s
Mean cfPWV in uninfected hyperten-
sive controls, 9.0 � 1.0 m/s
Mean cfPWV in PLHIV, CART naive,
7.5 � 1.3 m/s
Mean cfPWV in uninfected normoten-
sive controls, 6.7 � 1.1 m/s

P ¼ .03

P ¼ .01

P ¼ .03

P ¼ .25

P ¼ .03

Mean or diastolic blood pres-
sure, serum cholesterol, serum
triglycerides, CART duration,
protease-inhibitor use, and
nucleoside reverse transcript
inhibitor use
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TABLE 47.3 Studies of arterial stiffness in people living with HIV (PLHIV).dcont’d

Study, coun-

try, year (ref) Population

Measurement

instrument Findings Significance

Factors associated with

PWV in PLHIV

Charakida
et al., UK,
2009119

35 PLHIV, CART naive (63% men,
mean age 10 � 3, median BMI z score
0.62 [IQR, �1.32e0.38])
48 PLHIV, CART exposed (62% men,
mean age 11 � 3, median BMI z score
�0.18 (IQR, �0.81e0.69])
59 uninfected controls (47% men, mean
age 12 � 3, median BMI z score �0.20
(IQR, �0.46e1.04])

SphygmoCor (AtCor
Medical, West
Ryde, NSW,
Australia)

Mean crPWV in PLHIV, CART naive
and CART exposed, 7.5 � 1.3 m/s
Mean crPWV in uninfected controls,
7.0 � 1.1 m/s
Mean crPWV in PLHIV, CART naive,
7.2 � 0.9 m/s
Mean crPWV in PLHIV, CART exposed,
7.8 � 1.5 m/s
Mean crPWV in PLHIV, CART naive,
7.2 � 0.9 m/s
Mean crPWV in uninfected controls,
7.0 � 1.1 m/s

P ¼ .03

P ¼ .04

No significant difference
(P value not provided)

Systolic blood pressure, serum
cholesterol, HIV infection
disease severity (as per CDC
guidelines), and CART use

Zeng et al.,
China,
2010120

41 PLHIV, CART naive (63% men,
mean age 37 � 9, median age 37 [range
25e76], mean BMI 26 � 4)
41 PLHIV, CART exposed (59% men,
median age 39 [range 21e70], mean
BMI 22 � 3)
43 uninfected controls (67% men, mean
age 39 � 4, mean BMI 24 � 4)

BP-203RPE II
(Nihon Colin,
Japan)

Mean haPWV (one-point) in PLHIV,
CART naive, 13.6 � 1.2 m/s
Mean haPWV (one-point) in uninfected
controls, 12.7 � 1.9 m/s
Mean haPWV (one-point) in PLHIV,
CART naive, 13.6 � 1.2 m/s
Mean haPWV (one-point) in PLHIV,
CART exposed, 12.8 � 1.8 m/s

P ¼ .01

P ¼ .03

Age, current smoking, and
CART use

Ferraioli
et al., Italy,
2012130

54 PLHIV (67% men, median age 46
[IQR 42e54], median BMI 25
[IQR 23e27], �4, 96% on CART)
54 uninfected controls (67% men,
median age 48 [IQR 38e54], median
BMI 25 [IQR 23e28])

ProSound a 10
(Aloka, Tokio,
Japan)

Median cPWV in PLHIV, 5.8
(IQR 5.0e6.5)
Median cPWV in uninfected controls,
5.8 (IQR 5.3e6.4) P ¼ .89

Age

Eira et al.,
Brazil,
2012121

28 PLHIV, CART naive (61% men,
mean age for men 42 � 2, mean age for
women 43 � 2; mean BMI for men
25 � 1, mean BMI for women 28 � 7)
28 PLHIV, CART exposed (71% men,
mean age for men 45 � 2, mean age for
women 42 � 2; mean BMI for men
25 � 1, mean BMI for women 26 � 4)
44 uninfected diabetic controls (48%
men, mean age for men 46 � 1, mean
age for women 52 � 1; mean BMI for
men 30 � 1, mean BMI for women
31 � 5)
30 uninfected nondiabetic controls (53%
men, mean age for men 42 � 2, mean
age for women 43 � 2; mean BMI for
men 32 � 3, mean BMI for women
27 � 5)

Complior SP
(Artech Medical,
Pantin, France)

Mean cfPWV in uninfected nondia-
betic controls, 8.6 (95% CI 8.1e9.1)
m/s
Mean PWV in PLHIV, CART naive, 8.8
(95% CI 8.2e9.4) m/s
Mean cfPWV in uninfected nondia-
betic controls, 8.6 (95% CI 8.1e9.1)
m/s
Mean PWV in uninfected diabetic
controls, 9.9 (95% CI 9.4e10.3) m/s
Mean cfPWV in uninfected nondia-
betic controls, 8.6 (95% CI 8.1e9.1)
m/s
Mean PWV in PLHIV, CART exposed,
9.7 (95% CI 9.1e10.3) m/s

No significant difference
(P value not provided)

P < .01

P < .01

Not reported
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Monteiro
et al., Brazil,
2012131

261 PLHIV (58% men, mean age 42 �
8, mean BMI 24 � 4, 89% on CART)
82 uninfected controls (33% men, mean
age 42 � 11, mean BMI 27 � 4)

Complior SP
(Artech Medical,
Pantin, France)

Mean cfPWV in PLHIV, 7.9 � 1.5 m/s
Mean cfPWV in uninfected controls,
7.8 � 1.5 m/s

No significant difference
(P value not provided)

Age, male sex, blood pressure

Maloberti
et al., Italy,
2013132

36 PLHIV, CART naive (81% men,
mean age 41 � 8, BMI 25 � 5)
72 PLHIV, CART exposed (83% men,
mean age 47 � 8, BMI 24 � 3)
224 uninfected controls (74% men,
mean age 45 � 7, BMI 25 � 3)

SphygmoCor Vx
(AtCor Medical,
West Ryde, NSW,
Australia)

Mean cfPWV in PLHIV, CART naive,
9.9 � 1.3 m/s
Mean cfPWV in PLHIV, CART exposed,
10.8 � 1.9 m/s
Mean cfPWV in PLHIV, CART naive,
9.9 � 1.3 m/s
Mean cfPWV in uninfected controls,
9.3 � 1.2 m/s
Mean cfPWV in PLHIV, CART exposed,
10.8 � 1.9 m/s
Mean cfPWV in uninfected controls,
9.3 � 1.2 m/s

No significant difference
(P value not provided)

No significant difference
(P value not provided)

P ¼ .02

CART exposure

Ngatchou
et al.,
Cameroon,
2013122

108 PLHIV, CART naive (24% men,
mean age 39 � 11, mean BMI 25 � 12)
96 uninfected controls (29% men, mean
age 41 � 12, mean BMI 28 � 6)

SphygmoCor v6.1
(AtCor Medical,
West Ryde, NSW,
Australia)

Mean cfPWV in CART naive PLHIV,
7.5 � 2.2 m/s
Mean cfPWV in uninfected controls,
6.9 � 1.7 m/s

P ¼ .02

Age and serum LDL-
cholesterol

Echevarrı́a
et al., France,
2014133

174 PLHIV (84% men, median age 47
[IQR, 42%e52%, 32% with BMI >25,
94% on CART)
80 uninfected controls (79% men, me-
dian age 46 [IQR, 41%e52%, 43% with
BMI >25)

Complior SP
(Artech Medical,
Pantin, France)

Median cfPWV in PLHIV, 8.0
(IQR, 7.0e9.2) m/s
Median cfPWV in uninfected controls,
7.1 (IQR, 6.4e7.7) m/s

No significant difference
(P value not provided)

Diastolic blood pressure and
serum triglycerides

Rider et al.,
UK, 2014123

73 PLHIV without metabolic syndrome
(80% men, mean age 44 � 10; mean
BMI 25 � 4, 84% on CART)
17 PLHIV with metabolic syndrome
(82% men, mean age 48 � 8; mean BMI
30 � 6, 94% on CART)
92 uninfected controls without meta-
bolic syndrome (53% men, mean age
45 � 10; mean BMI 25 � 4)
44 uninfected controls with metabolic
syndrome (77% men, mean age 49 �
11; mean BMI 33 � 7)

MRI Mean taPWV in PLHIV with metabolic
syndrome, 7.4 � 2.4
Mean taPWV in PLHIV without meta-
bolic syndrome, 6.2 � 1.9
Mean taPWV in PLHIV without meta-
bolic syndrome, 6.2 � 1.9
Mean taPWV in uninfected controls
with metabolic syndrome, 6.7 � 1.9
Mean taPWV in PLHIV without meta-
bolic syndrome and PLHIV with meta-
bolic syndrome were 15%e38%
higher than uninfected controls
without metabolic syndrome (crude
numbers not reported)
Mean taPWV in PLHIV without meta-
bolic syndrome and uninfected con-
trols with metabolic syndrome were
16%e20% higher than uninfected
controls without metabolic syndrome
(crude numbers not reported)

P < .05

P ¼ .94

P < .05 (comparison)

P < .05 (comparison)

Age, systolic blood pressure
and CART exposure
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TABLE 47.3 Studies of arterial stiffness in people living with HIV (PLHIV).dcont’d

Study, coun-

try, year (ref) Population

Measurement

instrument Findings Significance

Factors associated with

PWV in PLHIV

Lemogoum
et al.,
Cameroon,
2014124

238 PLHIV, (24% men, mean age 40 �
11, mean BMI 25 � 9, 55% on CART)
96 uninfected controls (29% men, mean
age 41 � 12, mean BMI 28 � 6)

Complior SP
(Artech Medical,
Pantin, France)

Mean cfPWV in PLHIV, 7.3 � 1.9 m/s
Mean cfPWV in uninfected controls,
6.9 � 1.7 m/s

P ¼ .037
Body weight, serum
LDL-cholesterol, serum
HDL-cholesterol, serum
non-HDL-cholesterol

Fourie et al.,
South Africa,
2015134

78 PLHIV, CART naive (35% men,
mean age 48 � 1, mean BMI 24 � 1)
66 PLHIV, CART exposed (26% men,
mean age 49 � 1, mean BMI 22 � 1)
165 uninfected controls (41% men,
mean age 50 � 1, mean BMI 24 � 0.5)

Complior SP
(Artech Medical,
Pantin, France)

Mean cdPWV in CART naive PLHIV,
8.6 (95% CI, 8.2e9.0)
Mean cdPWV in CART exposed PLHIV,
8.5 (95% CI, 8.0e8.9)
Mean cdPWV in uninfected controls,
8.8 (95% CI, 8.5e9.0)

No significant difference
(P value not provided)

Not reported

Maloberti
et al., Italy,
2015135

94 PLHIV (83% men, mean age 44 � 6,
mean BMI 24 � 4, 67% on CART)
37 uninfected controls (76% men, mean
age 45 � 8, mean BMI 25 � 3)

SphygmoCor Vx
system (AtCor Med-
ical, Sydney, NSW,
Australia)

Mean cfPWV in PLHIV, 7.5 (no mea-
sure of variability provided)
Mean cfPWV in uninfected controls,
7.4 (no measure of variability
provided)

P ¼ not significant (no
actual value provided)

Not reported

Maia-Leite
et al., France,
2016136

133 PLHIV (92% men, mean age 48 �
8, median BMI 24 [IQR, 21e25], 99%
on CART)
135 uninfected controls (91% men,
mean age 48 � 9, median BMI 26 [IQR,
23e29])

Complior SP
(Artech Medical,
Pantin, France)

Median cfPWV in PLHIV, 7.5
(IQR, 6.7e8.4) m/s
Median cfPWV in uninfected controls,
7.5 (IQR, 6.6e8.4) m/s

P ¼ .64
Age, mean arterial pressure,
nadir CD4þ T-cell
count <200 cells/uL

Msoka et al.,
Tanzania,
2016125

47 PLHIV, CART naive (23% men,
mean age 45 � 6; mean BMI 25 � 4)
34 PLHIV on CART (18% men, mean
age 45 � 4; mean BMI 25 � 4)
40 uninfected controls (63% men, mean
age 45 � 5; mean BMI 26 � 4)

SphygmoCor (AtCor
Medical, Itasca, IL
USA)

Mean cfPWV in PLHIV, CART naive
and on CART, 7.7 � 1.7 m/s
Mean cfPWV in uninfected controls,
7.0 � 1.2 m/s
Mean cfPWV in PLHIV, CART naive,
7.3 � 1.5 m/s
Mean cfPWV in uninfected controls,
7.0 � 1.2 m/s
Mean cfPWV in PLHIV, CART naive,
7.3 � 1.5 m/s
Mean cfPWV in PLHIV on CART,
8.2 � 1.8 m/s

P ¼ .039

P ¼ .401

P ¼ .017

Age and time since HIV infec-
tion diagnosis

Eckard et al.,
US, 2017137

101 PLHIV (64% men, median age 20
[IQR, 17e23], median
BMI 22 [IQR, 19e25], all on CART)
86 prospective uninfected controls (59%
men, median age 19 [IQR, 14e23],
median BMI 23 [IQR, 18e28])

SphygmoCor (AtCor
Medical, Itasca, IL
USA)

Median cfPWV in PLHIV, 5.7
(IQR, 5.2e6.3) m/s
Median cfPWV in uninfected controls,
5.7 (IQR, 4.9e6.25) m/s

P ¼ .81
Male sex, systolic blood pres-
sure, alcohol use
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Moreira et al.,
Brazil,
2018

138

644 PLHIV (58% men, median age 44
[IQR, 36e51], median BMI 24
[IQR, 22e28], 89% on CART)
105 prospective uninfected controls
(35% men, median age 44 [IQR,
36e55], median BMI 28 [IQR, 24e31])
14,873 retrospective uninfected controls
(46% men, median age 51 [IQR,
45e58], median BMI 27 [IQR, 24e30])

Complior SP
(Artech Medical,
Paris, France)

Median cfPWV in PLHIV, 8.48 (IQR,
7.66e9.40) m/s
Median cfPWV in retrospective unin-
fected controls, 9 (IQR, 8.10e10.20)
m/s
Median cfPWV in PLHIV, 8.48 (IQR,
7.66e9.40) m/s
Median cfPWV in prospective unin-
fected controls, 8.70
(IQR, 7.90e10.20) m/s

b ¼ �0.05, (95% CI,
�0.23e0.12; P ¼ .52) for
the weighted association
of HIV infection with cf
PWV
b ¼ 0.10, (95% CI, �0.10
e0.31; P ¼ .32) for the
weighted association of
HIV infection with cf
PWV

Age, family history of sudden
death, systolic blood pressure,
diastolic blood pressure,
hypertension, antihypertension
medication use, serum triglyc-
erides, waist to hip ratio

Msoka et al.,
Tanzania,
2018139

32 PLHIV without metabolic syndrome,
CART naive (28% male, mean age 44 �
6; mean BMI 24 � 4)
42 PLHIV without metabolic syndrome
on CART (29% male, mean age 46 � 5;
mean BMI 23 � 4)
16 PLHIV with metabolic syndrome,
CART naive (13% men, mean age 47 �
5; mean BMI 27 � 3)
12 PLHIV with metabolic syndrome on
CART (25% men, mean age 47 � 4;
mean BMI 29 � 4)
39 uninfected controls without meta-
bolic syndrome (69% men, mean age
45 � 3; mean BMI 25 � 4)
10 uninfected controls without meta-
bolic syndrome (50% men, mean age
45 � 4; mean BMI 30 � 5)

SphygmoCor (AtCor
Medical, Itasca, IL
USA)

No difference in cfPWV between
PLHIV (all included) and controls (all
included)ddata not shown
Mean cfPWV in PLHIV, CART naive,
7.1 � 1.9 m/s
Mean aPWV in PLHIV on CART, 7.9 �
1.9 m/s
Mean cfPWV in participants (PLHIV
and controls) without metabolic
syndrome, 7.1 � 1.3 m/s
Mean cfPWV in participant (PLHIV and
controls) with metabolic syndrome,
8.3 � 1.6 m/s
No difference in cfPWV among PLHIV
CART naive without metabolic syn-
drome, PLHIV on CART without meta-
bolic syndrome, and controls without
metabolic syndromeddata not shown
cfPWV in PLHIV on CART with meta-
bolic syndrome was 25% higher than
uninfected controls with metabolic
syndromeddata not shown
cfPWV in PLHIV on CART with meta-
bolic syndrome was 21% higher than
PLHIV CART naive with metabolic
syndromeddata not shown
cfPWV in PLHIV on CART with meta-
bolic syndrome was higher than PLHIV
on CART without metabolic
syndromeddata not shown
Mean cfPWV in PLHIV, CART naive
with metabolic syndrome,
7.7 � 1.3 m/s
Mean cfPWV in PLHIV, CART naive
without metabolic syndrome, 7.1 �
1.6 m/s
cfPWV was similar in controls with
and without metabolic syndromed
data not shown

N.A

P ¼ .008

P < .001

P ¼ .464

P ¼ .018

P ¼ .023

P ¼ .009

P ¼ .139

P ¼ .590

Age, mean arterial pressure,
duration of CART, metabolic
syndrome
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TABLE 47.3 Studies of arterial stiffness in people living with HIV (PLHIV).dcont’d

Study, coun-

try, year (ref) Population

Measurement

instrument Findings Significance

Factors associated with

PWV in PLHIV

Kelly et al.,
Malawi,
2019126

279 PLHIV, (56% men, median age 37
[IQR 31e43], median BMI 20
[IQR 18e22], CART naive at enrollment)
110 uninfected controls (40% men, me-
dian age 35 [IQR 31e41], median BMI
22 [IQR 20e25])

Vicorder device
(Skidmore Medical,
London, UK)

Mean cfPWV in PLHIV at baseline
7.54 m/s (95% CI, 7.36e7.72 m/s)
Mean cfPWV in control at baseline
7.19 m/s (95% CI, 6.92e7.45 m/s)
Mean cfPWV in PLHIV at 10 weeks of
CART 7.41 m/s (95% CI,
7.21e7.61 m/s)
Median cfPWV in controls, 7.15 m/s
(95% CI, 6.89e7.41 m/s)
Mean cfPWV in PLHIV at 22 weeks of
CART 7.20 m/s (95% CI,
7.02e7.39 m/s)
Median cfPWV in controls, 7.32 m/s
(95% CI, 7.05e7.58 m/s)
Mean cfPWV in PLHIV at 44 weeks of
CART 7.24 m/s (95% CI,
7.04e7.45 m/s)
Median cfPWV in controls, 7.21 m/s
(95% CI, 6.93e7.50 m/s)

P ¼ .07

P ¼ .02

P ¼ .46

P ¼ .59

Persistence of initially high
proportion of PD-1þ CD8þ
T cells

Toribio et al.,
US, 2020127

34 PLHIV (all women, mean age 52 �
4; mean BMI 32 � 7; 59% on CART)
34 uninfected controls (all women;
mean age 52 � 4; mean BMI 32 � 7)

MRI

Mean taPWV in PLHIV: 8.6 � 1.3 m/s
Mean taPWV in controls: 6.5 � 1.3 m/s P < .0001 sCD163 levels

Martı́nez-
Ayala et al.,
Mexico,
2020

128

51 PLHIV (90% men, mean age 33 �
10, mean BMI 23 � 4, CART naive)
51 uninfected controls (86% men, mean
age 32 � 10, mean BMI
25 � 3)

PulsePen (Dia-
techne, Milan, Italy)

Median cfPWV in PLHIV 7.4 m/s (IQR,
0.12 m/s)
Median cfPWV in controls 6.8 m/s
IQR, 0.12 m/s)

P < .01 Not reported

BMI, body mass index; CART, combination antiretroviral therapy; cdPWV, carotid-dorsalis pedis PWV; cfPWV, carotid-femoral PWV; cPWV, carotid (local, one-point) PWV; crPWV, carotid-radial PWV; haPWV, heart-
ankle PWV; PLHIV, people living with HIV; PWV, pulse wave velocity; taPWV, thoracic aorta PWV. Several studies that did not specify the arterial paths for the measurement of PWV were not included.140e143
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traditional risk factors for vascular aging are the major
determinants of arterial stiffness in PLHIV, and that im-
mune alterations more specific to HIV infection play a less
important role.

Chronic inflammatory activity in the vascular walls of
conduit arteries has been proposed as a mechanism for
accelerated “aging” of these vessels and resultant increased
arterial stiffness.144,145 Few studies have assessed aortic
inflammation in PLHIV using positron emission tomogra-
phy. Four studies by Subramanian et al.146 (27 PLHIV
recruited prospectively and 27 historic uninfected controls),
Taglieri et al.147 (20 PLHIV recruited prospectively and 20
prospective uninfected controls), Lawal et al.148 (121
PLHIV and121 uninfected controls, both historical), and
Longenecker et al. (55 PLHIV and 19 uninfected controls,
both groups prospectively recruited) found that compared
to uninfected controls, PLHIV had a significant increase
(though marginal) in aortic inflammation even when their
infection was well controlled on CART and differences in
traditional cardiovascular risks factors were accounted for.
However, another study by Knudsen et al.149 did not
corroborate this finding. In 12 PLHIV naive to antiretro-
viral therapy, commencement of CART did not translate in
meaningful changes in aortic inflammation at six months
post-CART initiation despite effective HIV viral
suppression.150

Hence, a putative association between HIV infection
and increased arterial stiffness and its mechanisms,
let alone its clinical implications, remain poorly defined and
they should be the focus of future research.

Conclusion

A robust body of epidemiological evidence demonstrates
that cardiovascular disease is a significant contributor to the
morbidity and mortality associated with acute and chronic
infections. For the case of acute infections, cardiovascular
disease not only complicates the course of infected patients
in the short term but also in the long term, after the
infection has clinically resolved. The biological pathways
driving these associations are poorly understood. Further-
more, regarding the association between acute infections
and cardiovascular disease, the mechanistic framework
under which this relationship has been approached has
mostly neglected any putative role of arterial stiffness and
pulsatile hemodynamics. For the association between
chronic infections like infection by HIV and cardiovascular
disease, studies on the role of arterial stiffness and pulsatile
hemodynamics are limited by small sample sizes, meth-
odological shortfalls, and lack of standardization. A higher
awareness of the importance of arterial stiffness and pul-
satile hemodynamics in cardiovascular disease among cli-
nicians and researches, the simplification of their surrogate
measures, and the standardization of measuring instruments

should greatly facilitate the characterization of the role of
arterial stiffness and pulsatile hemodynamics in the rela-
tionship between infections and cardiovascular disease in
future studies.
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Introduction

In the mammalian cardiovascular system, pressure and flow
oscillations across a single cardiac cycle are generally
referred to as “pulsatility.” To distinguish between different
types of pulsatility, several different terms exist. Pulsatility
related to oscillations in blood pressure is often quantified
as pulse pressure (PP). PP is calculated as the difference
between systolic and diastolic pressure of the arterial pres-
sure waveform and can be influenced by variations in stroke
volume and compliance of the large arteries. Conversely,
pulsatility related to oscillations in blood flow is commonly
quantified as the pulsatility index (PI). The PI describes the
relationship between the peak systolic flow velocity and the
end-diastolic velocity, normalized to the prevailing mean
flow velocity. It should be noted that although PP and PI
have similar biological origins, there are many instances
when these are not interchangeable and specificity of ter-
minology when describing pulsatility is always advised.

A large body of literature has shown that both high PP
and high PI are associated with large artery stiffness, altered
hemodynamics (e.g., turbulent flow patterns), and micro-
vascular complications. Specifically, increased PP and PI
have been shown to relate to microvascular complications
and end-organ damage in healthy aging and disease,
including diabetes and end-stage renal disease.1e3

Unfortunately, literature describing how the arterial
network and cardiovascular system interact and react to
continuous, low PP and PI is limited. Yet, the in vivo investi-
gation of the effects of low PP and PI is possible in patients
implanted with a continuous-flow left ventricular assist device
(LVAD). Studying LVAD patients can therefore expand our
understanding of the effects of altered PP and PI by identifying
the impact of lowPPandPI on themacro- andmicrocirculation.

Over the course of the last 25 years, different pulsatile
and continuous-flow LVAD systems have been developed.4

The main role of such implantable devices is to support
the failing heart and improve the peripheral circulation
while patients wait for a donor heart for transplantation
(termed bridge-to-transplant therapy), or as a permanent
therapy in patients who do not meet the criteria for heart
transplantation (termed destination therapy).

There are differentmodels ofmechanical pumps used. The
majority of LVAD systems used today are considered
continuous-flow pumps (continuous output of blood volume,
characterized with predominantly low oscillations between
systolic and diastolic flow and pressures). However, these
different LVADmodels have drastically different mechanical
interactions with the blood, they output blood volume using
different pump settings (e.g., at different pump speeds) and
produce different hemodynamic profiles in the macro- and
microcirculation. See Fig. 48.1 below.
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Low pulsatile hemodynamics in
continuous-flow left ventricular assist
device therapy

In the sections below, the physiological and clinical con-
sequences of living with continuous-flow LVADs will be
described and evaluated.

Clinically, the implantation of an LVAD significantly
improves survival for appropriate candidates with advanced
heart failure.5,6 Although LVADs are successful at
achieving their aims of unloading the left ventricle (LV) of
a failing heart and restoring the cardiac output to normal
levels at rest, patients implanted with such devices often
present with increased rates of microvascular complications
(e.g., stroke, gastrointestinal (GI) bleeding, and cerebral
microbleeds). These complications are likely caused by the
combined effects of a chronically failing heart with a
powerful, continuous-flow LVAD that transmits low pul-
satile pressure and flow to the microcirculation. The cardiac
output generated by both the native heart and the LVAD is
characterized by a low pulsatile pressure and flow profile in
the ascending aorta. These low pulsatile pressure and flow
hemodynamics dramatically impact on how the cardiovas-
cular system regulates itself and interacts with such low
oscillations, in a bid to maintain systemic homeostasis.

Acute and chronic consequences of these low pulsatile
oscillations may determine the degree of large artery stiff-
ening and the hemodynamic energy transmitted to the
microcirculation.

Because of their different LVAD settings and the altered
hemodynamic profile of the cardiac output, important dif-
ferences in PP and PI can be observed between commonly
implanted LVADs. Fig. 48.1 highlights some of the vari-
ability in hemodynamics that may have a role in deter-
mining the magnitude and severity of both macro- and
microvascular complications in LVAD patients.

Importantly, recent clinical trials have revealed signifi-
cant differences in device therapyeassociated outcomes,
with the newest generation of LVADs, the HeartMate 3
devices, achieving a significantly better clinical outcome
than the HeartMate II.5,6 Potential reasons for this clinical
benefit have been proposed, including the reduction of the
mechanical shear between the metal bearings and blood
(achieved by the combination of a lower pump speed, wider
bore size, and the introduction of an “artificial pulse” that
washes out the mechanical components of the pump), and a
consequently lower von Willebrand factor degradation.7

Automated modulations in pump speed, which occur at a
frequency of 0.5Hz (every 2 seconds), create what is
known as the “artificial pulse”. These pump modulations

FIGURE 48.1 Hemodynamic profiles. (A) In healthy individuals, the PP and PI are clearly present across the whole body, from the macrocirculation
(here, carotid artery) to the microcirculation (here, central retinal artery). (B, C) In heart failure, PP is slightly reduced as reflected by the lower oscillations
in blood pressure. However, PI in the macro- and microcirculation is maintained. (D, E) LVAD patients implanted with the continuous-flow HeartMate II
have a much lower PP and PI. (F, G) Although HeartMate 3 patients also have a reduced PP and PI, the “artificial pulse” can interrupt the continuous flow.
Because the “artificial pulse” is not synchronized with the native heartbeat, sometimes it creates marked oscillations in the macro- and microcirculation
(represented by *), while at other times it has much less of an affect. This makes the PP and PI waveforms of HeartMate 3 patients unpredictable, and
hence increases the difficulty in measuring blood pressure and interpreting the biological impact of the “artificial pulse.”
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may provide some pulsatility to the periphery, but further
study is warranted to determine the degree to which this
“artificial pulse” simulates normal physiology. Because the
occurrence of the artificial pulse is not synchronized with
the native heart rate, the resultant pressure and flow dy-
namics are not entirely predictable (see Fig. 48.1F and G).
However, to date, superiority of HeartMate 3 over the
HeartMate II devices in lowering specific microvascular
complications (e.g., rates of GI bleeding and hemorrhagic
stroke) has not been shown.

Before discussing the impact of low pulsatile pressure
and flow on microvascular complications, the next section
will address the consequences of low PP and PI on the
macrocirculation which plays an important role in damp-
ening or transmitting the central hemodynamics to the pe-
ripheral microcirculation.

Effects of low pressure and flow
pulsatility on the macrocirculation

In conditions like the LVAD therapy described in the
previous section, the low pulsatile pressure and flow are
already present at the level of the ascending aorta. Conse-
quently, the entre circulation, from the central elastic ar-
teries to the microvessels, is affected. Sections Sympathetic
nerve activity, vascular remodeling, and aortic stiffness,
Endothelial dysfunction, and Blood pressure below
describe the different effects of low pressure and flow
pulsatility of LVAD patients on the macrocirculation.

Sympathetic nerve activity, vascular
remodeling, and aortic stiffness

Because of a reduced systolic blood pressure in advanced
heart failure patients, the baroreflex is often chronically
activated via the baroreceptors located in the central mac-
rocirculation. In accordance, the increased sympathetic
activity has been shown to maintain arterial perfusion
pressures via increasing vascular resistance as heart failure
with reduced ejection fraction progresses. Similarly, data in
LVAD patients reveal a markedly elevated muscle sym-
pathetic nerve activity attributed to the missing pulsatile
stretch of the baroreceptors (because the low arterial os-
cillations caused by the weak native heart and the contin-
uous flow of the LVAD create an extremely low PP and
PI). Importantly, it has been shown that acute restoration of
rhythmical distension of the baroreceptors through alter-
ations of LVAD speed settings (i.e., increasing the pulsatile
nature of the flow and pressure output) can lower SNA in
LVAD patients.8 These data suggest that the low PP and/or
PI play an important role in the overall cardiovascular
regulation, and that restoring PP and/or PI to optimal levels

may reduce future bleeding complications in LVAD pa-
tients.9,10 It should be noted that while previous pulsatile
LVAD systems did not present with high levels of GI
bleeding when compared to continuous-flow LVADs, they
did present with increased risk of stroke. Therefore,
creating optimal pulsatile pressure and flow for these
LVAD patients may be essential for reducing overall risk.
Since increased SNA induces vascular remodeling of large
and small arteries in non-LVAD patients, it can be postu-
lated that the high SNA reported in LVAD patients may
have long-term consequences on subsequent macro- and
microvascular complications.11

Unfortunately, due to the inability to accurately measure
pressure oscillations within many LVAD patients,
measuring arterial stiffness independent of blood pressure
during LVAD therapy is very challenging, if not impos-
sible. Therefore, several studies have used the methodo-
logical approach to compare heart failure patients before
LVAD surgery and shortly after orthotopic heart transplant
(OHT).

Indeed, it has been shown that patients on LVAD
therapy have higher aortic stiffness compared to heart
failure patients not on LVAD support.12 These findings
were further described by a reduced smooth muscle content
and an increased collagen content of ascending aorta tissue
samples, harvested during transplant after only 7 months on
LVAD therapy. LVAD patients may thus experience dra-
matic aortic stiffening as a result of major structural
remodeling compared to heart failure patients not on
LVAD therapy. In addition, more recent evidence suggests
that aortic stiffness index [aSI: ln(systolic/diastolic pres-
sures) to (relative change in diameter)] does not increase in
all LVAD patients, highlighting a differential macro-
vascular response to continuous-flow therapy.13,14 The
reasons for such disparate responses may be attributed to
the duration of LVAD support, differential pharmacolog-
ical therapy, and the individual LVAD settings (mostly
pump speed). Moreover, the same data highlighted that
composite outcome (reported as GI bleeding, pump
thrombosis, and stroke) was highest in those patients where
aSI increased while on LVAD therapy, compared to those
patients where aSI did not increase or even decreased. As
such, this study emphasizes the potentially important link
between increased arterial stiffness and microvascular
complications.

One point that must not be ignored is the probable
impact of the severity of heart failure and duration prior to
LVAD implantation, as well as the potential effects of the
duration of LVAD therapy, which may influence how and
to what extent continuous flow interacts with an already
diseased cardiovascular system, and thus impacts on the
macro- and microcirculation.
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Endothelial dysfunction

In addition to increased sympathetic nerve activity, accel-
erated vascular remodeling, and arterial stiffness, patients
with continuous-flow LVADs have been shown to have
greater levels of endothelial dysfunction compared to heart
failure patients with reduced ejection fraction.15 Since
endothelial dysfunction is associated with high cardiovas-
cular risk, understanding the extent and reasons behind this
endothelial dysfunction in LVAD patients is critical.16 In a
non-LVAD population, the cyclical changes in blood flow
and pressures create an optimal shear stress on the endo-
thelial layer of the arteries, stimulating the release of
endothelial-derived nitric oxide (NO), which is necessary
for smooth muscle relaxation, dilatation, and regulation of
arterial stiffness.17 In continuous-flow LVAD patients, it
has been proposed that the low PI results in a decreased
stimulation of the endothelium and thus a lower NO, with a
subsequent reduction in dynamic endothelial responsive-
ness and increased arterial stiffness.18

One approach used to determine endothelial function is
a standardized test termed flow-mediated dilatation (FMD).
Typically, the degree of endothelial dysfunction and
therefore FMD is predominantly associated with NO
release, or to a lesser extent, the release of prostacyclin and
endothelial-derived hyperpolarizing factor.19,20 Unsurpris-
ingly, FMD is lower in continuous-flow LVAD patients
compared to patients implanted with pulsatile LVAD sys-
tems that are no longer in use.15 These findings highlight
the critical cyclical role that pressure and flow oscillations
play in regulating NO release and maintaining endothelial
function in LVAD patients. Moreover, the interconnections
between the native heart, LVAD speed settings, and device
differences may produce different magnitudes of pulsatility
(see Fig. 48.1) and subsequent degree of endothelial
dysfunction. Since endothelial dysfunction and NO pro-
duction are associated with increasing arterial stiffness, it is
acceptable to suggest that these links may play a role in
determining the degree of arterial stiffness observed in
LVAD patients and the associated risk of GI bleeding and
stroke.

With the introduction of the third generation of LVAD
devices (HM3), more studies are needed to investigate the
impact of the “artificial pulse” of this system on the
development and progression of endothelial dysfunction
and arterial stiffness. These much-needed data will eluci-
date if the “artificial pulse” is even present across the
macro- and microcirculation of LVAD patients, and
whether it creates enough of an oscillatory swing to stim-
ulate an increased NO release from the endothelial layer
and maintain endothelial function.

Given the impact of LVADs on the macrocirculation, it
is reasonable to expect that the observed impact of
continuous flow and low pulsatility on large artery

endothelial dysfunction may also be apparent within the
microcirculation. Investigating microcirculatory endothelial
dysfunction in specific peripheral organs (e.g., the brain and
GI tract) may provide future mechanisms linked to clinical
microcirculatory outcome in LVAD patients.

Blood pressure

As already stated, a baroreceptor-mediated rise in SNA
increases peripheral vascular tone and contributes to the
maintenance of mean arterial pressure (in the face of a
reduced systolic BP) observed in LVAD patients. However,
due to the absence of detectable pressure oscillations in the
majority of LVAD patients, the ability to accurately mea-
sure blood pressure is often lacking. The inability to
accurately measure systolic and diastolic blood pressure
and therefore PP in LVAD patients means that decision-
making in relation to optimizing treatment may often be
suboptimal. When oscillometric devices fail to capture a
blood pressure in the clinic, an alternative of using Doppler
to attempt to record a measurement of pressure is often
used. Importantly, there has been debate as to what pressure
the Doppler method measures (mean arterial pressure vs.
systolic pressure). Thus, its interpretation in clinical prac-
tice is uncertain. The aforementioned lack of oscillations
makes it a critical issue in providing informed treatment for
hypertension in patients on continuous-flow LVAD ther-
apy. Importantly, LVAD patients have been shown to have
a lower threshold of blood pressureeassociated CV risk
and outcome compared to that of other populations. For
example, the risk of stroke is increased above a relatively
low systolic blood pressure w101 mmHg, compared to
>140 mmHg in typical hypertensive populations.21e24

Therefore, continuous-flow LVAD patients may be at high
risk of stroke due to the inability of their macrovasculature
to regulate and maintain a blood pressure below 101mmHg.
Moreover, risk of stroke could also be influenced by levels
of anticoagulation and levels of v-WF deficiency in these
patients. In addition, higher levels of blood pressure may
also lead to higher risk of thrombus formation in the LVAD
device due to increased stasis from a lowered driving
pressure from the system.

The current inability to record and accurately measure
blood pressureerelated clinical issues in the majority of
LVAD patients poses a serious challenge for our under-
standing. Importantly, these issues are exacerbated in HM3
patients who have a chaotic blood flow and pressure profile
due to the artificial pulse (see Fig. 48.1F and G). The
chaotic waveform further complicates an accurate blood
pressure measurements. At present, there are no commer-
cially available, noninvasive, oscillometric systems that can
accurately measure and record blood pressure in HM3 pa-
tients. This causes significant challenges during clinical
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follow-up when attempting to measure and treat high blood
pressure and reduce microvascular complications.

Importantly, 24-h recordings of ambulatory blood
pressure of HMII patients have revealed several blood
pressure surges throughout the 24-hour period (see
Fig. 48.2). Due to the fact that LVAD patients are already at
high risk of stroke at systolic blood pressure levels above
101 mmHg, evidence to show an inability to buffer systolic
blood pressure surges >140 mmHg over a 24-h period,
could mean that the LVAD patient is potentially at higher
risk of microvascular insults during such hypertensive
episodes.

Consequences of low pressure and flow
pulsatility on the microcirculation

The previous sections have highlighted the impact of low
pulsatility hemodynamics from the implanted device on the
large arteries. Moreover, the clinical data indicate that the
third-generation LVAD, the HM3, is associated with
overall improved clinical outcomes. However, there are
some remaining clinical challenges that seem to be as
problematic with the HM3 as with the HM II. This indicates
that the technological advances of the HM3, including the
intermittent “artificial pulse,” have not sufficiently resolved
the circulatory complications in LVAD patients. Several

major complications mentioned above persist even in the
third-generation LVAD patients, including right heart fail-
ure (27%e32% of patients), GI bleeding (27%), stroke
(10%e19%), respiratory failure (22%e24%), and a
reduced exercise capacity that is minimally improved from
the pre-LVAD heart failure state. In the following para-
graphs, we discuss the potential role of microcirculatory
disruption in relation to these complications and the
possible pharmacological management, before summari-
zing the potential mechanisms involved.

At present, it seems conceivable that the low pulsatile
hemodynamics are a systemic phenomenon, as evidenced
by the lower pulsatility across the whole circulation. Recent
studies have revealed that the reduced arterial pulsatility of
LVAD patients implanted with both the second- and third-
generation devices can be seen in the large, intermediate-
sized conduit arteries as well as the microcirculation.25 Of
great importance is the observation that the reduction in
pulsatility from the aorta and carotid arteries to the middle
cerebral and central retinal artery of healthy individuals is
halved again in LVAD patients.25 These findings demon-
strate the extent to which the microcirculation of LVAD
patients may be impacted. Yet, our current knowledge also
suggests that these hemodynamics may have a differential
impact on the microcirculation of different end organs,
given the varied complications mentioned above.

FIGURE 48.2 The 24-hour blood pres-
sure profile and variability (inclusive of
highlighted hypertensive episodes) of a
HMII LVAD patient. The figure above
describes the blood pressure profile of the
HMII LVAD patient over 24 h, with hy-
pertensive episodes circled in red.
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Right heart failure and respiratory
complications

Right heart function is important for the circulatory func-
tion of patients with LVADs and may itself produce some
microcirculatory complications in the lungs. Studies that
acutely changed the LVAD pump speed highlighted the
relationship between an unloading of the LV and an
overloading of the right ventricle (RV).26 Unloading the
LV to an end-diastolic volume less than 260 mL will in-
crease the volumetric load on the RV and vice versa. This
may indicate why a significant portion of LVAD patients
experience severe right heart complications, in particular in
the postoperative period. Ultrasound of the right heart has
revealed some important hemodynamic shifts in LVAD
patients and has the potential to inform the clinician about
early changes in pulmonary artery pulsatility index as well
as of right ventricular dysfunction.26,27 Whether the altered
RV hemodynamics are directly linked to the respiratory
complications remains to be elucidated. Phenomena like the
exercise-induced arterial hypoxemia in LVAD patients (see
below for more details) do suggest that there is a circulatory
problem in the lungs, which could either relate to an
increased transit time of blood (caused by a volume over-
load) or to direct respiratory issues.28

Cerebrovascular complications

In the brain, microcirculatory complications are alarmingly
high, with a reported prevalence of 97% of LVAD patients
with cortical microbleeds.29 It is likely that the LVAD itself,
and the continuous-flow more precisely, causes such
widespread pathophysiologic changes that predispose to
microvascular complications. Yet, the kidneys, which are
known to be particularly sensitive to altered hemodynamics,
are less affected than other organs (in particular when
considering the confounding influence of declining muscle
mass in the estimation of glomerular filtration rate).5,30

Despite a concerted effort of the LVAD research commu-
nity, the mechanisms associated with microcirculatory
complications in the brain remain elusive. This is in part the
case because of the technical challenges of measuring the
microcirculatory hemodynamics in the different target or-
gans. MRI assessments are not possible during LVAD
support, and other imaging techniques have their own lim-
itations. Equally, ultrasound has been used successfully to
determine hemodynamics in the cerebral circulation, namely
the middle cerebral artery.25 The typical investigation of the
middle cerebral artery is, however, not representative of the
cerebral microcirculation. MRI investigations immediately
before LVAD implantation and after OHT have revealed
important insights into the cerebral microcirculation as
discussed above. But the lack of data on the cerebral
microcirculation during LVAD support presents a major

gap of knowledge in the LVAD community. Given the close
anatomic relationship between the eye and the cerebral
circulation, the use of ultrasound to detect flow dynamics
and pulsatility in the central retinal artery (diameter range of
w140e180 mm) of LVAD patients may significantly
advance our current knowledge in this area. At present, it is
not known whether the HeartMate 3 creates a similar
transmission of hemodynamics from the macro- to the
microcirculation. Furthermore, the impact of the “artificial
pulse” on the macrocirculation and its transmission into the
microcirculation remains unknown, and more research is
required to assess cerebrovascular, macro- and microcircu-
latory dynamics in patients with contemporary LVADs.

Gastrointestinal bleeding

For the GI tract, the noninvasive hemodynamic assessment
is particularly problematic, since the clinical interventions
in response to suspected or overt GI bleeding may worsen
the patients’ prognosis.31,32 Studies have shown that the
high prevalence of GI bleeding in LVAD patients is asso-
ciated with angiodysplasia and arterio-venous (AV) mal-
formations.31,32 Because of the similar prevalence of GI
bleeding in HeartMate II and HeartMate 3 patients, the
“artificial pulse” of the HM3 does not seem to have had a
positive impact. Consequently, the exact mechanisms
associated with GI bleeding in LVAD patients remain un-
known. However, uncontrolled hypervolemia, increased
sympathetic state (known to affect the GI tract), a neuro-
hormonal axis related to AV malformations, and/or the
reduced pressure and flow pulsatility could influence the
integrity of the GI microcirculation and clinical presenta-
tion of GI bleeding. Equally, it is possible that the right
heart failure discussed above may cause a backflow into the
GI tract that could manifest as microcirculatory complica-
tions and ultimately angiodysplasia and GI bleeding.33,34

Interestingly, GI bleeding is also prevalent in severe aortic
stenosis, suggesting a more general link between altered car-
diac output dynamics and GI bleeding across different patient
groups. Furthermore, a common complication in LVAD pa-
tients is aortic insufficiency, which can lead to aortic regur-
gitation similar to severe aortic stenosis.35 However, it is
important to acknowledge that the arterial hemodynamics of
aortic stenosis aremore pulsatile than those of LVADpatients,
and that the angiodysplasia of LVAD patients has its own
distinct phenotype.36e38 Instead, the hemodynamics of pa-
tients with severe aortic stenosis may actually be more similar
to those of advanced heart failure patients prior to LVAD
implantation. Consequently, the microcirculatory complica-
tions experienced during chronic heart failure have the po-
tential to prime the microcirculation and predispose the
patients to the above-mentioned complications when the he-
modynamics are suddenly altered to a hypervolemic, low-
pulsatile state during LVAD support.
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Pharmacological decision-making in relation to
PP and PI in LVAD patients

Historically, stroke has been the primary cause of death
among heart failure patients supported by LVAD from 6 to
24 months of support.39 The reasons for this are multifac-
torial and related to comorbidities, medication effects, a
prothrombotic state, and other LVAD-related complications
that result from chronic exposure to a nonphysiologic
pulse.8,40,41 These factors work together in an almost syn-
ergistic fashion to increase the risk of cerebrovascular
events.40 As demonstrated in Fig. 48.3 below, reductions in
PP increase the risk of GI bleeding,42 and reductions in
strength of anticoagulation subsequent to a bleeding event
substantially increase the risk of pump thrombus formation
or an ischemic stroke. Hypertension may increase the risk
of pump thrombus formation by nearly threefold, which
increases the risk of subsequent stroke. Therefore, careful
and personalized medication considerations are required
when treating such patients. Potential application of
measuring localized flow PI may help inform pharmaco-
logical decision-making in the future.

Finally, it is noteworthy that more than one-fourth of
LVAD patients experience a device-related infection over
time,43 which independently increases the risk of stroke,
possibly as a result of formation of mycotic aneurysms
from bacterial seeding.44

Left ventricular assist device therapy
and exercise capacity

Despite normalization of a resting cardiac output following
implantation of an LVAD, patients suffer from severe and
persistent reductions in functional exercise capacity. How-
ever, themechanisms related to the reduced exercise capacity
and the consequences for themicrocirculation are not clear. It
has been shown that subjective assessments of quality-of-life
and the severity of heart failure improve following LVAD
implantation.45 However, objective metrics such as the
maximal oxygen uptake (VO2max) obtained during cardio-
pulmonary exercise testing fail to improve and typically
remain in the range of 12e15 mL/kg/min, even up to 1 year
after device implantation.46e48 The ability of current-
generation LVADs to augment flow during exercise is
limited and as such, delivery of oxygenated blood to exer-
cising muscle largely depends on the intrinsic contractility of
the native LV.47,49,50 Considering that the absolute workload
and 6-min walk distance mildly improve during LVAD
therapy, the lack of a clear increase in VO2max may be
attributable to longstanding skeletal muscle microcirculatory
issues. Severe deconditioning of the skeletal musculature
because of a long history of chronic heart failure may be one
reason, thereby possibly affecting mitochondrial density,
mitochondrial respiration, and the energetic efficiency of
differentmusclefiber types. Equally, the dramatically lowPP

FIGURE 48.3 The complex and sensitive interactions between low pulse pressure, high pulse pressure, anticoagulation treatment, and
microvascular complications of LVAD patients. Lines show the interconnections between blood pressures, GI bleeding or Pump thrombus and ce-
rebrovascular events when anticoagulation therapy is increased or decreased. Figure modified and changed from source Cornwell III WK, Ambardekar
AV, Tran T, et al. Stroke incidence and impact of continuous-flow left ventricular assist devices on cerebrovascular physiology. Stroke. 2019;
50:542e548.
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and PI in the microcirculation may affect capillary recruit-
ment and O2 kinetics in the capillaries, which is supported by
the observation that LVAD patients experience exercise-
induced arterial hypoxemia at low cardiac outputs.28

Furthermore, exercise among patients with heart failure may
be limited by pulmonary, peripheral vascular, autonomic or
musculoskeletal abnormalities, and it is not clear by any
means that LVAD implantation improves these organ sys-
tems.46 Finally, the pump itself is a denervated machine with
no biofeedback mechanisms in place and, as such, does not
participate in autonomic/exercise presser reflexes that
otherwise facilitate the body’s response to exercise,
including the regulation of arteriolar and capillary diameter
and tone.

Conclusions

It is clear that low pulsatility has detrimental consequences
on the macro- and microcirculation that is as serious a
problem as excessive pulsatility. However, the role of low
pulsatility in LVAD patients must be interpreted and dis-
cussed in relation to many interconnecting factors. Such
factors include pharmacological treatment regimens,
pump speed settings, hypervolemia, O2 uptake, and the
severity of underlying cardiac and vascular disease states
pre-implantation. Further studies are needed to understand
the direct role of low pressure and flow pulsatility in
affecting macro- and microcirculatory health, which will
likely substantially advance our general understanding of
arterial physiology and circulatory regulation.
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Effects of common antihypertensive
treatments on pulsatile arterial
hemodynamics
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Introduction

When the blood flows from the central large elastic aorta to
peripheral smaller muscular arteries, systolic blood pressure
(BP) increases, without significant changes in diastolic BP
and mean arterial pressure, resulting in widened pulse
pressure. Although brachial BP highly correlates with
central BP, substantial individual discrepancies between
central and peripheral BP exist. Some studies have shown
that the strength of the associations between target organ
damage and systolic BP and pulse pressure was stronger for
the central than brachial arteries. In a meta-analysis of 11
studies that included 5648 subjects followed up for
3.8 years, central pulse pressure showed borderline supe-
riority to brachial pulse pressure in the prediction of car-
diovascular events.1

Several previous studies have shown that various clas-
ses of antihypertensive drugs may have different treatment
effects. The Conduit Artery Function Evaluation study,2 a
substudy of the Anglo-Scandinavian Cardiac Outcomes
Trial (ASCOT), showed that amlodipine/perindopril was
more efficacious than atenolol/thiazide in reducing central
systolic BP and pulse pressure by 4.3 mm Hg (95% con-
fidence interval [CI], 3.3 to 5.4) and 3 mm Hg (95% CI, 2.1
to 3.9), respectively, despite similar brachial BP reductions
in the two groups. In addition, central pulse pressure was
significantly associated with the risk of the composite
outcome of total cardiovascular events and procedures and
development of renal impairment.2 The cardiovascular
benefits of amlodipine and perindopril based regimen
observed in ASCOT3 might have resulted at least in part

from their effect on central BP, although other hemody-
namic effects (such as reduced BP variability) might have
been involved as well.4 There is therefore a growing in-
terest in central BP as a target of treatment in hypertension.

In this review article, we summarize the evidence on the
effect of pharmaceutical- or device-based cardiovascular
therapeutics on pulsatile arterial hemodynamics. We
discuss (1) whether antihypertensive drug treatment
reduced arterial wave reflections; (2) whether the newer
agents, such as renin-angiotensin-aldosterone (RAS) in-
hibitors and calcium-channel blockers (CCBs), were more
efficacious than the older ones, such as diuretics,
b-blockers, and a-blockers; (3) whether the even newer
agents, such as vasodilating b-blockers and angiotensin
receptor neprilysin inhibitors (ARNIs), were more effica-
cious than their respective comparators, i.e., non-
vasodilating b-blockers and angiotensin receptor blockers
(ARBs), respectively. In addition, we also studied device-
based antihypertensive therapy for its effects on central
hemodynamics.

Antihypertensive drug classes and their
mechanisms of action

Current hypertension guidelines recommend several classes
of antihypertensive agents for the treatment of hyperten-
sion, such as angiotensin-converting enzyme (ACE) in-
hibitors, ARBs, b-blockers, dihydropyridine CCBs, and
thiazide diuretics. These agents reduce BP via different
modes of action. ACE inhibitors and ARBs block the RAS
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system by inhibiting ACE and blocking the angiotensin II
type 1 receptor, respectively. b-blockers reduce BP by
inhibiting activation of the sympathetic nervous system,
and reducing heart rate and myocardial contractility. Newer
b-blockers show ancillary vasodilatory properties, which
may play a part in BP lowering. Dihydropyridine CCBs
dilate arteries, especially arterioles, and reduce BP by
constricting calcium channels on vascular smooth muscle
cells. Diuretics exert antihypertensive effects on the kid-
neys via enhancing electrolytes and water excretion and
regulating body fluid volume. Several other classes of
antihypertensive agents are also recommended on special
conditions or for patients with resistant hypertension, such
as a1-blockers, central sympatholytic agents, loop diuretics,
nondihydropyridine CCBs, potassium sparing diuretics
(aldosterone receptor antagonists and others), direct vaso-
dilators, and so on. Direct renin inhibitors and ARNIs still
have limited availability but can also be used in the treat-
ment of hypertension on various clinical conditions
(Fig. 49.1).

Data acquisition, extraction, and
analysis

We searched the PubMed, Embase, and Cochrane Central
Register of Controlled Trials for randomized controlled
trials that tested antihypertensive treatment with central
arterial hemodynamics as an outcome measure. The search
key terms included “central pressure,” “aortic pressure,”
“carotid pressure,” “pulse amplification,” “central-to-pe-
ripheral pulse pressure ratio,” “augmentation index (AI),”
“antihypertensive drug,” “antihypertensive treatment,” and
“antihypertensive agent.” We limited our search to studies
published in English in peer-reviewed journals up to

September 2020. We checked the reference lists of review
articles and original studies identified by the electronic
search to find other potentially eligible studies.

We identified 140 published studies meeting the above
criteria. We excluded 70 studies because of less than four
weeks of follow-up time (n ¼ 9), uncontrolled or self-
controlled design (n ¼ 4), nonrandomized subgroup ana-
lyses (n ¼ 7), dose-dependent study (n ¼ 2) or crossover
design (n ¼ 45), or ambulatory central BP as outcome
(n ¼ 3). We further excluded 29 studies because of com-
bination antihypertensive therapy (n ¼ 6), within class drug
comparison (n ¼ 13), actively controlled trials between
RAS inhibitors, ARNI, CCBs, and vasodilating b-blockers
comparison (n ¼ 7), or without central BP mean values
(n ¼ 1) or 95% confidence intervals (n ¼ 2). Thus, a total
of 41 studies were eventually included in the present
overview.

These 41 trials5e45 included 13 trials that compared
antihypertensive drugs with placebo6e10,12,13,15,17 or “usual
care,”4,10,13,15 and 20 trials that compared RAS
inhibitors8,18e23,26e34 (n ¼ 16) or CCBs20,24,25,35,36 (n ¼ 5)
with diuretics,8,18e20,24,25,33e35 b-blockers20e22,26e32,36 or
an a-blocker,23 or compared vasodilating with non-
vasodilating b-blockers22,37e43 (n ¼ 8), or ARNI with
ARB44,45 (n ¼ 2). We additionally identified four device-
based therapy trials46e49 for the treatment effect of either
renal sympathetic denervation (RDN)46 or continuous
positive airway pressure (CPAP)47e49 on central pressure
and AI.

We based our analysis on summary statistics reported in
the literature. For central arterial hemodynamics, we
extracted the means and standard deviations for the
experimental and control groups separately, at baseline and
during follow-up, and if available in the published report,

FIGURE 49.1 Main classes of antihypertensive agents and mechanism of action. Drug classes in red color are those recommended by the current
hypertension guidelines.
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also changes over time. We extracted measurement infor-
mation on the techniques used to assess arterial hemody-
namics. We searched for specifications about the BP
measuring device and other methods for BP measurement,
arterial sites, and the algorithm for AI estimation.

For each comparison within each trial, we calculated the
absolute difference in the mean changes over time in central
systolic BP (mm Hg), central pulse pressure (mm Hg),
augmentation pressure (mm Hg) and AI (%) between the
experimental and control groups. The pooled effect for each
grouping of trials was derived from the point estimate for
each separate trial weighted by the inverse of the variance
(1/SE2). Heterogeneity of effect sizes was tested across
trials using the c2 test. If trials were homogeneous
(P < .10), a fixed-effects model was used to calculate
pooled effect sizes. Otherwise, a random-effects model was
applied to calculate overall differences. Net treatment ef-
fects on central pressure and AI were determined by sub-
tracting the mean change in the experimental group from
the corresponding mean change in the control group. We
ran all aforementioned computations and statistical ana-
lyses in Stata version 15 (Stata Corp LP, College Station,
Texas, USA).

Antihypertensive drugs versus placebo
or no-treatment

This part of our analysis included 13 studies with 635
participants, of whom 415 (65.4%) had been randomized in
nine double-blind trials and 220 (34.6%) in four studies
with an open design (Table 49.1). Active antihypertensive
treatment consisted of an ACEI in three trials (n ¼ 165),5e7

an ARB in three trials (n ¼ 186),8e10 an aldosterone re-
ceptor antagonist in two trials (n ¼ 102),11,12 a renin in-
hibitor in two trials (n ¼ 49),12,13 a diuretic in one trial
(n ¼ 40),8 and a vasodilating b-blocker in three trials
(n ¼ 129).15e17 Klingbeil’s study8 contributed two groups
to the present overview, valsartan or hydrochlorothiazide
versus placebo. The weighted mean changes in central
systolic and diastolic BP across the nine trials5,7,8,10e16

were �6.9 mm Hg (95% CI, �9.9 to �3.7, P < .001)
and �4.1 mm Hg (95% CI, �5.7 to �2.5, P < .001),
respectively. The weighted mean changes were �2.0 mm
Hg (95% CI, �3.5 to �0.6, P ¼ .007) in augmentation
pressure across five trials,5,7,8,13,15 and �5.2% (�9.1
to �1.3, P < .001) in AI across 10 trials.5e11,14,15,17

Renin-angiotensin-aldosterone inhibitors
and calcium-channel blockers versus
diuretics, b-blockers, and a-blockers

London and colleagues conducted a controlled, blinded
study to compare perindopril and nitrendipine on their

effects on arterial hemodynamics in patients on chronic
hemodialysis.50 The results showed that 12 months of
treatment with ACEI and CCB had similar effects on AI
and carotid BP. A series of subsequent studies investigated
the central hemodynamic effects of vasoactive antihyper-
tensive agents.2,8,18e45,51

The following REASON study51 revealed that in 471
hypertensive participants followed for 12 months, the
indapamide and perindopril combination decreased brachial
systolic BP and pulse pressure significantly more than
atenolol, with an adjusted between-group difference
of �6.02 mm Hg (95% CI, �8.90 to �3.14)
and �5.57 mm Hg (95% CI, �7.70 to �3.44), respectively.
Similar adjusted between-group differences were
observed for central systolic BP [�12.52 mm Hg (95%
CI, �17.97 to �7.08)] and pulse pressure [�10.34 mm Hg
(95% CI, �14.12 to �6.56)], and for carotid [�5.57%
(95% CI, �10.77 to �0.36)] and aortic AI [�5.17% (95%
CI, �7.74 to �2.61)].

Taking all the 20 trials together (Table 49.2),8,18e36 newer
antihypertensive agents consisted of an ACEI in seven trials
(n ¼ 854),18e23 an ARB in eight trials (n ¼ 1123),8,26e32 a
renin inhibitor in three trials (n ¼ 197),22,33,34 and a CCB in
five trials (n ¼ 490).20,24,25,35,36 Compared with diuretics,
b-blockers or a-blockers, the differences in the changes in
central systolic BP were statistically significant for ACEIs
by�3.4 mmHg (95%CI,�5.9 to�0.9,P ¼ .008), forARBs
by�4.1 mmHg (95%CI,�6.0 to�2.2, P < .001), for renin
inhibitors by�6.7 mmHg (95%CI,�7.8 to�5.5,P < .001),
and for CCBs by �5.6 mm Hg (95% CI, �8.2 to �3.0,
P < .001). No significant heterogeneity was noticed within
the four comparisons (P � .24). The weighted mean changes
were �5.6 mm Hg (95% CI, �6.5 to �4.8, P < .001) in
central systolic BP across the 20 trials8,18e36 and �3.3 mm
Hg (95%CI,�5.0 to�1.6,P < .001) in pulse pressure across
12 studies.8,18e20,22,24,26,28,30e32,35 The weighted mean
changes were �3.4 mm Hg (�5.3 to �1.4, P < .001) in
augmentation pressure across five trials8,20,24,27,35

and �6.1% (�7.9 to �4.3, P < .001) in AI across 18
trials.8,19e25,27e36

Vasodilating versus nonvasodilating
b-blockers

b-blockers have been shown to increase central systolic
BP or decrease central-to-peripheral BP amplification
through slowing heart rate and increasing peripheral
vasoconstriction. However, b-blockers are usually classi-
fied into three generations: the first-generation nonselec-
tive b-blockers, the second-generation cardioselective
(selective b1-blockade) agents, and the third-generation
agents with ancillary vasodilating action, via the release
of nitric oxide and antioxidative, b2-agonistic, and
calcium entry blocking effects (Table 49.3).52 The
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TABLE 49.1 Trials of antihypertensive drugs versus placebo or no-treatment.

First

author Year Blinding Patients

No. of

patients Treatment

Arterial

site Device Algorithma Measurements Follow-up

Angiotensin converting enzyme inhibitors

Dart AM5 2001 Open HT 111 Perindopril Radial PWV medical P2/P1 cBP, AP, and AI 12 w

Tsang
TSM6

2006 Double Isolated diastolic
dysfunction

21 Quinapril Radial SphygmoCor (P2 e P1)/PP AI 12 m

Shahin Y7 2013 Double Intermittent
claudication

33 Ramipril Radial SphygmoCor (P2 e P1)/PP cBP, AP, and AI 24 w

Angiotensin receptor blockers

Klingbeil
AU8

2002 Double HT 60 Valsartan Radial SphygmoCor P2/P1 cBP, AP, and AI 6 w

Mitchell
GF9

2006 Double Heart failure 64 Candesartan Carotid Cardiovascular
engineering

(P2 e P1)/PP AI 6/14 m

Peters
CD10

2014 Double Hemodialysis 82 Irbesartan Radial SphygmoCor (P2 e P1)/PP cBP and AI 1 y

Aldosterone receptor blockers

Boesby
L11

2013 Open CKD 51 Eplerenone Radial SphygmoCor (P2 e P1)/PP cBP and AI 24 w

Kalizki
T12

2017 Double Resistant HT 51 Eplerenone Radial SphygmoCor e cBP 26 w

Renin inhibitors

Calhoun
D13

2017 Double Diabetes 21 Aliskiren Radial SphygmoCor e cBP and AP 3 m

Hwang
JW14

2018 Open Marfan syndrome 28 Aliskiren Radial SphygmoCor (P2 e P1)/PP
@HR75

cBP and AI 24 w

Diuretic

Klingbeil
AU8

2002 Double HT 60 HCTZ Radial SphygmoCor P2/P1 cBP, AP, and AI 6 w

Vasodilating b-blockers

Davis
JT15

2013 Double Pre-HT 50 Nebivolol Radial SphygmoCor (P2 e P1)/PP cBP, AP, and AI 8 w

Werner
TJ16

2013 Open HT 30 Nebivolol Carotid Cardiovascular
engineering

e cBP 12 w

Kandavar
R17

2015 Double Pre-HT 34 Nebivolol Radial Omron P2/P1@HR75 AI 8 w

Studies are listed in the order of the year of publication per category. AI, augmentation index; AP, augmentation pressure; cBP, central blood pressure; CKD, chronic kidney disease; HCTZ, hydrochlorothiazide;
HT, hypertension; m, months; w, weeks; y, years.
aAugmentation index was calculated either by the ratio of the second peak (P2) to the first peak (P1) of the central blood pressure wave, or by augmentation pressure (P2eP1) divided by pulse pressure (PP),
expressed in percent. @HR75 indicated that augmentation index was adjusted by heart rate at 75 bpm.
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TABLE 49.2 Renin-angiotensin-aldosterone inhibitors and calcium-channel blockers versus diuretics, b-blockers, and a-blockers.

First

author Year Blinding Patients

No. of

patients Treatment

Arterial

site Device Algorithma Measurements Follow-up

ACEIs versus diuretics

Dart AM18 2007 Open HT 479 ACEI versus diuretic Carotid Millar e cBP 4 y

Jiang XJ19 2007 Double HT 101 Enalapril versus indapamide Radial SphygmoCor (P2 e P1)/PP cBP and AI 8 w

Mackenzie
IS20

2009 Double HT 28 Perindopril versus
bendrofluazide

Radial SphygmoCor (P2 e P1)/PP cBP, AP, and AI 10 w

ACEIs versus b-blockers

Chen CH21 1995 Double HT 79 Fosinopril versus atenolol Carotid Millar (P2 e P1)/PP AI 8 w

Mackenzie
IS20

2009 Double HT 32 Perindopril versus atenolol Radial SphygmoCor (P2 e P1)/PP cBP, AP, and AI 10 w

Koumaras
C22

2014 Unknown HT 37 Quinapril versus atenolol Radial SphygmoCor (P2 e P1)/PP cBP and AI 10 w

Koumaras
C22

2014 Unknown HT 37 Quinapril versus nebivolol Radial SphygmoCor (P2 e P1)/PP cBP and AI 10 w

ACEIs versus a-blockers

Jekell A23 2017 Double HT 61 Doxazosin versus ramipril Radial SphygmoCor (P2 e P1)/PP cBP and AI 12 w

ARBs versus diuretics

Klingbeil
AU8

2002 Double HT 40 Valsartan versus HCTZ Radial SphygmoCor P2/P1 cBP, AP, and AI 6 w

ARBs versus b-blockers

Ariff B26 2006 Double HT 88 Candesartan versus atenolol Carotid Millar e cBP 52 w

Schneider
MP27

2008 Double HT 156 Irbesartan versus atenolol Radial SphygmoCor (P2 e P1)/PP cBP, AP, and AI 18 m

Boutouyrie
P28

2010 Open HT 393 Valsartan versus atenolol Radial SphygmoCor (P2 e P1)/PP cBP and AI 24 w

Radchenko
GD29

2013 Open HT 59 Losartan versus bisoprolol Radial SphygmoCor (P2 e P1)/PP cBP and AI 6 m

Choi MH30 2018 Double Ischaemic
stroke

70 Valsartan versus atenolol Radial Omron (P2 e P1)/PP cBP and AI 12 w

Choi MH30 2018 Double Ischaemic
stroke

70 Fimasartan versus atenolol Radial Omron (P2 e P1)/PP cBP and AI 12 w

Kim EJ31 2014 Open HT 182 Losartan versus carvedilol Radial Hanbyul
Meditech

(P2eP1)/PP cBP and AI 24 w

Vitale C32 2012 Double HT 65 Irbesartan versus nebivolol Radial SphygmoCor (P2 e P1)/PP cBP and AI 8 w
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TABLE 49.2 Renin-angiotensin-aldosterone inhibitors and calcium-channel blockers versus diuretics, b-blockers, and a-blockers.dcont’d

First

author Year Blinding Patients

No. of

patients Treatment

Arterial

site Device Algorithma Measurements Follow-up

Renin inhibitors versus diuretics

Kubota Y33 2013 Open HT 30 Aliskiren versus HCTZ Radial Omron P2/P1 cBP and AI 12 w

Miyoshi T34 2017 Open HT 97 Aliskiren versus
trichlormethiazide

Radial Omron P2/P1 cBP and AI 24 w

Renin inhibitors versus b-blockers

Koumaras
C22

2014 Unknown HT 35 Aliskiren versus atenolol Radial SphygmoCor (P2 e P1)/PP cBP and AI 10 w

Koumaras
C22

2014 Unknown HT 35 Aliskiren versus nebivolol Radial SphygmoCor (P2 e P1)/PP cBP and AI 10 w

CCBs versus diuretics

Ghiadoni
L35

2017 Open Metabolic
syndrome

76 Lercanidipine versus HCTZ Radial SphygmoCor (P2 e P1)/
PP@HR75

cBP, AP, and AI 24 w

Mackenzie
IS20

2009 Double HT 27 Lercanidipine versus
bendrofluazide

Radial SphygmoCor (P2 e P1)/PP cBP, AP, and AI 10 w

Matsui Y24 2009 Open HT 207 Azelnidipine versus HCTZ Radial SphygmoCor (P2 e P1)/PP cBP, AP, and AI 24 w

Doi M25 2010 Open HT 37 Azelnidipine versus
trichlormethiazide

Radial Omron P2/P1 cBP and AI 6 m

CCBs versus b-blockers

Mackenzie
IS20

2009 Double HT 31 Lercanidipine versus
atenolol

Radial SphygmoCor (P2 e P1)/PP cBP, AP, and AI 10 w

Webster
LM36

2017 Open HT in
pregnancy

112 Nifedipine versus labetalol Brachial Arteriograph (P2 e P1)/PP cBP and AI 130 d

Studies are listed in the order of the year of publication per category.AI, augmentation index; AP, augmentation pressure; cBP, central blood pressure; d, days; HCTZ, hydrochlorothiazide; HT, hypertension; m,
months; w, weeks; y, years.
aAugmentation index was calculated either by the ratio of the second peak (P2) to the first peak (P1) of the central blood pressure wave, or by augmentation pressure (P2eP1) divided by pulse pressure (PP), expressed
in percent. @HR75 indicated that augmentation index was adjusted by heart rate at 75 bpm.
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third-generation b-blockers may behave differently from
nonvasodilating b-blockers. A total of eight trials22,37e43

compared vasodilating with nonvasodilating b-blockers
on central hemodynamics (Table 49.4). Vasodilating
compared to nonvasodilating b-blockers reduced central
systolic BP and AI significantly with a weighted mean
difference of �2.3 mm Hg (95% CI, �4.6 to 0.03,
P ¼ .053) and �2.1% (95% CI, �3.9 to �0.3, P ¼ .02),
respectively. The effect seemed less pronounced than RAS
inhibitors and CCBs, probably because of the stroke vol-
ume enhancement of b-blockers.53,54

Angiotensin receptor neprilysin
inhibitor versus angiotensin receptor
blocker

Neprilysin is a neutral endopeptidase that degrades several
potentially beneficial vasoactive peptides, including natri-
uretic peptides, bradykinin, and adrenomedullin. Two par-
allelly conducted randomized, double-blind studies
compared ARNI with olmesartan on central pulsatile waves
in hypertensive patients with arterial stiffness represented by
high pulse pressure. The PARAMETER study44 revealed
that sacubitril/valsartan reduced central aortic systolic BP
(primary outcome) greater than olmesartan [between-
treatment difference: �3.7 mm Hg (95% CI, �6.4
to �0.9), P ¼ .01] after 12-week treatment. Similar results
were observed at 12-week treatment in the secondary out-
comes, including central aortic pulse pressure (�2.4 mmHg,
P < .012) and mean 24-hour ambulatory central aortic sys-
tolic BP (�3.6 mmHg, P < .001). However, these pressures
were similar between the two groups after 52-week treat-
ment, probably because in the olmesartan group more sub-
jects required add-on antihypertensive therapy than the

sacubitril/valsartan group (47% vs. 32%, P < .002). Indeed,
Schmieder found that sacubitril/valsartan reduced central
aortic pulse pressure to a greater extent than olmesartan
(�3.5 mm Hg, P ¼ .01) after 52-week treatment, with
similar add-on treatment of amlodipine (17.5% vs. 29.8%,
P ¼ .12).45 Of note, left ventricular mass index was reduced
more in the sacubitril/valsartan group, and the between-
group difference was marginally significant after adjust-
ment for systolic BP (P ¼ .0529).45

Organic and inorganic nitrates, soluble
guanylyl cyclase stimulators and cyclic
guanosine monophosphate (cGMP)-
binding phosphodiesterase (PDE5)
inhibitors

The production of nitric oxide is important to the vasodi-
lation in muscular arteries through cGMP-mediated pro-
cesses. Organic and inorganic nitrates cause vasodilation,
presumably by enzymatic degradation or conversion to
nitric oxide. Soluble guanylyl cyclase (sGC) was the pri-
mary receptor for nitric oxide. PDE5 was a cGMP-specific
hydrolase. Both sGC stimulators and PDE5 inhibitors
regulate vasodilation by increasing the intracellular cGMP
concentration. The hemodynamic effects of these agents are
discussed in detail in Chapter 52.

Device-based antihypertensive therapy

RDN has proven renal safety in trials and might be effi-
cacious in treating resistant hypertension. In a prospective
study,46 arterial stiffness was assessed by the fingertip
tonometry-derived AI at baseline and three-month

TABLE 49.3 Pharmacological effects of various vasodilating b-blockers.

Drugs Selective b1-blockade (vs. b2) a-Blockade Vasodilating actions

Celiprolol O O Activate b2-adrenoceptors, and release nitric oxide and ANP

Nebivolol O e Release nitric oxide

Nipradilol e O Contain the nitric dioxide radicals in chemical structure

Carvedilol e O Release nitric oxide, and antioxidative action

Carteolol e e Activate b2-adrenoceptors, and release nitric oxide

Bucindolol e O Activate b2-adrenoceptors, and release AMP

Betaxolol O e Block Ca2þ entry

Bopindolol e e Activate b2-adrenoceptors, and release nitric oxide

Bevantolol O O Block Ca2þ entry

Dilevalol e e Activate b2-adrenoceptors

Tilisolol e e Activate ATP-sensitive Kþ channel

ANP, atrial natriuretic peptide; AMP, adenosine 5‘-monophosphate.
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TABLE 49.4 Vasodilating versus nonvasodilating b-blockers.

First

author Year Blinding Patients

No. of

patients Treatment

Arterial

site Device Algorithma Measurements Follow-up

Mahmud
A37

2008 Single HT 40 Nebivolol versus
metoprolol

Radial SphygmoCor (P2 e P1)/
PP

cBP and AI 4 w

Briasoulis
A38

2013 Single Diabetes 61 Nebivolol versus
metoprolol

Radial SphygmoCor P2/P1
@HR75

cBP and AI 26 w

Kampus P39 2011 Double HT 80 Nebivolol versus
metoprolol

Radial SphygmoCor (P2 e P1)/
PP

cBP and AI 52 w

Kandavar
R40

2011 Unknown HT 40 Nebivolol versus
metoprolol

Unknown Omron P2/
P1@HR75

cBP and AI 8 w

Shah NK41 2011 Open HT 41 Carvedilol versus
atenolol

Radial SphygmoCor (P2 e P1)/
PP

cBP and AI 4 w

Studinger
P42

2013 Open HT 39 Nebivolol versus
metoprolol

Brachial Omron (P2 e P1)/
PP

cBP and AI 3 m

Studinger
P42

2013 Open HT 39 Carvedilol versus
metoprolol

Brachial Omron (P2 e P1)/
PP

cBP and AI 3 m

Koumaras
C22

2014 Unknown HT 34 Nebivolol versus
atenolol

Radial SphygmoCor (P2 e P1)/
PP

cBP and AI 10 w

Eguchi K43 2015 Open HT 101 Celiprolol versus
bisoprolol

Radial Omron P2/P1 cBP and AI 12 w

AI, augmentation index; cBP, central blood pressure; HT, hypertension; m, months; w, weeks.
aAugmentation index was calculated either by the ratio of the second peak (P2) to the first peak (P1) of the central blood pressure wave, or by augmentation pressure (P2eP1) divided by pulse pressure (PP),
expressed in percent. @HR75 indicated that augmentation index was adjusted by heart rate at 75 bpm.
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follow-up in 40 patients treated with RDN and 10 controls.
RDN significantly reduced AI (30.6 � 23.8 vs.
22.7 � 22.4%, P ¼ .002), and the heart rate adjusted AI
(22.4 � 21.6 vs. 14.4 � 20.7%, P ¼ .002). Changes in
heart rate-adjusted AI were not correlated with BP com-
ponents, indicating that RDN may function, beyond anti-
hypertensive effect, via the regulation of smooth muscle
tone or arterial wall composition.55

CPAP is a standard therapy for symptomatic obstructive
sleep apnea (OSA), and has been reported to reduce brachial
BP. In a randomized crossover trial, 44 patients with resis-
tant hypertension and severe OSA were treated with CPAP
or sham CPAP for 3 weeks and crossed over afterwards to
the alternative ventilation regimen.47 In comparison with the
sham CPAP, CPAP showed a decrease in central and pe-
ripheral systolic/diastolic BP by �4.4/-4.0 mm Hg
and �4.6/�3.4 mm Hg, respectively. In a longer interven-
tion period of 8 weeks, similar reductions in central and
peripheral BP were observed. Time to reflection on the pulse
wave was improved with CPAP compared to the sham
CPAP (3.7 ms, P ¼ .01), without any between-group dif-
ference in AI.48 In a three parallel groups trial, 139 adults
with obesity and moderate and severe OSA were random-
ized to CPAP and weight loss alone or both for 24 weeks.49

Only patients in the CPAP and weight loss combination
group showed significant reductions in central systolic BP
by 7.4 mm Hg (P ¼ .004). None of these treatments
significantly changed central pulse pressure, pulse pressure
amplification, AI, or carotid-femoral pulse wave velocity.
The effect of CPAP on central pressure seemed to be
mediated by changes in mean arterial pressure rather than
central pulse pressure or arterial stiffness.

Conclusions and perspectives

This review showed some efficacy of pharmaceutical- or
device-based cardiovascular therapeutics on arterial hemo-
dynamics, and confirmed divergent effects of various
classes of antihypertensive drugs on central BP and AI.
Nonetheless, none of the currently available antihyperten-
sive treatments selectively or preferentially reduced central
BP over and above their brachial BP lowering effect.

The mechanisms for these treatment effects remained
under investigation. Because of the less central BP lowering
effect of nonvasodilating b-blockers, heart rate and vasodi-
lation or vasoconstriction must play a major role in the
modulation of central hemodynamics. Indeed, in a meta-
regression analysis,56 we previously found that slowing
heart rate may to a large extent explain the less efficacy of
b-blockers versus the other classes of antihypertensive drugs.
However, because of the divergent effects of vasodilating
versus nonvasodilating b-blockers, vasoactive propertymust
also play an important part of the central hemodynamic
regulation. Studies on the If inhibitor ivabradine provided

further evidence. In a randomized, placebo-controlled,
crossover, double-blind study in 12 normotensive patients
with stable coronary artery disease, sinus heart rate�70 beats
per minute and background b-blocker therapy, ivabradine
treatment for 3 weeks reduced heart rate (�15.8 � 7.7 vs.
0.3 � 5.8 beats per minute, P ¼ .001) and increased left
ventricular ejection time (18.5 � 17.8 vs. 2.8 � 19.3 ms,
P ¼ .074) and diastolic perfusion time (215.6 � 105.3
vs. �3.0 � 55.8 ms, P ¼ .0005), but did not significantly
increase central systolic BP (�4.0 � 9.6 vs. 2.4 � 12.0 mm
Hg, P ¼ .13) or AI (�0.8 � 10.0% vs. 0.3 � 7.6%,
P ¼ .87).57 Taken these evidence together, it is probably the
interaction between heart rate and vasoactive property that
determine the extent of central pressure augmentation from
wave reflections. This hypothesis may be tested in future
animal experiments as well as human research.

At present, there is nodirect evidence regarding the clinical
relevance of central hemodynamics for decision-making in the
management of hypertension and cardiovascular prevention.
It is therefore imperative to run adequately powered outcome
trials to investigate whether central pressure and wave
reflection are clinically useful in guiding antihypertensive
treatment and other cardiovascular therapeutic approaches for
the prevention of cardiovascular events.
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Chapter 50

Pharmacologic approaches to reduce
arterial stiffness
Marina Cecelja and Phil Chowienczyk
British Heart Foundation Centre, King’s College London, Department of Clinical Pharmacology, St Thomas’ Hospital, London, United Kingdom

Introduction

Given the physiological importance of aortic stiffening and
its association with clinical events and mortality, there has
been intense interest as to whether it can be prevented or
reversed. Reduction of blood pressure leads to an imme-
diate reduction in arterial stiffness as measured by carotid-
femoral PWV, but this is probably mediated in large part by
an indirect effect to reduce the distension of the arterial wall
and/or an alteration of tone in the vascular smooth muscle
of the aorta and large arteries. The various biologic path-
ways that lead or contribute to large artery stiffening are
discussed in detail in Chapters 19e25. The effects of
common vasoactive drugs on arterial stiffness and pulsatile
hemodynamics are discussed in Chapter 49. This chapter
will focus on pharmacological therapies that have a specific
effect to reduce large artery stiffness via an action on the
structure of the arterial wall. These mostly target the
extracellular matrix in the media layer of large arteries
(Fig. 50.1).

We first discuss potential therapeutic targets for arterial
destiffening and preclinical studies of destiffening, to then
focus on clinical studies.

Potential therapeutic targets for arterial
destiffening: preclinical studies

Inflammation and oxidative stress

Various mechanisms may underlie the association between
inflammation and oxidative stress and arterial stiffening,
including elastin degradation (Chapter 19), collagen
accumulation, and medial calcification (Chapter 21).1,2

Inflammation (Chapter 20) is thought to be induced by
vascular and other stressors which initiate inflammatory
processes through transcription factors and other down-
stream signaling molecules. A phenotypic shift in vascular

smooth muscles cells is involved (Chapter 22) which leads
to their proliferation, migration, deposition of collagen
within the extracellular matrix, and calcification of this
matrix. This leads to the final vascular stiffening phenotype
that may involve elastin fragmentation, deposition of
collagen and amyloid, fibrosis, glycation and cross-linking
of matrix components, and calcification (Fig. 50.2).

In young rats, chronic infusion of angiotensin II in-
creases the activation of inflammatory transcription factors
within the arterial wall3 inducing a proinflammatory
signaling profile characterized by an increase in monocyte
chemoattractant protein-1, calpain-1, transforming growth
factor-b1 (TGF-b1), and also increased expression of ma-
trix metalloproteinase-2 (MMP-2) and oxidative stress4

which collectively increase arterial stiffness. Increased
TGF-b1 signaling leads to increased synthesis of collagen
by vascular smooth muscle cells (VSMCs)5 and increased
expression of MMP-2, which degrades elastin within the
arterial wall further contributing to arterial stiffness.6 In
normotensive male rats, inhibition of angiotensin-
converting enzyme inhibits proinflammatory molecules
and age-associated arterial stiffening.7

A further consequence of the proinflammatory state is
increased oxidative stress as characterized by increased
NADPH oxidases that interact synergistically with inflam-
mation.8 Excess NADPH oxidase activity leads to
increased arterial superoxide levels and inactivation of ni-
tric oxide (NO),9 alongside inadequate upregulation of
cellular antioxidant defenses.10 In mice, resveratrol, a
polyphenol that activates the deacetylase sirtuin-1 (and also
inhibits mTOR pathways as described below11), prevented
an increase in vascular inflammation and oxidative stress
induced by a high fat high sucrose diet as well as pre-
venting an increase in aortic stiffness.12 Administration of
SRT1720, a sirtuin-1-specific activator, effectively reversed
diet-induced aortic stiffness alongside stimulation of
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FIGURE 50.1 Structural change in the arterial wall driving arterial stiffening is thought to involve elastin degradation, collagen deposition, and calci-
fication in the media of the arterial wall. BMP, bone morphogenic protein; Ca, calcium; ENPP1, ectonucleotide pyrophosphatase/phosphodiesterase 1;
FGF23, fibroblast growth factor 23; MCP-1, monocyte chemoattractant protein-1; MGP, matrix gla protein; MMPs, matrix metalloproteinases; NADPH,
nicotinamide adenine dinucleotide phosphate oxidase; P, phosphate; PPAR-g, peroxisome proliferatoreactivated receptor gamma; PPi, pyrophosphatase
inhibitor; TGF-b, transforming growth factor beta; TNAP, tissue nonspecific alkaline phosphatase.
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antiinflammatory and antioxidant pathways.12 These find-
ings have also been replicated in nonhuman primates on
high caloric diets.13 Sirtuin activity can also be increased
by nicotinamide mononucleotide. In old mice with
increased arterial stiffness, supplementation with nicotin-
amide mononucleotide reduces arterial stiffness alongside a
reduction in markers of oxidative stress and increase in
elastin and inhibition of collagen.14

Vascular mitochondrial oxidative stress, another source
of vascular oxidative stress, is associated with excessive
production of mitochondria-derived reactive oxygen spe-
cies (mtROS) produced as a result of cellular metabolism.
Mice deficient in mitochondrial antioxidant protein man-
ganese superoxide dismutase (SOD2) exhibit arterial stiff-
ening.1 mtROS may promote stiffening through several
pathways including redox-related alterations in matrix
protein turnover altering the breakdown of collagen and
elastin.15e17 A consequence of increased mtROS is mito-
chondrial DNA damage, which in turn drives maturation of
proinflammatory cytokines.15,18,19 In male mice, the
mitochondria-targeted antioxidant MitoQ, which lowers
mitochondrial oxidative stress, prevented age-associated
increases in aortic pulse wave velocity in old (27 month)
but not in young (6 months) mice. MitoQ did not affect
collagen expression or cytokine expression but did partially
preserve elastin expression.20 Curcumin, a naturally
occurring polyphenol found in the spice turmeric, has been
associated with reduced oxidative stress. In old (26e
28 month) C57BL6/N mice supplementation with curcu-
min restored large artery stiffness to levels similar to that
seen in young (4e6 month) mice, ameliorating age-
associated oxidative stress and collagen deposition.21

Conditions of low cellular energy which can be induced
by selective nutrient deprivation, exercise or hypoxia, are
associated with increased oxidative stress. They activate
adenosine monophosphate (AMP)-activated protein kinase
(AMPK) which then phosphorylates a diverse number of
targets to direct cell metabolism toward adenosine
triphosphate (ATP) generating catabolic pathways such as
fatty acid oxidation, autophagy, and glucose utilization and
away from ATP-consuming anabolic pathways (e.g., fatty
acid, lipid and protein synthesis, and cell growth and pro-
liferation).22 mTOR kinase, part of two multiprotein com-
plexes, mTORC1 and mTORC2, is a kinase which when
activated (for example, by insulin and growth factors)
regulates ATP-consuming anabolic pathways and sup-
presses ATP-generating catabolic pathways.22 In mice,
aging is associated with increased mTOR activation,23

whereas downregulation of mTORC1 in genetically
modified murine models24 and via pharmaceutical in-
terventions has been associated with an increased life-
span.25 Rapamycin may inhibit mTOR and in mice fed a
rapamycin supplemented or control diet for 6e8 weeks,
age-related increases in mTOR activation were inhibited by

rapamycin. In old mice (30 months), rapamycin inhibited
NADPH oxidase expression and superoxide production
which were comparable to that of young (4 months) mice.
Importantly, an age-associated increase in aortic stiffness
evidenced by higher pulse wave velocity in old compared
to young mice was inhibited and collagen content reduced
by treatment with rapamycin.23 These potential antiaging
properties of rapamycin have led to interest in developing
less toxic analogues of rapamycin that could be used in
clinical studies.26 The findings that drugs which act to
reduce oxidative stress and increase lifespan also reduce
arterial stiffness are consistent with calorie restriction
successfully prolonging lifespan and reducing arterial
stiffness in animal models.27

Vascular calcification

Calcification of the vessel wall contributes to increased
arterial stiffness.28 Mechanisms that lead to vascular
calcification are discussed in detail in Chapter 21. Briefly,
vascular calcification is now known to be an active process
resembling osteogenesis in which VSMCs undergo osteo-
genic differentiation, losing their contractility markers
(aSM0actin and a-SM22) and expressing many of the
proteins associated with bone formation including osteo-
calcin, osteopontin, bone morphogenic protein (BMP),
bone sialoprotein, osteonectin, and collagen.29 These pro-
teins often accumulate in areas of metabolically active
calcification and have a high binding affinity for calcium
salts. The phenotypic shift of VSMC seems to be induced
by various conditions which include a proinflammatory
environment30,31 and oxidative stress.32,33 Osteogenically
differentiated VSMCs also release apoptotic bodies and
matrix vesicles into the extracellular matrix which serves as
nucleation sites for accumulation of hydroxyapatite crys-
tals.34,35 In healthy individuals, precipitation of calcium in
tissue is inhibited by regulatory factors including matrix gla
protein (MGP), fetuin, klotho, and fibroblast growth factor
23 (FGF23). It is likely that initiation and progression of
calcification is dependent on complex cellular interactions
between promoters and inhibitors of calcification and the
exact mechanism of mineral nucleation is not fully eluci-
dated. Collagen is the predominant extracellular matrix
component around which mineralization occurs.36 How-
ever, as discussed in detail in Chapter 19, elastin degra-
dation also promotes calcification through elastin-derived
soluble peptides (matrikines or elastokines) which can also
activate VSMC osteogenic differentiation,37 and increase
matrix affinity for nucleating mineral deposition.38

Rat and mouse animal models of vascular calcification
fall into two predominant categories: naturally occurring
age-dependent calcification (e.g., DBA2 mice and polycy-
stic kidney disease) or calcification induced by various
interventions.39 Treatment with large doses of vitamin D
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and nicotine, for example, leads to a proinflammatory state,
medial calcification, and increased wall stiffness. The po-
tential interplay between inflammation and calcification in
this model is illustrated by a study in which pioglitazone,
which is thought to have antiinflammatory actions via
activation of peroxisome proliferatoreactivated receptor
gamma (PPAR-g), reduced medial calcification alongside a
reduction in inflammatory markers, elastin fragmentation,
and arterial stiffness.40 Several genetically modified mouse
models are characterized by calcification and include those
leading to alterations in matrix gla protein, osteopontin, and
ectonucleotide pyrophosphatase/phosphodiesterase-1
(ENPP1). ENPP1 converts ATP into adenosine 50-mono-
phosphate (AMP) and pyrophosphate (PPi), an endogenous
inhibitor of hydroxyapatite formation. PPi is hydrolyzed by
tissue-nonspecific alkaline phosphatase (TNAP) and over-
expression of TNAP is associated with vascular calcifica-
tion. Mutations in ATP-binding cassette C6 (ABCC6)
mouse models lead to vascular calcification through
incompletely understood mechanisms but which are likely
to include regulation of PPi. Findings by Ziegler et al.41

suggest that ABCC6 acts in concert with ENPP1 to regulate
PPi.

Actions of PPAR-g inhibitors and other drugs that may
have more specific effects to prevent calcification are
summarized in Fig. 50.3.

Bisphosphonates probably have multiple actions to
inhibit arterial calcification: acting as a nonhydrolyzable
analogue of PPi and a TNAP inhibitor (in Abcc6�/� mice
they attenuate the development and progression of vascular

calcification42), blocking apatite crystal formation,43

inhibiting metalloproteinases,44 and inhibiting expression
of tumor necrosis factor-a, which promotes osteoblastic
differentiation of vascular cells.45 They can be metabolized
by phagocytes into nonhydrolyzable adenine-containing
analogues of ATP,46 which inhibit adenine nucleotide
translocase, promoting the activation of caspase-3 and
leading to apoptosis of macrophages and osteoclasts.47

In chronic kidney disease, hyperphosphatemia and a
raised serum calciumephosphate product is associated with
vascular calcification. The potential importance of the
calciumephosphate product is illustrated by a study in
uremic rats fed on a high phosphorus diet for 6 months,
treated with a calcium-containing phosphate blocker and
sevelamer, a noncalcium containing phosphate blocker.
Even though both treatment regiments effectively reduced
phosphate levels, only sevelamer-treated rats reduced
vascular calcification.48 Sodium thiosulfate (Na2S2O3) has
antioxidant properties49 and chelates calcium to form sol-
uble calcium thiosulfate complexes.50 Pasch et al.51 found
that uremic rats treated with thiosulfate did not develop
aortic calcification compared to untreated control rats; this
was associated with increased urinary calcium excretion
and reduced bone strength. Preclinical studies of a hex-
asodium salt (SNF472) with the active ingredient myo-
inositol hexaphosphate (IP6) which binds to sites of
hydroxyapatite crystals have demonstrated reduced devel-
opment of calcification52 and reduced progression of
established calcification in uremic and nonuremic rodent
models of calcification.53

Elastin Degradation

VSMC osteogenic differentiation 

Inhibition peroxisome proliferator-
activated receptor gamma (PPAR-γ)
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(Thiazolidinediones)
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+
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FIGURE 50.3 Pathways of extracellular matrix damage and calcification. Ca, calcium; MMP, matrix metalloproteinase; PARP-1, poly (ADP-ribose)-1;
P, phosphate; PPi, pyrophosphatase inhibitor; RANKL, Receptor activator of nuclear factor kappa-b ligand; Runx2, Runt-related transcription factor 2.
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Another potentially exciting therapeutic target for
vascular calcification and stiffening is poly(ADP-ribose)
(PAR) which is a posttranslational polymer of two or more
ADP-ribose units added to proteins by the enzymes PAR
polymerases (PARPs) in a process called PARylation. PAR
is found in developing fetal bone and the dominant PARPs
are expressed in response to oxidative stress.54,55 Muller
et al.56 showed that PAR can generate calcified spherical
particles and bone-like calcification of collagen fibrils.
Importantly, in a uraemic rat model, treatment with mino-
cycline (a widely used antibiotic, 5e50 mg/hg), which
directly inhibits PARP-1, reduced calcification in the aorta,
femoral and carotid arteries. This is a potentially exciting
area that could be directly translated into human clinical
pharmacology since minocycline is widely used as an
antibiotic in humans and has low toxicity. However, it can
cause gastrointestinal disturbances, photosensitivity
reactions, and rarely more serious side effects that may
limit long-term use. Other related tetracycline antibiotics
which may also inhibit PARP-1 are also in human use.

Elastase inhibitors and extracellular matrix
metalloproteases

Extracellular matrix components, particularly elastin and
collagen, are fundamental structural components of large
arteries. Pathological processes relating to these structural
proteins, such as elastin fragmentation/degradation,
collagen accumulation, and cross-linking, are thought to be
key mechanisms underlying age-related arterial stiffening.1

As discussed above, elastin degradation may also promote
calcification by activating VSMC osteogenic differentia-
tion.37 As discussed in more detail in Chapter 19, elastin
can be degraded by proteolytic enzymes with “elastase-
like” activity including serine and cysteine (cathepsins)
proteases and MMPs.57 MMPs are proteins which are
involved in the breakdown of the extracellular matrix and
their activity is increased in aged vascular cells.58,59 Tissue
inhibitors of MMPs (TIMPs) are likely to play a role in
regulating extracellular matrix components. In a rat aneu-
rysm model, local application of TIMP-1 preserved elastin
in the media and prevented aneurysm rupture.28 MMPs also
activate TGF-b131 further contributing to a proin-
flammatory vascular state. In 16-month-old rats, adminis-
tration of a broad-spectrum MMP inhibitor, PD166739,
reduced age-associated arterial proinflammatory signaling,
reduced elastic fiber degeneration and collagen deposition,
and prevented the age-associated increase in blood pressure
(consistent with a reduction in stiffening).31 Other in-
hibitors of MMP include zinc chelators, marimastat, and the
antibiotic doxycycline.60 In hypertensive rats, doxycycline
favorably altered the ratio of MMP-2 to TIMP-2, prevent-
ing hypertension and arterial wall thickening.61 In a “two-
kidney one clip” hypertensive rat model, doxycycline

reduced MMP-2 and prevented a rise in blood pressure.62

In male Wistar rats, where calcification was induced with
warfarin and vitamin D, doxycycline prevented calcifica-
tion,63 but may also have had actions through PARP-1
inhibition as discussed above. Not all studies with doxy-
cycline have been positive: in a spontaneously hypertensive
rat model, even though doxycycline improved structural
alterations, blood pressure and PWV were not affected.64

Micro-RNAs

Micro-RNAs (miRNAs) are small (19e25 nucleotide long)
noncoding posttranscriptional regulators of gene expression
that have been implicated in the regulation of most bio-
logical processes including arterial stiffness.65 miR-765,
miR-1185, miR-181b, and miR-21, in particular, have
been implicated in arterial stiffness.66,67 Although the exact
mechanisms by which miRNA signaling pathways modu-
late arterial stiffness are unclear, reduction of miR-181b
expression is associated with activation of the TGF-b
pathway, inflammation, accumulation of collagen, and
arterial stiffening.68 Deletion of the microRNA-degrading
complex that degrades miR-181b prevented arterial stiff-
ening associated with chronic high salt intake in mice.65

miRNA may also play a central role in VSMC phenotype
modulation and/or vascular relaxation. Experimental data
investigating whether pharmacological intervention of
miRNA signaling pathways could lead to a reduction of
arterial stiffness are limited. In uremic dilute-brown agouti
2 (DBA/2) mice susceptible to high-phosphate diete
induced calcification, intravenous injections of a synthetic
miR-142-3p mimic restored acetylcholine induced smooth
muscle relaxation but showed no effect on vascular
calcification.69

Mineralocorticoid receptor antagonism

Mineralocorticoid steroid hormones, such as aldosterone,
are secreted in response to an increase in extracellular po-
tassium ion concentration or activation of the renine
angiotensin system. Mineralocorticoid receptor (MR) acti-
vation by aldosterone regulates blood pressure by modu-
lating renal sodium reabsorption and body fluid volume
through myogenic tone, vasoconstriction, and redox
signaling.70 In addition to its traditional role as a blood
pressure regulator, MRs are now increasingly recognized as
playing a role in arterial stiffness independently of blood
pressure regulation. MR activation may have profibrotic
actions mediated by multiple mechanisms including
oxidative stress, inflammation, and associated increase in
connective tissue growth factor, MMP-2, and BMP-4.71 In
animal models, MR expression in VSMCs increases with
increasing age.72 MR activation activates NADPH oxidase-
dependent superoxide production and inactivation of
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NO.9,73 MR antagonists (MRA) reverse this with a reduc-
tion in NADPH oxidase activity, reduction in superoxide
formation, and improvement in NO bioavailability.74 In
mice fed a high fat/high sugar western diet, administration
of the MRA spironolactone for 4 months prevented stiff-
ening, inflammation, and fibrosis75 without a change in
mean arterial pressure or heart rate.75 In spontaneously
hypertensive rats, 4-month treatment with spironolactone
prevented collagen accumulation in the presence of a small
antihypertensive effect.76 In old normotensive rats, 8-week
treatment with spironolactone reduced arterial collagen and
elastin densities alongside a reduction in arterial stiffness
compared to placebo-treated animals.77 These changes
occurred independently of any change in intraarterial blood
pressure and arterial wall thickness. In a rat model of
chronic kidney disease, treatment with finerenone, a novel
nonsteroidal potent MRA, lowered arterial stiffness in
parallel with a change in collagen and elastin organization,
reduction in MMP-2, MMP-9, and oxidative stress.78 Low
intracellular potassium in VSMC is associated with a pro-
longed increment of intracellular calcium linked to osteo-
genic differentiation of VSMC.79 In an apolipoprotein-E
deficient mouse model, Sun et al.79 demonstrated that di-
etary potassium supplementation attenuated vascular
calcification and aortic stiffness. Elevation of intracellular
potassium by mineralocorticoid receptor antagonism could,
therefore, be another mechanism through which these
agents may influence arterial stiffening.

Amyloid-b and arterial stiffness

In humans, amyloid protein known as medin, which binds
to tropoelastin, is deposited in the media of the aged arterial
wall.80 This has raised interest in the possibility that amy-
loid deposition in the arteries and brain is a mechanism to
explain the association between arterial stiffness and
cognitive decline. However, it should be remembered that
both of these processes are strongly age-dependent and
there are other potential mechanisms to explain the asso-
ciation such as the susceptibility of the cerebral microvas-
culature to high pulsatile pressure induced by arterial
stiffening. There have been limited animal studies on the
role of amyloid in arterial stiffening as most animal models
do not naturally accumulate amyloid-b.81

Clinical studies on aortic and large
artery destiffening

Clinical studies on arterial stiffness have largely focused on
existing drugs that have established indications for condi-
tions known to relate to cardiovascular disease and may
also reduce arterial stiffness through various mechanisms.
In addition, there have been a few studies on drugs spe-
cifically designed to reduce stiffness. Most studies have

used a measure of pulse wave velocity (PWV) over a
pathway that incorporates the aorta, usually carotid-femoral
PWV (cfPWV) but with some including additional conduit
pathways such brachial-ankle PWV (baPWV). Some
studies have used other measurements thought to relate in
part to arterial stiffness such as augmentation index. With
the recognition that the latter is influenced by many factors
other than arterial stiffness, this review concentrates mainly
on PWV data.

Drugs inhibiting the
renineangiotensinealdosterone system and
mineralocorticoid antagonists

Angiotensin II and aldosterone may promote inflammation
and fibrosis within the arterial wall and there has been in-
terest in whether antihypertensive drugs that inhibit the
renineangiotensinealdosterone system (RAAS) such as
angiotensin-converting enzyme inhibitors (ACEis), angio-
tensin receptor blockers (ARBs), and mineralocorticoid
receptor antagonists (MRAs) may have a specific action to
reduce arterial stiffness. Evaluation of this in clinical
studies is complicated by the fact that these drugs also relax
vascular smooth muscle and reduce blood pressure. Elastic
properties of the arterial wall are dependent on stretch of
the wall which may transfer load from highly elastic
components such as elastin to stiffer components such as
collagen. Stretch is dependent on ambient blood pressure
and therefore any intervention that lowers blood pressure
would be expected to lower stiffness by an indirect action.
Similarly, relaxation of smooth muscle within the wall of
the aorta may modulate stiffness independent of any action
on wall structure. Thus, although almost all studies of
antihypertensive drugs show a reduction in cfPWV, interest
has been in comparing effects at comparable levels of blood
pressure reduction. One metaanalysis suggested that ACEi
do have a small but significant blood pressureeindependent
action to lower cfPWV and baPWV82 but others have
shown no specific effect.83,84 MRA may have a more
specific effect to inhibit fibrosis in the arterial wall and one
well-controlled trial examining effects of spironolactone on
cfPWV in patients with early chronic kidney disease
demonstrated a blood pressure independent effect of spi-
ronolactone to reduce cfPWV.85 However, this was not
confirmed in the recent Vasera trial comparing spi-
ronolactone to doxazosin.86

Statins and other lipid lowering therapy

Although the etiology of arterial stiffening differs from that
of atherosclerosis, there may be some overlap between the
two pathologies and statins have pleiotropic effects
including antiinflammatory and antioxidant effects that
could reduce arterial stiffening. Results of RCT involving
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statins have been somewhat discordant. However, two
relatively recent metaanalyses have been performed which
both suggest a modest positive effect to lower cfPWV.87,88

The most recent identified 11 RCT in which treatments
with and without statins were compared involving 573 in-
dividuals. This demonstrated modest 6.8% [95% CI
1.8e11.7] reduction in cfPWV.87 There was significant
heterogeneity between studies but the effect was indepen-
dent of change in blood pressure. There is little relationship
between cfPWV and low-density lipoprotein cholesterol
(LCL-C) or ratio of LDL-C to high-density lipoprotein
cholesterol (HDL-C) in epidemiological studies89 and in
the interventional studies with statins no relationship be-
tween change in cfPWV and that in LDL-C was seen87

suggesting effects may be more likely to be due to pleio-
tropic effects of statins. However, in an observational study
in which ezetimbe or a PCSK9 inhibitor was added to
high dose statin therapy in patients with familial
hypercholesterolaemia achieving a large range of reduction
of low-density lipoprotein cholesterol (LDL-C), an
improvement in PWV was seen which correlated with the
change in LDL-C.90 Thus, the mechanism by which statins
and other lipid lowering drugs may reduce PWV remains
uncertain.

Antioxidant vitamins and vitamin B12/folate
supplementation

Clinical trials examining effects of antioxidant vitamins
include early trials of vitamins C, E, A, and beta-carotene.
These were performed in small numbers of individuals and
although a metaanalysis suggested a small but significant
positive effect on various measures of arterial stiffness
including cfPWV,91 the finding that supplementation with
these vitamins does not reduce cardiovascular risk (or may
increase risk)92,93 raises the question as to whether this
positive finding with regard to effects on arterial stiffness
was due to publication bias and there has been little
enthusiasm for further large studies. However, it should be
noted that lack of efficacy of conventional antioxidant vi-
tamins to reduce cardiovascular risk or arterial stiffness
does not necessarily disprove the importance of oxidative
stress since these vitamins are weak antioxidants which
may not decease oxidative stress at a cellular level.94

Elevated homocysteine is associated with increased
cardiovascular risk95 and increased arterial stiffness96 and
alongside trials to determine if homocysteine lowering
therapy with vitamin B12 and folic acid decreases cardio-
vascular risk, effects of this supplementation on PWV have
been examined. A number of small studies have been
positive. However, in a substudy of the B-PROOF study
involving supplementation of 569 elderly individuals with
B12/folic acid for 2 year, achieving a lowering of homo-
cysteine of 3.6 mmol/L in the active treatment group, there

was no significant effect of homocysteine lowering on
cfPWV.97 This trial is notable for being one of the few
relatively long-term clinical trials of an intervention to
lower cfPWV.

Antidiabetic drugs and advanced glycosylation
end-product breakers

Presence of type 2 diabetes is associated with increased
arterial stiffness,98 and with the recognition that antidia-
betic drugs may differ in their effects on cardiovascular
outcomes, there has been interest in whether these drugs
influence arterial stiffness. However, studies have been
predominantly exploratory with small sample size
(typically <50 patients) and not all have been controlled or
randomized. A metaanalysis suggests that dipeptidyl
peptidase-4 (DPP-4) inhibitors and glucagon-like peptide-1
receptor agonists (GLP-1 RA) have modest effects to lower
PWV.99 However, there was significant heterogeneity be-
tween studies. In a randomized controlled cross-over study,
the selective sodiumeglucose cotransporter 2 inhibitor
empagliflozin resulted in a reduction in measures of central
blood pressure and a small but significant reduction in an
indirect estimate of PWV.100 Hypertension and diabetes are
associated with the accumulation of advanced glycation
end products (AGEs) formed from nonenzymatic cross-
links between glucose and amino groups on proteins.
These accumulate in the extracellular matrix to cause
stiffening and also bind to AGE receptors (RAGEs) to
generate oxidative stress and inflammation and increase
stiffness as described above (Fig. 50.2). Preclinical exper-
imental studies in animals using AGE cross-link breakers
show an impressive reduction of arterial stiffening and
improvement in hemodynamics. A notable early RCT using
the cross-link breaker ALT-177 (alagebrium) in hyperten-
sive patients with high pulse pressure demonstrated a
reduction in pulse pressure. However, this was a relatively
small study and there was no significant reduction in
cfPWV.101 Despite some positive findings in open label
uncontrolled studies,102,103 subsequent RCTs have been
largely negative. No benefit was seen in exercise tolerance
or secondary measures of cardiac function in patients
with heart failure.104 Another randomized controlled
study in healthy, previously sedentary seniors showed no
effect on hemodynamics, LV geometry, or exercise ca-
pacity. However, it did show a modestly favorable effect on
age-associated LV stiffening (measured from LV
pressureevolume curves obtained from echocardiography
and right heart catheterization during modulation of
preload).105 Thus, while a well-powered RCT remains to be
performed to address effects of cross-link breakers on
arterial stiffness, these negative results underline the diffi-
culty in extrapolating from experimental animal studies to
clinical studies.
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Antiinflammatory drugs

Given the evidence for the role of inflammation and in-
flammatory cytokines in arterial stiffening and preclinical
studies indicating a positive effect of antiinflammatory
drugs on arterial stiffening, there has been much interest in
the biological therapies for inflammation, that are markedly
effective in reducing the clinical burden of diseases such as
inflammatory arthritidies,106 inflammatory bowel,107 and
skin disease.108 Studies on arterial stiffness have been
mainly in these cohorts of patients in whom there is a
clinical indication for an antiinflammatory drug and most
involving biological agents inhibiting tumor necrosis fac-
tor-a or various interleukins. Early studies reported positive
effects in uncontrolled studies109 but later RCTs have been
largely negative. A recent systematic review identified 22
studies comparing effects of TNFa biologics on arterial
stiffness mostly assessing cfPWV but only four of these
were RCT and all of the RCT were negative.110 A
discrepancy between uncontrolled and randomized trials on
various measures of subclinical atherosclerosis and arte-
riosclerosis was a common finding, suggestive of signifi-
cant publication bias toward positive studies.110

Drugs targeting arterial calcification and bone
mineral metabolism

Arterial calcification is particularly prevalent in patients
with end-stage renal disease (ESRD) who exhibit acceler-
ated stiffening strongly predictive of poor clinical
outcome.111 It is characterized by low plasma concentra-
tions of vitamin D, raised parathyroid hormone, and
hyperphosphatemia. In small cohort studies of patients with
CKD and ESRD not all of which have been randomized
and controlled, there is no consistent evidence of benefit
from vitamin D analogues and calcimimetics that act as
allosteric modulators of the calcium signaling receptor
(CaS).112 Treatment of hyperphosphatemia with sevelamer
attenuates progression of aortic calcification in hemodial-
ysis patients113 and one small cohort study has suggested
that sevelamer decreases PWV in hemodialysis patients
without affecting blood pressure. A limitation of this study,
however, was the lack of control for baseline calcium and
phosphorus.114 In kidney transplant patients the immuno-
suppressant sirolimus reduced arterial stiffness alongside a
reduction in blood pressure, but effects on calcification
were not measured and effects were postulated to be due to
inhibition of mTOR.115 Renal disease is associated with
vitamin K deficiency, and in an open uncontrolled trial in
patients with renal transplants, vitamin K2 supplementation
reduced cfPWV.116 A new molecule SNF472 inhibits the
development and progression of ectopic calcification by
binding to the growth sites of hydroxyapatite (HAP) crys-
tals and has been shown to inhibit the progression of

arterial calcification in ESRD patients on haemodialysis.117

In the general population and in specific groups there is
some evidence that vitamin D may have a beneficial effect
on cfPWV but only in individuals who are vitamin D
deficient.118 Bisphosphonates have been shown to retard
vascular calcification in patients with ESRD but there have
been few studies on arterial stiffness with no consistent
effects to reduce PWV.119

Summary

In summary, most clinical studies of interventions to lower
PWV through a blood pressureeindependent mechanism
are negative or at best show small effects. It might therefore
be concluded that arterial stiffening is largely irreversible.
This may be true but epidemiological evidence does sug-
gest that accelerated age-related stiffening can be pre-
vented. It is notable that age-related stiffening takes place
over decades. A major limitation of clinical trials to date is
that these have been of relatively short duration. A major
challenge for the future, therefore, is to perform well-
controlled adequately powered trials over the long term.

Conclusion

Inflammation, oxidative stress, and calcification are impli-
cated in structural change of the arterial wall leading to
arterial stiffening. Preclinical studies suggest that this can
be reversed through a number of potential interventions
including antiinflammatory therapies, MRA antagonists,
inhibitors of vascular calcification, collagen cross-linking
inhibitors, elastase/elastin-related peptide signaling inhibi-
tion, and miRNAs. Clinical trials to date have been limited
by small cohort size and short-term duration. The challenge
for the future is to perform well-controlled adequately
powered trials over the long term.
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Chapter 51

Organic and dietary nitrates, inorganic
nitrite, nitric oxide donors, and soluble
guanylate cyclase stimulation
Kevin O’Gallagher and Andrew James Webb
Department of Clinical Pharmacology, School of Cardiovascular Medicine and Sciences, King’s College London British Heart Foundation Centre,

St. Thomas’ Hospital, London, United Kingdom

Part 1: introduction

First described as endothelium-derived relaxing factor
(EDRF),1,2 over the last four decades nitric oxide (NO) has
been identified as a key signaling molecule in the cardio-
vascular system and multiple other organ systems. The
importance of the discovery and identification of NO as
EDRF is reflected by the award of 1998 Nobel Prize in
Medicine to Furchgott, Murad, and Ignarro.3

NO is a free radical gas, with a half-life in the circu-
lation of w20 ms4. In humans, it is produced via two key
pathways: the “L-arginine-nitric oxide pathway” as origi-
nally described by Moncada5 and the more recently
discovered nitrate-nitrite-NO pathway.6 The latter signifi-
cantly impacted our understanding of the role of inorganic
nitrate and nitrite in relation to the cardiovascular system
from inert by-products of NO oxidation (at physiological
concentrations) to important sources of NO,7,8 and will be
considered in a later section.

The L-arginine-NO pathway involves the generation of
NO via the conversion of L-arginine to L-citrulline by heme-
and flavin-containing nitric oxide synthase (NOS) enzymes9

in a process that requires dimerism of the NOS enzyme and
the presence of the co-factors tetrahydrobiopterin (BH4),
NADPH, and O2.

10 Three NOS isoenzymes have been
identified in humans: endothelial (eNOS), neuronal
(nNOS), and inducible (iNOS). eNOS and nNOS are
constitutively expressed and have distinct roles in the
regulation of cardiovascular function. This is in contrast to
iNOS, which is a major player in the host response to
infection and inflammation. While the production of NO by
eNOS and nNOS is Ca2þ/calmodulin-dependent, produc-
tion of NO by iNOS continues until the enzyme is
degraded, generating higher local concentrations of NO.11

Nitric oxide signaling in the vasculature and
vasodilatation

NO’s role as a signaling molecule in the vasculature occurs
primarily in a paracrine fashion, i.e., NO produced by NOS
(eNOS in the vascular endothelium, nNOS in nitrergic nerves)
diffuses into the vascular smoothmuscle cell, whereby it binds
to the hememoiety of soluble guanylate cyclase (sGC).This in
turn leads to the activation of cyclic guanosine mono-
phosphate (cGMP) and subsequently protein kinaseG (PKG),
resulting in relaxation of the smooth muscle cell with conse-
quent vasodilatation. Additionally, s-nitrosylation (the NO-
mediated modification of cysteine residues in proteins) af-
fords amechanismbywhichNOcan exert a number of effects,
including vasodilatation, in a cGMP-independent manner.
Examples include NO’s effect on calcium-dependent potas-
sium channels in vascular smooth muscle12 and the vaso-
dilatory actions of the nitrosothiol S-nitrosoglutathione.13 The
pathways of cardiovascular NO signaling are illustrated in
Fig. 51.1.

In the healthy human vasculature, eNOS and nNOS
have relatively distinct roles: nNOS is responsible for basal
regulation of microvascular tone (and therefore systemic
vascular resistance and peripheral blood pressure14) and the
vasodilatory response to mental stress,15 while eNOS is
responsible for the dilatory response to increased shear
stress or agonist stimulation.16,17 The L-arginine-NO
pathway also mediates the vasodilatory response of beta-
2-agonism, as demonstrated in the human forearm.18

There are potential limiting factors to the ability of NO to
diffuse from the vascular endothelium to adjacent smooth
muscle. Firstly, as noted above, the half-life of NO is
approximately 20 ms in whole blood, due to NO’s status as a
reactive oxygen species (ROS). This innate reactivity limits
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NO to diffusion from adjacent cells rather than being trans-
ported in blood as freeNO. Secondly,NO is avidly scavenged
by hemoglobin in both its deoxy- and oxy-hemoglobin forms.
The reaction of NO with oxyhemoglobin to produce methe-
moglobin and inorganic nitrate is described below:

HbO2 þNO /MetHb þ NO�
3

As pointed out by Kim-Shapiro et al. in their review,19

this presents an apparent paradox: NO is produced by the
vascular endothelium in extremely close proximity to a
substance (the blood) which would prevent it enacting its
role in relaxation of vascular smooth muscle, especially as
any NO concentration gradient would, in fact, favor

FIGURE 51.1 Cardiovascular nitric oxide signaling: pathways to vasodilatation, myocardial relaxation, central and peripheral hemodynamic changes.
Green items indicate therapeutic interventions. BH4, tetrahydrobiopterin; cGMP, cyclic guanosine monophosphate; DDAH, dimethylarginine dimethy-
laminohydrolase; eNOS, endothelial NOS; GTN, glyceryl trinitrate; NOS, nitric oxide synthase; NOX, NADPH oxidase; PDE, phosphodiesterase; PDEi,
PDE inhibitor; PKG, subsequently protein kinase G; sGC, soluble guanylate cyclase. Original drawing by Kevin O’Gallagher and Andrew Webb.

808 Textbook of Arterial Stiffness and Pulsatile Hemodynamics in Health and Disease



diffusion away from the vascular smooth muscle cell and
into the bloodstream to be scavenged (see Fig. 51.2).

Several mechanisms have been described which limit
NO scavenging by Hb and therefore ensure that eNOS-
derived NO can indeed diffuse from the vascular endo-
thelium into the vascular smooth muscle and initiate
relaxation. Firstly, hemoglobin is encapsulated within the
erythrocyte, which decreases the magnitude of scavenging
when compared with free Hb.20 Secondly, due to the dy-
namics of blood flow within the vessel, there exists a “cell-
free layer” in the blood immediately adjacent to the
vascular endothelium (faster blood flow velocity in the
middle of the vessel lumen leads to a pressure gradient
within the vessel and relative concentration of erythrocytes
in the middle of the vessel), resulting in a “barrier” between
free NO and erythrocytes. Thirdly, in a moving/mixing
fluid (in this case the blood), there exists an “unstirred
layer”21 around a cell membrane (in this case the erythro-
cyte membrane) in which there is static fluid, i.e., a region
adjacent to a cell membrane when there is low flow, which,
like the cell-free layer, acts as a barrier to diffusion.

Deonikar et al.22 modeled the concentrations of NO
from endothelium-derived NO in the luminal subregions
representing the RBC rich core and cell-free zone (CFZ),
and the abluminal regions including endothelium, intersti-
tial space, smooth muscle cell later, nonperfused tissue, and
parenchymal tissue perfused with capillaries in larger ar-
terioles (200 mm) and smaller arterioles (50 mm) as shown
in Fig. 51.3.

Notably, there was an important effect of flow velocity.
As the flow increased from 0.1 to 4 cm/s, the NO con-
centration in the CFZ increased up to eightfold. Also, Chen
X et al. identified an important role for the glycocalyx.23

While the modeling suggested that the presence of RBCs in

the boundary layer near the endothelium had a larger effect
on NO than on O2 transport, as the thickness of the
glycocalyx increased, scavenging of NO by hemoglobin
decreased, such that the presence versus absence of RBCs
equated to a difference in glycocalyx thickness ofw0.8 mm
(see Fig. 6 from Chen X et al.,23 https://journals.
physiology.org/doi/full/10.1152/japplphysiol.00633.2005
[free access]).

The effect of nitric oxide on cardiac function

NO exerts an effect on cardiovascular function in a number
of ways. From a vascular point of view, its role in the
regulation of systemic arterial hemodynamics14,17,24 affects
cardiac loading conditions. NO also regulates cardiac
function via a direct myocardial effect, through both para-
crine (NO from the coronary endothelium16) and autocrine
(NOS enzymes expressed within cardiomyocytes25)
processes.

Endothelial paracrine regulation of left
ventricular function

NO released from vascular (and endocardial) endothelium
exerts a paracrine effect on cardiac function, while NO
generated within cardiomyocytes exerts an autocrine ef-
fect.26 The paracrine effect has been demonstrated in both
animal preparations and in human in vivo experiments
using substance P (a known stimulator of eNOS-derived
NO release).27 Disruption of NO signaling can have dele-
terious effects on cardiac function. In dogs, prolonged NOS
inhibition with L-NAME resulted in decreased LV
compliance and markers of cardiac efficiency, with addi-
tional changes to LV afterload.28

FIGURE 51.2 Factors involved in mitigating nitric oxide scavenging by RBCs. Reproduced from Kim-Shapiro DB, Schechter AN, Gladwin MT.
Unraveling the reactions of nitric oxide, nitrite, and hemoglobin in physiology and therapeutics. Arterioscler Thromb Vasc Biol. 2006;26:697e705.
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Effects of nitric oxide signaling at the
myocardial level

In the myocardium, there is subcellular localization of NOS
isoenzymes (eNOS localized to caveolae,29 nNOS to
sarcoplasmic reticulum30), which allows NO to have
varying effects on myocardial function, including
contractility.31

NO stimulation of sGC results in increased levels of
intracellular cGMP; see Fig. 51.1. cGMP in turn stimu-
lates PKG. Through PKG-mediated phosphorylation of L-
type calcium channels32 (decreasing calcium influx) and
cardiac troponin I (decreasing myofilament calcium
sensitivity33), NO exerts a negatively inotropic effect.
Conversely, in response to stimulation by beta-agonism,34

nNOS-derived NO can exert a positively inotropic effect,
via cAMP-mediated protein kinase A action on
ryanodine receptors and phospholamban, which has the
net result of increasing sarcoplasmic reticulum
calcium release.31 In addition to sGC, cGMP is also pro-
duced in an NO-independent fashion by a membrane-
bound guanylate cyclase isoform known as particulate
guanylate cyclase which acts as a receptor for natriuretic
peptides.

Interaction with phosphodiesterase

Phosphodiesterases (PDE) are a family of cyclic nucleotide-
hydrolyzing enzymes, which play a key role in the regula-
tion of second messenger signaling. cGMP interacts with
members of the phosphodiesterase (PDE) family in a num-
ber of ways. PDE5 hydrolyzes cGMP to 50 GMP, therefore
regulating NO-mediated PKG activity by exerting an in-
hibitor effect on cGMP. PDE5 inhibitors were initially
developed as potential therapies for coronary artery disease,
but are currently established as effective treatments for
erectile dysfunction35 and pulmonary arterial hypertension.36

At the level of the cardiomyocyte, PDE5 inhibition
promotes negative inotropic effects. By increasing cGMP
levels, PDE5 inhibition promotes increased PKG-mediated
phosphorylation of both L-type calcium channels
(decreasing calcium influx) and also troponin I (decreasing
myofilament sensitivity), thus opposing beta-adrenergic
stimulation. In mice, PDE5 inhibition with sildenafil
blunts LV hypertrophic remodeling in response to trans-
verse arterial constriction and reverses existing LV hyper-
trophy, all in the context of increased PKG-1 activity.37

PDE2 and PDE3 provide a mechanism by which cGMP
(and therefore NO signaling) interacts with cAMP (and

FIGURE 51.3 Nitric oxide concentration profiles across and relationship to blood velocity. The left-hand panel shows [NO] across all the regions
(including NPT, nonperfused tissue; PT, parenchymal tissue; and SMC, smooth muscle cell later) of an arteriole (50 mm internal diameter) at the end of the
arteriolar segments, plotted as a function of distance from the vessel center and increasing blood velocity range from 0.1 cm/s (lowest trace) to 4 cm/s (top
trace). The right-hand panel shows [NO] in the vascular lumen of an arteriole (50 mm internal diameter, 500 mm length) with an NOeRBC reaction rate
constant of 0.2 � 10�5 M�1/s, and increasing blood velocity range from 0.1 to 4 cm/s from the top to the bottom panel. NO availability in the vascular
lumen cell-free zone (CFZ) increased with increase in blood velocity. Adapted from Deonikar P, Kavdia M. A computational model for nitric oxide, nitrite
and nitrate biotransport in the microcirculation: effect of reduced nitric oxide consumption by red blood cells and blood velocity. Microvasc Res.
2010;80:464e476.
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therefore adrenergic signaling). PDE2 is cGMP stimulated,
acting to hydrolyze cAMP, therefore inhibiting its activ-
ity.38 Conversely, PDE3 hydrolysis of cAMP is competi-
tively inhibited by cGMP, by virtue of PDE3 having a
higher substrate affinity for cGMP than cAMP.

Accordingly, inhibition of PDE2 improves NO
signaling in animal models of pulmonary hypertension and
pressure overload-induced heart failure,39,40 while cil-
ostazol, a PDE3 inhibitor, induces arterial dilation and
reactivity through both endothelium dependent and inde-
pendent mechanisms.41e43

While endogenously produced NO has important effects
on the vasculature, targeted delivery of NO to the vascu-
lature has proved challenging given its extremely short
half-life. Thus, the strategy of prolonging its effects with
PDE inhibitors as described above.

PDE inhibition has been studied as a potential therapy
in heart failure with preserved ejection fraction (HFpEF). In
addition to beneficial effects on RV function, sildenafil
improves left sided hemodynamics,44 however the RELAX
trial (n ¼ 216) failed to demonstrate any improvement in
exercise capacity from sildenafil treatment in HFpEF
patients.45

An alternative approach to increase intravascular NO is
via the use of nitrates which are metabolized to NO as
discussed in the next section.

Part 2: organic nitrates

Organic nitrates are usually laboratory synthesized chem-
icals. A notable exception is ethyl nitrite, which is formed
in the human stomach following ingestion of lettuce (di-
etary nitrate as a source of nitrite as described below) and
red wine or whisky (ethanol),46e48 with potent vasodilatory
properties.

Clinically, organic nitrates are used in a number of
conditions. For example, acute administration of glyceryl
trinitrate (GTN) is effective for the relief of angina caused
by myocardial ischemia, for hypertensive emergencies, and
for acute heart failure.49 In combination with hydralazine,
organic nitrates (isosorbide dinitrate) have been shown to
reduce mortality and improve outcomes in African Amer-
icans with HFrEF.50 However, in HFpEF organic nitrates
did not improve quality of life (QOL) or outpatient physical
activity.51 Regular/chronic administration of isosorbide
mononitrate (ISMN) is useful for relief of angina. The use
of nitrates is limited by their side effect profile (headaches),
interactions with other vasodilator medications,52 and
tachyphylaxis. As further discussed in Chapter 36, in pa-
tients with HFpEF, inorganic nitrate therapy seems to be
associated with particular high incidence of side effects,
including headaches and dizziness.50,53

Pulsatile hemodynamic effects of organic
nitrates

GTN and amyl nitrite were identified as antianginals and
treatments for elevated arterial pressure (and heart failure)
identified through palpation or sphygmographic recording
of the arterial pulse in the late 19th century by Broadbent
(1875) and Murrell (1879), respectively.54,55 In response,
Mahomed, who had modified and improved the sphyg-
mograph at Guy’s Hospital (where the co-author to this
Chapter, A.W. runs hypertension clinics), highlighted the
significance of a modifiable functional component of high
arterial tension, as opposed to fixed structural changes in
the arterial wall.56 However, as GTN was not found to
consistently lower brachial blood pressure (systolic or
diastolic) as estimated by the occlusive cuff method of
Scipione Riva Rocci in 1896,57 interest in its use for
chronic hypertension waned. The relationship between the
effects of GTN on arterial waveform, different vessel types
and effect on aortic versus brachial systolic pressure were
not fully appreciated until over a century later, as reviewed
and further investigated by Jiang et al.58

As initially described by Winbury M et al., in the cor-
onary circulation in 1969,59 organic nitrates were further
characterized as being selective for conduit versus resis-
tance arteries by Barba et al.60; see Fig. 51.4.

FIGURE 51.4 Arteriovenous profiles of dilators. Dilator responses of
dorsal hand veins (D; n ¼ 6; left axis), the radial artery (C; n ¼ 4; left
axis), and the forearm resistance bed (-; n ¼ 4e5; right axis) to local
infusions of glyceryl trinitrate. Allowing for the approximately 50-fold
differences in blood flow between dorsal hand veins and the forearm
arterial bed, these results suggest that nitric oxide donors are approxi-
mately equipotent in dorsal hand veins and the radial artery and 10-fold
less potent in the resistance vasculature. Reproduced from Figure 1A
from Barba G, Mullen MJ, Donald A, MacAllister RJ. Determinants of the
response of human blood vessels to nitric oxide donors in vivo. J Phar-
macol Exp Ther. 1999;289:1662e1668.
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In a recent study utilizing the human forearm model,
Fok et al. assessed changes in conduit (radial) artery
diameter (measured by ultrasound) in response to intra-
brachial infusion of various vasodilators.61 Fig. 1 from that
article61 (free access: https://www.ahajournals.org/doi/10.
1161/HYPERTENSIONAHA.112.198788?url_ver¼Z39.
88-2003&rfr_id¼ori:rid:crossref.org&rfr_dat¼cr_pub%
20%200pubmed) shows that for the same degree of effect
on resistance arterioles (assessed by forearm blood flow
[FBF]), GTN, had the largest effect on conduit artery
dilatation, followed by sodium nitroprusside (SNP): these
agents are metabolized to NO or donate/release NO,
respectively, suggesting selectivity for larger (conduit) ar-
teries versus smaller (resistance) arterioles, via a mecha-
nism relating to NO. By comparison, the other vasodilators,
such as alpha-adrenergic blockers (phentolamine) and
calcium channel blockers (verapamil) had little or no effect
on conduit arteries but were highly effective at increasing
FBF (resistance arterioles). We have summarized these
comparative differences in selectivity in Fig. 51.5. In
addition, changes in local PWV in the conduit arteries and
impedance (Zc) were closely correlated with changes in
radial artery diameter.61

Key evidence to explain the hemodynamic effects of
organic nitrates is provided in the Jiang et al. paper
mentioned above.58 By assessing the effect of increasing
doses of GTN patches on peripheral and central (aortic)
blood pressure, the investigators identified GTN’s related

effects on aortic augmentation pressure (AP) and ejection
duration. While GTN only decreased brachial blood pressure
at the highest dose, it decreased aortic pressures (systolic
blood pressure [SBP], pulse pressure, and augmentation
index) at all doses, which was considered to be due to a
selective effect on conduit versus resistance vessels.

A subsequent study by Pauca et al., using invasive
measures of aortic pressure, found that the decrease in
central aortic systolic and pulse pressures is attributable to
its effect on peripheral conduit arteries: GTN acts to dilate
conduit vessels therefore decreasing aortic wave re-
flections.62 These results are consistent with the current
clinical uses of organic nitrates: they are effective at
dilating conduit arteries, e.g., the epicardial coronaries and
are therefore an effective antianginal therapy (however the
main mechanism is via venous dilatation with decreased
preload and therefore LV wall stress). At low doses they are
relatively ineffective at dilating resistance arterioles,
therefore restricting their use as antihypertensive agents (at
least with respect to peripheral BP), unless at high doses,
e.g., via an intravenous infusion for hypertensive crises.

A further complementary insight into the mechanism of
GTN was provided by Cecelja M et al. in the Twins UK
Study. Here the w10 mmHg increase in central pulse pres-
sure over a decade in 411 female twins was accounted for
mainly by an increase in AP. GTN (in a subsample, n ¼ 42)
transiently “reversed this decade of aging”ddecreasing the
cPP by 10 mmHg; this was entirely by decreasing the AP.63

Gu et al. recently developed a novel echocardiographic
parameter, the first-phase ejection fraction (EF1), which is
the fraction of left ventricular volume ejected from the start
of systole to the time of the first peak in left ventricular
pressure (corresponding to the time of maximal ventricular
shortening).64 The EF1 was found to be diminished in pa-
tients with hypertension and diastolic dysfunction: a pattern
of sustained myocardial contraction, which preserves systolic
ejection fraction but at the expense of impairing diastolic
function was identified. Moreover, EF1 was improved by
GTN, as was diastolic function, with the onset of ventricular
relaxation also being hastened. The hemodynamic effects of
organic nitrates and the other NO-related therapeutics, to be
discussed below, are summarized in Table 51.1.

Part 3: inorganic nitrite

Early pharmacological studies of nitrite on
arterial tension/waveform

Considerable interest in the cardiovascular effects of phar-
macologically administered sodium and potassium nitrite
developed shortly after Broadbent (1875) and Murrell
(1879) had explored the effects of the organic nitrates, as
described above,54,55 and partly in the search for other
agents given the short duration of action of amyl nitrite for

FIGURE 51.5 Illustration of relative vasodilatory selective actions for
conduit versus resistance arterioles. BNP, B-natriuretic peptide; GTN,
Nitroglycerin; and SNP, sodium nitroprusside. Based on the findings from
Fok Fok H, Jiang B, Clapp B, Chowienczyk P. Regulation of vascular tone
and pulse wave velocity in human muscular conduit arteries: selective
effects of nitric oxide donors to dilate muscular arteries relative to
resistance vessels. Hypertension. 2012;60:1220e1225. Blood vessels
drawing adapted from Lundberg JO, Weitzberg E, Gladwin MT. The
nitrate-nitrite-nitric oxide pathway in physiology and therapeutics. Nat
Rev Drug Discov. 2008;7:156e167.
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the treatment of angina, as reviewed by Butler and Feel-
isch.65 Reichert and Mitchell in 1880 showed that intrave-
nous doses of potassium nitrite reduced arterial blood
pressure in cats and dogs, while orally administered potas-
sium nitrite was found to have effects on pulse rate and
character in humans.66 Five years later, Leech published an
extensive series of sphygmographs in the British Medical
Journal in 188567 demonstrating while the onset of action of
nitrite on the arterial waveform was delayed (6e10 min)
relative to that of nitroglycerine (2 min), the durations of
action of sodium and potassium nitrite were more prolonged
(strongly for 2.5 h, altogether for 4e5 h) than those pro-
duced by nitroglycerine (marked for 30e45 min, detectable
for 2.5e3 h) and both were longer than amyl nitrite
(10e20 min). This helped fuel the ongoing interest in the
use of (inorganic) nitrite as a potentially superior drug,
which then appeared in Materia Medica, was manufactured
by Squibb in 1906, and was available as an injectable so-
lution for vasospasm and hypertension in the 1920s.

Ben Densham, from King’s College London (where this
Chapter’s co-authors are based), described in experiments
performed in the cat fore- and hindlimb in 1927 “A species
of ‘unlocking effect’ of the hydrogen ion on the vasodilator
action of sodium nitrite and acetyl choline.” and “A
specific adjuvant action of the lactate ion on the vasodilator
action of sodium nitrite.,”68 thus identifying the role of
lower pH in the physiological responses to nitrite.

While Furchgott and Bhadrakom explored nitrite’s
vasodilatory potential in high concentrations with isolated
strips of rabbit aorta in 195369 by that time, nitrite’s clinical

use had declined, due to its side effects and the availability
of other agents, including longer-acting organic nitrates.

Reevaluation of nitrite in the “nitric oxide era”

Some 27 years after Furchgott’s studies on nitrite in rabbit
aorta, he discovered EDRF, which was followed by its
identification as NO, see Palmer, Ferrrige and Moncada.1,2

Against the huge amount of interest in NO, inorganic nitrite
was considered to be “an inert oxidative end product of
endogenous NO metabolism” in 1993 by Moncada and
Higgs5 and thus lack physiological effects. Even with the
demonstration by Zweier in 1995 that nitrite is reduced to
bioavailable NO during ischemia-reperfusion in the isolated
perfused Langendorff rat heart,70 nitrite appeared to have a
deleterious effect and interest in nitrite waned again.
Coupled with concerns about the potential to cause cancer
(discussed below), nitrite was considered at worse toxic,
and at best inactive. Interest in nitrite was not restored until
this century, with the finding of cardiovascular effects un-
der physiological conditions71 in addition to beneficial ef-
fects under ischemic/hypoxic conditions.72 This led to a
proliferation of studies exploring nitrite’s physiological role
and therapeutic potential in a range of disease states.

Nitrite is formed endogenously in cells from the
oxidation of NOS-derived NO by cytochrome C oxidase in
mitochondria,73 in the circulation by ceruloplasmin in
plasma,74 and in the gastrointestinal tract from the reduc-
tion of inorganic (including dietary) nitrate in the
saliva,75,76 by bacterial nitrate reductases (though nitrite

TABLE 51.1 Effects of nitric oxideerelated therapeutics on hemodynamics, pulsatility, and arterial stiffness in

humans.

Vasodilation:

small

arterioles

Vasodilation:

medium

conduit

arteries/wave

reflecton

Stiffness: large

artery aorta

(PWV) (inde-

pendent of BP)

Peripheral

SBP

Central

SBP

Heart

(LVEDP)

Pulsatility:

carotid AP,

AIxDBP

Organic ni-
trate (oral, iv,
i.a.)

[ [[[ 5 YY *tol YYY Y Y

Y/5

Inorganic ni-
trite/dietary ni-
trate (oral,
inhaled, iv,
i.a.)

Normoxia [ [[[[ 5 YY YYY Y Y

Hypoxia [[[ [ Y

SNP (iv. i.a.) [[ [[ ? YY YYY Y ?

sGC stimula-
tors/activators
(oral, iv)

? [ ? ? YY ? ? ?

*tol, tolerance; Aix, augmentation index; AP, augmentation pressure; DBP, diastolic blood pressure; i.a., intra-arterial; iv, intravenous; LVEDP, left ventric-
ular end-diastolic pressure; PWV, pulse wave velocity; SBP, systolic blood pressure; sGC, soluble guanylate cyclase; SNP, sodium nitroprusside
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thus generated was not originally thought to be absorbed
systemically, as discussed further in inorganic nitrate sec-
tion below). Nitrite is now proposed to comprise the largest
vascular storage pool of NO.71

Recent assessment of vascular effects of nitrite

Blood flow studies in the human forearm allow observation
of the effect of drugs on small resistance arteriolar function.
Following intra-arterial infusion of a drug (via brachial
artery cannulation), the effect on resistance arterioles is
observed by measuring the change in estimated forearm
blood volume, a technique known as forearm venous oc-
clusion plethysmography. Although an initial study by
Lauer et al. did not demonstrate any increase in FBF
(representing small resistance arterioles) in response to an
intrabrachial infusion of sodium nitrite (n ¼ 3),77 a land-
mark study by Cosby et al. found that infusion of supra-
physiological and near-physiological concentrations of
nitrite did increase FBF.71 Vasodilatation was enhanced
during handgrip exercise, and, the rate of NO formation
was enhanced with lower oxygen saturations in ex vivo
experiments, suggesting that nitrite bioactivation is regu-
lated by a hypoxia-dependent mechanism. Maher et al.
went on to show that at several doses, the nitrite-induced
increase in FBF was enhanced under hypoxia conditions
(vs. normoxia).78 Nitrite is therefore recognized as a
hypoxia-dependent dilator of small resistance arterioles,
and this is entirely consistent with the proposed mechanism
of nitrite bioactivation, such as deoxyHb and xanthine
oxidase, which are hypoxia-dependent mechanisms.7 On
this point, however, the key question has been, how does
the NO formed from nitrite/catalyzed by deoxyHb in the

RBC escape scavenging by Hb/the RBC to reach the vessel
wall and effect vasodilatation? Basu et al. proposed a
mechanism via dinitrogen trioxide formation (N2O3), which
is a small and uncharged molecule with a greater diffusion
coefficient than NO and the capacity to readily form vas-
odilating nitrosothiols; see Fig. 51.6.79

The human forearm model can also be used to assess
conduit artery function through 2D ultrasound assessment
of radial artery diameter, which we performed simulta-
neously with FBF. With w100% arterial hemoglobin ox-
ygen saturation in healthy volunteers, nitrite would not be
expected to result in vasodilatation in conduit vessels, as
this would not support reduction of nitrite to NO and NO is
rapidly oxidized to nitrite and nitrate. However, we found
pronounced radial artery dilatation following intrabrachial
infusion.80 Moreover, this was relatively greater than the
effect on FBF, suggesting a selective dilatory effect of ni-
trite on medium-sized conduit arteries. Indeed, the degree
of selectivity almost matched that of GTN (see
Fig. 51.7A)dthe most selective larger artery (i.e., of me-
dium sized conduit arteries) dilator yet identified, as we
have described above.61

Furthermore, the impact of hypoxia was opposite in the
radial (conduit) artery compared to resistance arterioles:
nitrite’s vasodilatory effect was maximal in normoxia and
inhibited by hypoxia (and by hyperoxia); see Fig. 51.7B.80

Given this surprising finding, identifying the precise
mechanism has proven challenging. However, nitrite infu-
sion was associated with local forearm increases in cGMP
production, albeit collected in the returning venous circu-
lation; thus, while this supported generation of NO from
nitrite, to what extent this occurred in the radial artery was
not clear. We also showed that the use of raloxifene to

FIGURE 51.6 Model of nitrite- and Hb-mediated N2O3 export and nitrosation. Hemoglobin deoxygenation (purple) occurs preferentially at the sub-
membrane of the red blood cell as it traverses the arteriole. Nitrite reacts with deoxyHb to make MetHb and NO. Much of this NO binds to hemes of
deoxyHb or undergoes dioxygenation to form nitrate and MetHb from oxyHb. MetHb binds nitrite to form an adduct with some Fe(II)eNO2 character
(HbeNO2). This species reacts quickly with NO to form N2O3, which can diffuse out of the red cell, later forming NO and effecting vasodilation and/or
forming nitrosothiols (SNOs). Low-molecular-weight nitrosothiols may contribute to exportable vasodilatory activity. Reproduced from Figure 7 from
Basu S, Grubina R, Huang J, et al. Catalytic generation of N2O3 by the concerted nitrite reductase and anhydrase activity of hemoglobin. Nat Chem Biol.
2007;3:785e794.
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inhibit aldehyde oxidase (AO)dan important producer of
ROS in humans, enhanced nitrite-induced dilatation. Since
hypoxia, as well as hyperoxia, predisposes to ROS pro-
duction, this provides indirect evidence for varying dilatory
responses in light of the prevailing levels of oxygenation.

We have also demonstrated nitrite’s selectivity for
conduit over resistance arteries in human coronary arteries.
Intracoronary infusion of sodium nitrite demonstrates a
dose-dependent dilatory effect on epicardial (conduit) cor-
onary arteries, but without any significant effect on coro-
nary blood flow or coronary artery resistance (which reflect
resistance arteriolar function)ddespite being observed in
the metabolically active (beating) heart81; see Fig. 51.8.
The effect of nitrite was compared to that of GTN, which
dilated epicardial coronary arteries, but also increased
coronary flow and decreased coronary resistance. These
findings suggest that nitrite was at least as selective for
large versus small vessels as GTN.

When given via an intravenous infusion, inorganic ni-
trite causes systemic vasodilatation of conduit arteriesd
i.e., the radial artery by w11%, and a decrease in central
(aortic) systolic blood pressure (and augmentation index,
AIx),80 without effect on peripheral brachial systolic blood
pressure (or on FBF/small resistance artery dilatation); see
Fig. 51.9.

The finding described above is consistent with nitrite’s
selectivity for conduit arteries, given the similar relation-
ship described for GTN.58,62 The benefit of a circulating
pool of nitrite is its stability in whole blood. Nitrite has a
half-life following intravenous infusion in vivo of approx-
imately 50 min82,83 compared to the extremely short
half-life of molecular NO (w20 ms).4 This disparity in
half-life therefore allows effective delivery of the NO
precursor nitrite to the target tissue, whereby local reduc-
tion yields bioactive NO.

FIGURE 51.7 Changes in radial artery diameter (%) with intrabrachial infusions of (A) sodium nitrite and glyceryl trinitrate (GTN) versus change in
forearm blood flow (FBF) at incremental dose steps of nitrite (0.087e87 mmol/min) and GTN (0.013e4.4 nmol/min); (B) sodium nitrite (0.087e26 mmol/
min; n ¼ 8) randomized crossover study under conditions of systemic hypoxia, normoxia, and hyperoxia on the change in radial artery diameter during.
**P < .01 versus hypoxia; yyyP < .001 versus hypoxia and hyperoxia. Reproduced from Figures 3C and 7 from Omar SA, Fok H, Tilgner KD, et al.
Paradoxical normoxia-dependent selective actions of inorganic nitrite in human muscular conduit arteries and related selective actions on central blood
pressures. Circulation. 2015;131:381e389; Discussion 389.

FIGURE 51.8 Changes in (A) Coronary Artery Diameter, (B) Coronary
resistance with intracoronary infusions of nitrite (2.6 mmol/min “Nitrite
(2.6)”) and nitrite (26 mmol/min “Nitrite (26)”), and glyceryl trinitrate
(GTN; (1 mg/min)). Data are mean � SEM. *P < .05 versus baseline;
yP < .05 versus nitrite (2.6 mmol/min); zP < .05 versus nitrite (26 mmol/
min). Reproduced from O’Gallagher K, Khan F, Omar SA, et al. Inor-
ganic nitrite selectively dilates epicardial coronary arteries. J Am Coll
Cardiol. 2018;71:363e364.

Organic and dietary nitrates, inorganic nitrite, nitric oxide donors Chapter | 51 815



The effect of inorganic nitrite on the
cardiovascular systemdventricular
hemodynamics

Limited animal and human data exist to describe the effect
of nitrite on cardiac function. In the rat heart, nitrite exerts a
concentration-dependent lusitropic effect84 and augments
the Frank Starling response85 in an NO and cGMP/PKG-
dependent, but NOS-independent manner. Nitrite’s effect
on the human heart has been studied in HFpEF, in which it
improves ventricular performance during exercise (a greater
increase in cardiac output with exercise vs. placebo),86 as
well as decreasing aortic wave reflections and inducing
improvements in arterial elastance87; see below.

Clinical applications of inorganic nitrite

The therapeutic role of inorganic nitrite has been exten-
sively studied in a number of conditions in which
dysfunctional or dysregulated NO signaling has been
demonstrated, including ischemia-reperfusion injury
(IRI)88e91 and cerebral vasospasm following subarachnoid
hemorrhage (SAH).92e94 Although not directly relevant to
the theme of this text, the current lack of definitive RCT
evidence for therapeutic use of nitrite in IRI and SAH
highlights the difficulty often seen in therapeutic translation
from “bench to bedside.”

More relevant to the theme of arterial stiffness and
pulsatile hemodynamics is nitrite’s effect in conditions such

as arterial hypertension and HFpEF, as discussed in Chapter
36. HFpEF is of particular relevance to the therapeutic
potential of nitrite in that it is a disease that is both asso-
ciated with dysfunctional NO signaling on a cellular basis
(eNOS uncoupling,95 decreased myocardial PKG activity,96

and decreased phosphorylation of cytoskeletal proteins96,97)
while also on a systems basis being associated with ab-
normalities in arterial stiffness and pulsatile hemodynamics.
For these and other reasons (such as lack of tolerance,
Table 51.1), nitrite would appear to be an attractive therapy
to target the key pathophysiological abnormalities in
HFpEF.

Mechanistic studies have demonstrated the potential
beneficial effects of nitrite in HFpEF, with benefits on
resting hemodynamics98 and also following exercise.99 In
the INDIE-HFpEF trial, however, inhaled nitrite failed to
improve exercise capacity in patients with HFpEF compared
to placebo,100 nor did it improve any of the secondary end-
points (QOL, activity levels, ventricular filling pressures, or
biomarkers). It has been suggested that the short half-life of
nitrite (w50 min) is the key reason why the findings of acute
dosing were not confirmed with a four-week course of
inhaled nitrite. It may also be that inhaled nitrite is more akin
to local rather than systemic dosing.

There are several limitations of the current evidence base
for inorganic nitrite in HFpEF. For example, on a mecha-
nistic level, it is not clear whether systemic delivery of nitrite
acts solely via changing cardiac loading conditions or
whether there is a direct myocardial effect. Furthermore, on a

FIGURE 51.9 Effect of intravenous sodium nitrite (8.7 mmol/min over 60 min) on (A) change in radial artery diameter (%) in the contralateral arm
(B) peripheral brachial blood pressure (BP) measurements (systolic BP [SBP], mean arterial pressure [MAP], or diastolic BP [DBP]), (C) central SBP
(cSBP), and (D) peripheral augmentation index (pAIx) performed before and after the 60-minute infusion of sodium nitrite. Data are shown as mean -
� SEM (n ¼ 9, A and B; n ¼ 7, C and D). *P < .05, **P < .01 versus baseline; yyyP < .001 overall. Reproduced from Figure 8 from Omar SA, Fok H,
Tilgner KD, et al. Paradoxical normoxia-dependent selective actions of inorganic nitrite in human muscular conduit arteries and related selective actions
on central blood pressures. Circulation. 2015;131:381e389; Discussion 389.
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therapeutic level, although dietary nitratedin contrast to
organic nitratesdhas been shown to improve exercise ca-
pacity in patients with HFpEF, there is a lack of placebo-
controlled data to suggest that the effects seen with acute
dosing persist with extended duration of therapies.

Part 4: inorganic (dietary) nitrate

Discovery of the inorganic nitrate-nitrite-NO
pathway and its cardiovascular relevance

The medicinal purposes of nitrate have been utilized as
early as the ninth century, when the Chinese documented
the ability of wall saltpetre (calcium nitrate) to relieve
“acute heart pains, and cold in the hands and feet”.101

However, the nitrate-nitrite-NO pathway was not realized
and described as such until 20086; see Fig. 51.10.

The nitrate-nitrite-NO pathway (which includes the
enterosalivary circulation) describes the two-step process
by which NO is produced from orally ingested, and
endogenously produced, inorganic nitrate (NO3

- ), via inor-
ganic nitrite (NO2

- ). Inorganic nitrate is readily absorbed by
the upper gastrointestinal tract with a bioavailability of
w100%,102,103 peak plasma [nitrate], Cmax is achieved
from w60 to 90 min, with a half-life of 5e8 h in the cir-
culation.104,105 Approximately 25% is concentrated in the
salivary glands, with the majority of the remainder being
excreted via the kidneys.106 Following salivary secretion
into the oral cavity, nitrate is reduced to nitrite, mainly by
strict anaerobes (e.g., Veillonella species) and by facultative
anaerobic bacteria (Actinomyces odontolyticus and Rothia
mucilaginosa) on the posterior surface of the tongue107

resulting in a salivary nitrite concentration >1000 times the
plasma nitrite concentration.108

A proportion of the nitrite in swallowed saliva is sub-
sequently converted in the acidic stomach environment in a
nonenzymatic fashion to NO, i.e., nitrite disproportionation
via nitrous oxide and dinitrogen trioxide109 (which is also a
mechanism of NO generation from nitrite in ischemic tis-
sues, where the local pH is low70,110). However, at physi-
ological and dietary-derived concentrations, nitrite was not
originally thought to be absorbed systemically, e.g., with no
increase in plasma nitrite concentrations found in 2003
following lettuce ingestion,111 and therefore would lack
physiological effect. With high pharmacological doses of
nitrite, it was easier to demonstrate that it entered the cir-
culation (due to absorption across the upper gastrointestinal
tract) as shown in 2009.112 Lundberg and Govoni showed
in 2004 that ingested nitrate did result in an increase in
plasma (nitrite).108

Dietary nitrate and blood pressure

The functional effect of dietary nitrate was initially revealed
by Larsen et al. who found a decrease in diastolic blood
pressure following three days of sodium nitrate ingestion in

healthy volunteers in 2006.113 We demonstrated in 2008
that a single ingestion of beetroot juice by healthy volun-
teers, as a source of dietary nitrate, acutely decreased sys-
tolic and diastolic blood pressure with peak effects from
approximately 2e3 h, in parallel with the peak increase in
plasma [nitrite].105 The importance of the salivary conver-
sion of nitrate to nitrite was demonstrated by the finding
that if subjects spit rather than swallow their saliva (and
therefore expel salivary nitrite), the rise in plasma nitrite
associated with ingestion of dietary nitrate is abolished108

as is the blood pressure-lowering effect.105 The term
“nitrate-nitrite-NO pathway” was thus coined in 2008.6

Since, besides beetroot, green leafy vegetables are a rich
source of dietary nitrate, and they are widely consumed in
Mediterranean and Japanese diets which are associated with
greater longevity and diminished cardiovascular disease, it
has been proposed that nitrate is a key component of a
healthy diet and accounts for the blood pressure lowering
and other cardiovascular benefits, for example, as demon-
strated in the DASH study,114

Besides spitting, the nitrate-nitrite-NO pathway may be
interrupted by mouthwash such as chlorhexidine, which
reduces the amount of nitrate-reducing bacteria on the
posterior surface of the tongue (by 80% for bacterial counts
from tongue scrapings), almost abolishing the increase in
salivary [nitrite] and plasma [nitrite] in healthy volunteers,
following an oral nitrate load.115 Furthermore, under basal
conditions with low-normal dietary nitrate intake, chlor-
hexidine increases systolic and diastolic blood pressure in
healthy volunteers from the first day, and throughout a
seven-day period of mouthwash use.116 This highlights the
potential implications of widespread mouthwash use on
blood pressure and other cardiovascular parameters in the
population.

A number of recent meta-analyses have been performed
to address the overall effect of inorganic nitrate on BP. The
findings of these analyses suggest that, for interventions of
up to 15 days duration, inorganic nitrate supplementation is
associated with a significant decrease in SBP of
w4 mmHg.117 A similar magnitude of effect on SBP was
seen in a later meta-analysis of studies with an intervention
duration of 1 week or more; however, the effect was only
significant for clinic BP measurements, with no significant
BP changes observed in studies using ambulatory and/or
home BP monitoring.118

Dietary nitrate and arterial stiffness/pulse wave
velocity

In addition to blood pressure, several studies have shown
that inorganic nitrate improves arterial stiffness. This was
first demonstrated in healthy volunteers by Bahra et al.,119

whereby aortic pulse wave velocity (aPWV) was decreased
by w0.3 m/s following potassium nitrate (8 mmol) inges-
tion (P < .01), associated with an almost 5 mmHg decrease
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in SBP.119 Similarly, in patients with grade 1 hypertension,
Ghosh et al. found that beetroot juice (w3.5 mmol nitrate)
decreased aPWV by w0.8 m/s at 3h, again associated with
a w10 mmHg decrease in SBP.120 Velmurugan et al.
showed that in a double-blind parallel group placebo-
controlled study in 69 patients with hypercholesterolemia
that the effect was maintained following a six-week course

of dietary nitrate (250 mL of beetroot juice/day), with a
w0.2 m/s decrease in aPWV accompanied by a w4 mmHg
decrease in SBP.121 While as in the previous studies, these
differences in PWV were only significant for before and
after the active intervention, and not versus control, there
was in this placebo-controlled study also a decrease in
augmentation index between groups (�3.9%). In each of
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the above studies with dietary nitrate, the decrease in
aPWV was measured using the Vicorder device and was in
the context of a decrease in blood pressure. However,
whether dietary nitrate’s effect on aPWV is all due to the
change in BP, or whether it is possible to alter aPWV
independently of BP (i.e., via effects on the arterial wall),
and over a longer period was not clear. Therefore, we tested
this in our “Vasera study,” with Kennedy Cruickshank, a
factorial design study in which we randomized 126 patients
with hypertension and with Type 2 diabetes (T2DM), or at
risk of T2DM (mainly BMI >27) to six months’ active
nitrate-containing beetroot juice or placebo nitrate-depleted
beetroot juice and either spironolactone or doxazosin.122,123

As two previous studies in patients with T2DM by Gilchrist
and colleagues had not identified a blood pressure-lowering
effect of dietary nitrate,124,125 we were not anticipating a
decrease in BP with the nitrate versus placebo in this
cohort; this would allow comparison of any difference in
arterial stiffness in the absence of any difference in BP, but
we were also assessing arterial stiffness using cardio-ankle
vascular index (CAVI) a nominally BP-independent mea-
sure. Indeed, nitrate did not decrease peripheral brachial BP
versus placebo beetroot juice, and there were no differences
in CAVI. Instead, dietary nitrate resulted in a significant
decrease in central aortic SBP by w2.6 mmHg. Given the
lack of effect on brachial BP, this represented a selective
decrease in central BP, which is consistent with our pre-
vious findings described above with inorganic nitrite
(selectively reducing central BP), with the associated
mechanism of normoxia-dependent conduit artery dila-
tion.80 Therefore, dietary nitrate and inorganic nitrite may
have their main effects on medium-sized conduit arteries in
normoxia, associated with decreases in central aortic BP,
rather than an effect on large artery (aortic stiffness) per se.
For spironolactone versus doxazosin, there were also no
differences between them in their effects on decreasing BP
(as intended in the design of the study) but also no sig-
nificant differences in CAVI (infact, CAVI was borderline
lower for doxazosin than spironolactone). Thus, our data
suggest that it is possible to alter aortic stiffness indepen-
dently of BP and eluding to a role for sympathetic (nor)-
adrenergic tone in regulation of large arterial stiffness,
mechanisms which are supported by subsequent work by
Faconti et al.126 Here we used lower-limb venous occlusion
(LVO; a similar intervention to lower-body negative pres-
sure) which reduced mean arterial BP (by w1.8 mmHg) in
70 patients with hypertension but increases sympathetic
activity (reflected by an increase in heart rate variability;
HRV) and found that LVO elevated aortic and carotid-
femoral PWV by w0.8 and w0.7 m/s, respectively. By
comparison, device-guided breathing decreased BP, sym-
pathetic tone/HRV and PWV by w1.2 m/s, exceeding

nifedipine’s effect on PWV w0.7 m/s, despite the latter’s
greater effect on BP (but lack of effect on HRV).

Several other studies have been performed investigating
pulsatile hemodynamics and arterial stiffness with dietary
nitrate. For example, Liu et al. performed a study in 26
healthy volunteers (albeit with average BMI in the over-
weight range 25.4 [range 19.1e30.4]) with acute dosing
with a spinach-rich meal (220 mg nitrate) which improved
pulsatile hemodynamics (it reduced pulse pressure and
SBP, but not DBP) but showed only a trend to improve-
ment in carotid-femoral PWV (cfPWV).127 The same group
(Bondonno et al.) performed a crossover RCT assessing the
effect of seven days’ high-nitrate (>300 mg nitrate) versus
seven days’ low nitrate diet in 38 patients with high-normal
blood pressure, who were on average in the overweight
range BMI 27.1 (range 20.6e37.0): there was no effect on
SBP or DBP or cfPWV (SphygmoCor).128 Kim et al.,
studied 13 healthy postmenopausal women (Aged
63 � 1 year; BMI 25.4 � 1.4 [SEM]) and found that acute
administration of nitrate-rich beetroot juice decreased pe-
ripheral and central (aortic) systolic and mean blood pres-
sures, and increased pulse pressure augmentation, but had
no effect on cfPWV, AP, or AIx; SphygmoCor).129

Whether age influences the hemodynamic responses
before and after dietary nitrate was investigated by Hughes
W. et al., who found that beetroot juice (nitrate 9.4 mmol)
decreased aortic augmentation index (AIx@75 bpm;
SphygmoCor) in 14 healthy young adults (aged w25 year)
despite AIx@75 already being negative: from �4.3% at
baseline to �8.8%, but did not decrease AIx in 12 healthy
older normotensive individuals (aged w64 year; baseline
AIx w28%), despite decreasing peripheral and central BP
in both groups.130 Walker M et al. studied 15 healthy older
men of similar age (mean 69 years old, mean BMI 26.6) in
an acute double blind randomized crossover study with a
similar dose of dietary nitrate (800 mg) as beetroot juice,
and found an improvement in AIx75 versus placebo, but no
effect on BP or PWV.131 The results of larger, longer
intervention studies are awaited, such as the NITRATE-
TOD study, a randomized, double-blind, placebo-
controlled trial investigating the effects of inorganic ni-
trate in hypertension-induced target organ damage, in
which reduction in PWV and central BP are primary out-
comes along with change in LV mass.132

Augmentation index was also assessed in 17 patients
with HFpEF (mean age 65.5 � 8.9 years) in the random-
ized, double-blind, crossover study by Zamani et al.,133 as
discussed in Chapter 36. In brief, here a single dose of
nitrate-rich beetroot juice (nitrate 12.9 mmol) significantly
decreased AIx and systemic vascular resistance (vs. pla-
cebo), in parallel with the accompanying increases in total
work performed, cardiac output, and peak oxygen
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consumption (peak VO2) during supine-cycle maximal-
effort cardiopulmonary exercise tests. Chirinos and col-
leagues also tested the effects of organic and inorganic
nitrates on carotid as well as aortic hemodynamics, using
carotid tonometry in two separate studies (one being the
above study by Zamani et al.) in patients with HFpEF.134

Sublingual GTN (0.4 mg) (n ¼ 26) produced marked
vasodilation in the carotid territory, decreasing carotid bed
vascular resistance, and carotid characteristic impedance,
and while it diminished the real component of the reflection
coefficient in the first harmonic, GTN lacked effect in the
second harmonic and increased the third harmonic. These
first three harmonics contain most of the pulsatile energy
which is transmitted to the brain. This was also in the face
of a significant w13 mmHg drop in central SBP, without a
significant decrease in pulse pressure. Hence, GTN
exhibited risks of hypotension and produced excessive
brain vasodilation/without decreasing the arterial pulsatile
load on the left ventricle. By contrast, oral dietary inorganic
nitrate (n ¼ 16) in the form of 12.9 mmol nitrate-rich
beetroot juice, more consistently decreased central arterial
wave reflectionsdacross all three lower harmonics,
without decreasing carotid vascular resistance, carotid
characteristic impedance, or BP. Further analysis revealed
that GTN significantly elevated total transmission, from the
aorta to the carotid, of hydraulic power by w50% and
energy penetration by w33%, with reciprocal losses in
aortic hydraulic power and energy.135 These findings may
underpin GTN’s common adverse effects such as head-
aches and highlight concerns of increased pulsatile hemo-
dynamic stress of the cerebral microcirculation in HFpEF.
Dietary nitrate lacked such deleterious effects. Addition-
ally, inorganic nitrate, but not GTN, improved the Buck-
berg index (ratio of diastolic to systolic pressure-time
integrals136). This suggests that inorganic nitrate, but not
GTN, improves the relationship between pulsatile hemo-
dynamics and myocardial oxygen supply:demand match-
ing. While the study found that GTN reduced central
systolic blood pressure, but inorganic nitrate had no sig-
nificant effect, this was carried out in 16 patients,
comparing BPs only at w2.5h postjuice ingestion in pa-
tients with an elevated BMI 34.4 (SD 3.5). As we have
described above, several other studies in varied patient/
participant groups provide evidence that inorganic nitrate/
beetroot juice lowers central SBP both acutely, and, for
example, in our study with chronic ingestion over six
months, among others.122,123,129,137e139 Moreover, a very
recent meta-analysis by Li et al. provides further confir-
matory support from 47 trials with 1101 participants which
used repeated dosing of nitrate over at least three days, with
overall significant effects on decreasing: peripheral SBP by
w3 mmHg, peripheral DBP w1.5 mmHg, central SBP
w1.6 mmHg, central DBP w2 mmHg; while for PWV
there was a borderline effect �0.24 m/s (95% CIs �0.50,

0.01; P ¼ .06) along with borderline effects on AIx and
24h SBP and DBP.140

The above data highlight several important differences
between organic and inorganic nitrates in the context of
HFpEF. The ventricular and arterial dysfunction and stiff-
ening seen in HFpEF renders patients susceptible to hy-
potension in the setting of excessive peripheral
vasodilatation. Given inorganic nitrate/nitrite’s relatively
selective action on conduit versus microvascular arteries
(and theoretically central over peripheral BP) in normoxia
as well, this confers a potential advantage versus organic
nitrate. Furthermore, in exercising tissues (local hypoxia),
the effect of inorganic nitrate/nitrite on the microvascula-
ture may enhance blood flow to exercising muscles. An
additional, likely related and potentially beneficial cardiac
effect that we identified, was that dietary nitrate (beetroot
juice) ingestion over six months decreased left ventricular
end-diastolic and end-systolic volumes by w5% (vs. pla-
cebo) in our Vasera study.141

Inorganic nitrate and angina

A number of studies have assessed the effect of inorganic
nitrate on angina. In the “Inorganic Nitrate in Angina Study,”
600 mg sodium nitrate for 7e10 days increased plasma [ni-
trate] and [nitrite] in 70 patients with stable angina, associ-
ated with a trend to an increase in time-to- 1 mm ST
depression on treadmill testing and significantly increased
total exercise time byw16 s versus double blind placebo.142

The NITRATE-OCT study is an ongoing randomized-
double-blind, placebo-controlled trial testing the effect of
six months’ nitrate-containing versus nitrate-depleted beet-
root juice on vascular function, platelet reactivity and coro-
nary restenosis (the primary outcome measure, assessed by
quantitative coronary angiography and optical coherence
tomography; OCT) in 246 patients undergoing percutaneous
coronary intervention for stable angina.143

Limitations of organic and dietary/inorganic
nitrates

In the published literature regarding inorganic nitrate, it is
common to see comparisons with organic nitrate in which
the limitations of organic nitrate are listed.144 Key exam-
ples of such limitations include: the rapid development of
tolerance; side effects such as headache; and the tendency
of organic nitrates to induce a state of endothelial
dysfunction.145,146 Indeed, in the NEAT-HF study, organic
nitrate actually worsened activity levels in patients with
HFpEF, a finding that has been attributed to endothelial
dysfunction due to ISMN,51 or could be related to its side
effect profile from nonselective hemodynamic effects
(including brain vasodilation and hypotension) as discussed
above.
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Although dietary nitrate is often considered synony-
mous with beetroot juice, nutritional studies may consider
a range of green leafy vegetables as dietary nitrate. In such
studies, calculation of daily dietary nitrate intake may
involve calculation of the total amount of dietary nitrate
using participant food diaries. Estimations such as this are
highly prone to error. Beetroot juice as dietary nitrate has
issues with palatability. In a recent study, we asked vol-
unteers to give concentrated beetroot juice a score for taste
on a scale of 0 to 10 (0 for disgusting, 10 for delicious).
The average score for concentrated beetroot juice (diluted
in water) was only 4 out of 10147 (of note in this particular
study, taste was improved by mixing the beetroot juice
with golden grapefruit juice, a combination which poten-
tiated beetroot juice’s effect on lowering SBP and pulse
pressure). This is in addition to discoloration of urine and
stool due to beetroot which, although harmless, may be
distressing to patients. While most studies to date suggest
that individuals taking inorganic nitrate (and nitrite) do not
develop tolerance, a recent study in which 20 patients with
hypertension and metabolic syndrome took sodium nitrite
for 12 weeks has suggested that tolerance to inorganic
nitrite may indeed occur (the BP-lowering effect was
sustained for the first 10 weeks, but not present at week
12).148 Also, a recent, relatively large study in 231 patients
with hypertension, found no overall effect on ambulatory
blood pressure of nitrate pills (300 mg nitrate), or leafy
green vegetables containing 300 mg nitrate versus low-
nitrate vegetables or placebo pills taken daily over five
weeks.149

These data are in contrast to the other studies described
above, with long term evidence from our findings of the
(central) BP-lowering effect of dietary nitrate is seen at
6 months.122 Further studies are required to assess whether
this effect is consistently seen with longer term treatment
with nitrite and also whether a similar phenomenon is seen
with dietary nitrate.

As is discussed in detail later in this chapter (Part 6), the
pathophysiology of some disease states involves abnor-
malities in the redox state of sGC which becomes NO-
unresponsive. This may therefore decrease the effectiveness
of any therapies, organic and inorganic nitrates included,
that act via NO signaling.

Safety concerns regarding dietary nitrate and
inorganic nitrite

Although inorganic nitrate is not associated with the side-
effects commonly seen with organic nitrates,
e.g., headache, acute side effects can occur, depending on
mode of delivery. For example, as noted above, approxi-
mately 10% of patients who receive oral sodium nitrate
experience gastrointestinal side effects such as nausea,
vomiting, and/or abdominal discomfort.142

Methaemoglobinaemia (oxidation of hemoglobin to
methemoglobin which lacks oxygen-carrying capacity) is
considered to be a possible side effect of treatment with
inorganic nitrate/nitrite; however, the doses used in clinical
studies have not resulted in clinically significant meth-
aemoglobinaemia (generally considered as a methemo-
globin level of greater than 5%e10%).

The most concerning potential adverse effect of dietary
nitrate is perhaps also the most contentious, i.e., whether or
not consumption of dietary nitrate causes gastrointestinal
malignancy. Definitive data are absent with some studies
suggesting a positive association yet others suggesting that
higher levels of dietary nitrate are associated with decreased
incidence of malignancy.150e153 The conflicting data may be
due to different effects from dietary inorganic nitrate (beet-
root, green leafy vegetables which may confer a protective
effect) versus inorganic nitrate and nitrite used as both food
preservative in curing meats and as a colorant, which may be
harmful. This tension is reflected in the guidance from the
International Agency for Research onCancer guidance that it
is nitrate/nitrite consumed under “conditions that result in
endogenous nitrosation” that is probably carcinogenic to
humans, rather than dietary nitrate/nitrite in themselves.

Part 5: nitric oxide donors

Sodium nitroprusside

In current cardiovascular clinical practice, the role of SNP
is largely restricted to hypertensive crises and is used less
frequently than in the past. Nonetheless, SNP displays
some interesting characteristics which provide further in-
sights related to NO physiology and deserves a brief
mention here. For example, in the rabbit heart, SNP exerts a
negatively inotropic effect in a cGMP-mediated manner,
disproportionately decreasing myocardial oxygen con-
sumption and consequently increasing economy of cardiac
muscle contraction.153 In humans, SNP (like GTN and
inorganic nitrite) demonstrates relative selectivity for
conduit over resistance arteries.61 When delivered via the
intracoronary route, SNP decreases LVEDP, heart rate, and
the time to end-systole (i.e., hastens the onset of diastole),
while increasing the LV end-diastolic volume.154 Indeed,
such studies utilizing intracoronary SNP were the first to
suggest a direct myocardial effect of NO.

Part 6: soluble guanylate cyclase

The role of soluble guanylate cyclase in the
cardiovascular system

As we have described above, sGC is a key component in NO
signal transduction, generating cGMP in the presence of NO
stimulation. Vascular disease, e.g., hypertension, is associ-
ated with decreased expression and activity of sGC.155e157
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Dysfunctional soluble guanylate cyclase
signaling

sGC is itself under redox regulation158 and exists in both
reduced, heme-containing and oxidized, heme-free forms.
Heme-free sGC is unresponsive to NO. In the setting of
oxidative stress, free radicals such as peroxynitrite oxidize
sGC, resulting in an increased proportion of oxidized, heme-
free sGC. A concept has emerged which hypothesizes path-
ological “NO resistance”within cardiovascular disease states
such that oxidative stress results not only in a free radical-
induced decrease in NO bioavailability, but also in a
peroxynitrite-induced decrease in sGC function via an
increased proportion of NO-unresponsive oxidized sGC.159

Drugs that target soluble guanylate cyclase

Two main classes of drugs exist that target sGC directly:
the sGC stimulators and the sGC activators.

Soluble guanylate cyclase stimulators

sGC stimulators (e.g., Riociguat, Vericiguat) act in both an
NO-dependent and NO-independent manner. They have
both the ability to directly stimulate heme-containing
sGC160,161 and also to sensitize sGC to low concentra-
tions of NO. In the clinical setting, riociguat improves
exercise tolerance in pulmonary arterial hypertension.162,163

Following phase II studies of Vericiguat,164 the VIC-
TORIA trial was the first large scale RCT assessing the
effect of vericiguat in HF.165 In this study, in patients with
symptomatic HFrEF (NYHA IIeIV, EF<45%) vericiguat
decreased the composite endpoint of cardiovascular death
and first hospitalization for HF. Side effects of vericiguat
included symptomatic hypotension, syncope, and anemia.

In a placebo-controlled, double-blind phase IIb trial
exploring the effects of vericiguat in 789 patients with
HFpEF, vericiguat failed to improve the primary end points
of function, symptoms, and QOL.166

Soluble guanylate cyclase activators

Cinaciguat is an sGC activator which binds to the heme
pocket of heme-free sGC.167 It has been studied in patients
with acute decompensated heart failure. Initial studies
suggested that an intravenous infusion of cinaciguat was
associated with favorable effects on cardiac loading, but
with hypotension as a frequent adverse effect.168,169

However, the COMPASS series of randomized controlled
trials were halted early due to an excess of (nonfatal) hy-
potension and an absence of effect of cinaciguat on either
cardiac index or symptom burden (all in the context of
difficulty in patient recruitment).170

Nitroxyl

In addition to the sGC stimulators and activators, nitroxyl
has an NO-like effect on sGC, triggering cGMP-dependent

signaling. Nitroxyl (HNO) is the protonated, reduced form
of NO,171,172 with vasodilator173 and positive inotropic
effects,174 which does not develop tolerance.175 While the
positive inotropic effects of nitroxyl are sGC-independent,
experimental work in mice suggests that the vasodilatory
effect is mediated by sGC signaling; nitroxyl’s vasodilatory
effect is abolished by the sGC inhibitor 1H-[1,2,4]oxadia-
zolo-[4,3-a]quinoxaline-1-one (ODQ) and is absent in sGC
knockout mice.176 In humans in vivo (patients with systolic
heart failure), nitroxyl decreases cardiac filling pressures,
with a decrease in systemic vascular resistance and increase
in cardiac output.177

Conclusions and future directions

In conclusion, therapeutic strategies targeted at NO
signaling are of value (or potential value) in addressing
arterial stiffness and abnormal pulsatile hemodynamics and
associated conditions.

However, therapies for chronic pathology such as
arterial stiffness, hypertension, and heart failure necessarily
need to be long-term therapies. Therefore, future clinical
studies focused on chronic conditions will require longer
durations of treatment to be studied, reflecting the chronic
nature of treatment that would be required in the relevant
condition. While organic nitrates have been studied for
decades, the field of inorganic nitrate/nitrite therapeutics is
still in the process of progressing to large scale, long-
duration randomized control trials, a step that will be
necessary if these approaches are to become widely adop-
ted in clinical practice. Following recent studies such as our
Vasera study with 126 patients treated for six
months,178,179 and Sundqvist et al., with 231 patients
treated for five weeks,149 the results of several ongoing
studies are awaited. These include the studies described
above: NITRATE-OCT,143 NITRATE-TOD (target organ
damage and central BP/PWV in 160 patients with hyper-
tension treated for 4 months),132 and also NITRATE-CIN
(prevention of contrast-induced nephropathy with five
days’ nitrate in 640 patients with acute coronary syn-
drome)180 and the KNO3CK OUT HFpEF (Effect of KNO3

Compared to KCl on Oxygen UpTake in HFpEF) in 76
patients, assessing the effects of a six-week’ potassium
nitrate administration on aerobic capacity.181 This require-
ment for longer and larger trials is true for the other ther-
apeutic strategies discussed in this chapter. In addition to
the need for such trials, further study of the complex
mechanisms relating to the biochemistry, (patho)-physi-
ology, pharmacology, and hemodynamics are required. The
figure by Vanderpool and Gladwin,182 available free access
(https://www.ahajournals.org/doi/10.1161/CIRCULATION
AHA.114.014149?url_ver¼Z39.88-2003&rfr_id¼ori:rid:cr
ossref.org&rfr_dat¼cr_pub%20%200pubmed), provides a
summary of how the nitrate-nitrite-NO pathway influences
central and peripheral hemodynamics and how this relates
to potentially beneficial effects in HFpEF pathophysiology.
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Introduction

The large elastic central arteries, including the aorta and
common carotid arteries, stiffen with advancing age in
humans even in the absence of significant cardiovascular
disease (CVD) risk factor burden. Both aortic and carotid
stiffness are robust predictors of future CVD morbidity and
mortality independent of blood pressure and other cardio-
vascular risk factors.1,2 Higher large central artery stiffness
is associated with numerous pathological conditions asso-
ciated with older age including isolated systolic hyperten-
sion, heart failure, orthostatic hypotension, myocardial
ischemia, chronic kidney disease, cognitive impairment,
and cerebral white matter lesions, the latter three conditions
likely from penetration of damaging excessive pulsatile
pressure into the microcirculation of these high flow target
organs.3 The rate of increase of aortic stiffness, in partic-
ular, over the lifespan can be accelerated in the presence of
hypertension,4 whereas other traditional risk factors such as
dyslipidemia, smoking, and glucose appear to have a more
modest or minor influence with advancing age.5 In contrast,
high levels of habitual aerobic physical activity (PA)6,7 and
cardiorespiratory fitness (CRF)8e12 are associated with an
attenuated age-related increase in central artery stiffness
among middle-age/older (MA/O) adults without hyperten-
sion. However, the benefits of habitual aerobic PA and high
CRF on aortic stiffness are largely absent among MA/O
adults with treated and treatment-naïve hypertension,13e17

although carotid artery stiffness appears to be more modi-
fiable.18 Interestingly, in contrast to habitual aerobic PA or
structured aerobic exercise training, heavy volume/intensity
resistance exercise training (RET) may cause increases in
central artery stiffness,19e22 whereas moderate intensity
RET appears to not have adverse effects and may even be

beneficial.23,24 Finally, obesity is associated with higher
central artery stiffness and weight (body fat) loss is
generally associated with reductions in central artery stiff-
ness among MA/O adults; in this setting, the change in
stiffness appears to be associated with abdominal visceral
fat.25,26 This chapter will discuss the evidence for the
beneficial effects of aerobic PA/aerobic exercise training,
RET, and weight gain and loss on central artery stiffness in
young and MA/O adults with and without hypertension.

Effect of high cardiorespiratory fitness
and habitual aerobic PA on central
artery stiffness and pulsatile
hemodynamics with aging

Given the strong relation between higher central artery
stiffness and CVD risk1,2 and the inverse association be-
tween higher CRF and high PA with lower CVD morbidity
and mortality,27e31 it reasons that maintaining higher CRF
and levels of aerobic PA with advancing age would have a
favorable effect of attenuating age-related central artery
stiffening compared with lower CRF and physical inac-
tivity. To test this hypothesis investigators have conducted
cross-sectional studies of MA/O adults without hyperten-
sion who have been performing moderate-to-vigorous
habitual aerobic exercise 5e6 days/week, typically “mas-
ter’s athletes” competing in competitive endurance events
and comparing them to physically inactive, age- and sex-
matched adults. Thus, these endurance-trained MA/O
adults maintain a higher CRF than the physically inactive
adults and in most studies demonstrate a complete or partial
prevention of the age-related increase in aortic and/or ca-
rotid artery stiffness. In the first such study, Vaitkevicius
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et al.8 demonstrated that Doppler floweacquired aortic
pulse wave velocity (PWV) was significantly lower among
MA/O men and women who had been engaging in
vigorous endurance exercise for multiple years compared
with physically inactive age-matched adults, and this was in
the absence of any differences in blood pressure between
groups (see Fig. 52.1). Also, aortic PWV did not differ
between the endurance-trained MA/O and younger adults,
consistent the idea that high CRF from chronic moderate-
to-vigorous aerobic exercise, abrogated the age-related
elevation in aortic stiffness among physically inactive
MA/O men. Furthermore, maximal CRF, measured as the
rate of oxygen consumption at maximal exercise
(VO2max), was inversely correlated with aortic PWV and
the relation was strongest among older men >70 years of
age. Thus, these data suggest that high CRF from habitual
moderate/vigorous aerobic exercise in middle- to older age,
or perhaps other factors associated with higher CRF
(e.g., genetics, low adiposity), blunt the age-related eleva-
tion in aortic stiffness in MA/O men without hypertension.

Numerous other cross-sectional studies since have
confirmed these findings related to aortic stiffness in both
MA/O men and postmenopausal women who perform
moderate-to-vigorous aerobic exercise.9,11,32 Similar age-
and aerobic exercise training status-cross-sectional findings
in MA/O men and women have also been reported with
carotid artery compliance or b-stiffness index.10,33,34

Moreover, these beneficial alterations in central artery
stiffness associated with high CRF appear to be largely
independent of lower blood pressure and less CVD risk
factor burden. Although these studies suggest a favorable
direct effect of repeated bouts of aerobic exercise and/or
high CRF on the elastic properties of the arterial wall, other
lifestyle or unmeasured biological and social factors
(e.g., healthy diet, low inflammation, higher socioeconomic
status, etc.) in individuals with high CRF may have also
contributed in part to lower aortic stiffness. Interestingly, in
a study by Moreau et al. 33 physically inactive post-
menopausal women on hormone replacement therapy
demonstrated similar carotid artery compliance and

FIGURE 52.1 Left panel: Bar
graphs of systolic blood pressure
(upper), aortic pulse wave velocity
(middle), and augmentation index
(lower) are compared among young
sedentary, old sedentary, and old
athletic adults by analysis of vari-
ance. Values are mean � SEM. A,
SBP: yold sedentary different from
young sedentary controls P < .01; B,
APWV: *old sedentary controls
differ from young sedentary controls
and older athletes at P < .001; C,
AGI%: zall groups differ at
P < .001. Right panel: Carotid arte-
rial compliance (top), arterial disten-
sibility coefficient (middle), and
beta-stiffness index (lower) of
women in the cross-sectional study.
*P < .001 versus Sed; yPre, pre-
menopausal; Post, postmenopausal;
HRT, hormone replacement therapy;
ET, endurance training. Left panel:
Vaitkevicius PV, Fleg JL, Engel JH,
et al. Effects of age and aerobic
capacity on arterial stiffness in
healthy adults. Circulation. 1993;
88:1456e1462 with permission.
Right panel: Moreau KL, Gavin KM,
Plum AE, Seals DR. Oxidative stress
explains differences in large elastic
artery compliance between sedentary
and habitually exercising post-
menopausal women. Menopause.
2006; 13:951e958 with permission.

830 Textbook of Arterial Stiffness and Pulsatile Hemodynamics in Health and Disease



b-stiffness index as endurance-trained postmenopausal
women who were not on hormone replacement, although
carotid compliance/stiffness was not back to levels of
young premenopausal women (see Fig. 52.1). Given the
potential adverse health effects of prolonged hormone
replacement therapy on increased risk of breast cancer35

and lack of CVD benefit in randomized, controlled
trials,36e38 habitual aerobic exercise may be a valuable
alternative therapeutic strategy to improve central artery
stiffness in estrogen-deficient postmenopausal women.

Because many MA/O adults cannot perform the high
volume of moderate-to-vigorous aerobic exercise as
endurance-trained master’s athletes, it is important to
determine whether daily occupational and leisure levels of
PA may lower central artery stiffness among MA/O adults
in the community.6,7 In this regard, among a cohort of
multiethnic older community-dwelling adults, moderate
and higher volumes of PA (computed from duration, fre-
quency, and intensity of PA) expressed as metabolic
equivalents (METs) in minutes/week from the self-report
Baecke PA Questionnaire, were associated with lower
carotid-femoral PWV compared with no PA in models
adjusted for age, sex, education, race-center, smoking sta-
tus, and mean arterial pressure.7 Indeed, those with mod-
erate and high volume of aerobic PA demonstrated �0.30
and �0.38 m/s slower carotid-femoral PWV, respectively,
compared with no PA, consistent with the idea that aortic
stiffening is less prominent in more physically active MA/O
adults. Interestingly, low volume of aerobic PA was not
associated with a lower aortic stiffness indicating that at
least a moderate volume of PA may be required to destiffen
the aorta in older adults. In a subsample of the cohort who
maintained a high volume of PA between study visits 1 and
3 (w6 years), the favorable relation with carotid-femoral
PWV was even larger with a reduction of �0.73 m/s.
Moreover, these results were maintained after further
adjustment for presence of hypertension (which was present
in w3/4 of the cohort) but was attenuated when adjusted
for prevalence of diabetes. These data suggest that persis-
tent high volume of PA from middle age into older age has
a favorable association with slower aortic stiffness pro-
gression even if hypertension is present but perhaps not
diabetes.

In one of the only longitudinal studies performed to date
investigating whether moderate-to-vigorous PA can alter
the progression of aortic stiffness, Ahmadi-Abhari et al.6

studied change in carotid-femoral PWV over 5 years
among MA/O adults from the Whitehall II cohort consist-
ing of >4300 participants. Using questionnaire-based es-
timates of PA over the previous 4 weeks and converted to
METs at two visits between 4 and 6 years apart, activities
were stratified into mild (<3 METS), moderate (3e5.9
METS), or vigorous (�6 METS) PA and then expressed as
weekly total PA in MET-h/week. Importantly, the authors

also collected data on sedentary time spent sitting at home
(watching television, sitting at desk) or at work/commuting.
They found that adults with higher baseline levels of PA
(i.e., more MET-h/week) had slower carotid-femoral PWV
compared with low levels PA, but that baseline total PA
was not associated with change in carotid-femoral PWV
over the subsequent 5-year follow-up. Interestingly, each
additional hour of moderate-to-vigorous PA at baseline was
associated with a �0.02 m/s smaller increase in carotid-
femoral PWV compared with the average 5-year increase
of þ0.76 m/s, suggesting that moderate-to-vigorous PA
(e.g., sports, cycling, swimming, mowing) and not mild PA
(e.g., gardening, housework) was necessary to attenuate the
rise in aortic stiffness from age 65 to 70 years. In the lon-
gitudinal analysis, participants who increased their PA over
the 5-year follow-up demonstrated a smaller increase in
carotid-femoral PWV compared with those who did not
increase PA (þ0.60 vs. þ0.76 m/s, P for trend <0.001).
Importantly, adults who decreased their PA over the 5-year
follow-up had larger increases in carotid-femoral PWV
compared with those who did not increase PA (þ0.85
vs. þ0.76 m/s, P for trend <.001) confirming that
becoming more inactive was associated with accelerated
age-related aortic stiffening. Furthermore, with each addi-
tional hour of leisure-time sitting a larger increase in
carotid-femoral PWV over 5 years was observed indepen-
dent of total PA. Taken together, engaging in and sus-
taining moderate-to-vigorous PA with advancing age
possibly slows the progressive stiffening of the aorta in-
dependent of most conventional CVD risk factors, but mild
levels of PA such as housework, gardening, and leisure
walking may not be protective. Furthermore, reductions in
PA, in particular excessive sitting, was associated with
accelerated aortic stiffening over the 5 years indicating that
adopting sedentary behaviors among MA/O adults should
be avoided.

An important finding from these previous studies is that
they suggest that low levels of PA is not sufficient to reduce
aortic stiffness. However, these studies are limited by
reliance on self-report of PA via questionnaires that can be
less reliable and lead to misclassification of magnitude of
PA, particularly quantifying light PA that tends to be un-
structured activities of daily living (e.g., housework,
gardening, etc.).39 To address these limitations, PA accel-
erometers have been employed in some studies to better
characterize the relation between volume and intensity of
PA and central artery stiffness. In this regard, studies using
uniaxial accelerometers confirm self-report studies that
“light” PA is not sufficient to alter aortic stiffness in older
men and postmenopausal women.40,41 However, uniaxial
accelerometers can underestimate light PA because hori-
zontal movements are not detected. Therefore, in a study
using triaxial accelerometers that measure movements in
three dimensions, Gando et al.42 investigated whether
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higher amounts of “light” PA over 14 days was associated
with lower aortic stiffness in a cross-sectional cohort of 538
healthy, nonsmoking young (age <40 years), middle-aged
(age 40e59 years), and older (age �60 years) men and
women. Importantly, they also considered the influence of
CRF (from directly measured VO2max) on whether PA
alters aortic stiffness differently in individuals with high
versus low CRF. They observed that time spent in “light”
PA was longer, but time spent in vigorous PA was shorter,
among MA/O compared with the young adults. Impor-
tantly, older adults who performed high amounts of “light”
PA demonstrated slower carotid-femoral PWV compared
with older adults who performed low amounts of “light”
PA (8.8 vs. 9.5 m/s, P < .05) which remained significant
after adjusting for sex and for moderate and vigorous PA,
but this same effect was not found among young or middle-
aged adults. However, the older adults with higher levels of
“light” PA also had lower mean blood pressure
(�6 mmHg) and higher CRF than the “low” PA group, but
the model did not adjust for these important confounders.
Thus, it is possible that disparities in blood pressure and
CRF could explain the differences in carotid-femoral PWV
between high and low amounts of “low” PA. Furthermore,
the finding that light and moderate PA predicted carotid-
femoral PWV in the older adults was driven by the rela-
tion among the unfit (i.e., low CRF) older adults because
there was no relation between “light” PA and carotid-
femoral PWV among the older adults with high CRF.
Taken together, these data suggest that CRF may moderate
the relation between PA and aortic stiffness, particularly in
older adults who have low CRF. This finding has important
implications because older unfit adults may more easily
incorporate light PA into daily activities rather than initiate
organized moderate-to-vigorous exercise training at a level
sufficient to increase CRF.

Effect of aerobic exercise interventions
on central artery stiffness and pulsatile
hemodynamics in young and MA/O
adults with and without hypertension

Effects of aerobic exercise on aortic stiffness among
normotensive MA/O adults. An important question that
cannot be answered by cross-sectional studies is whether an
aerobic exercise training intervention initiated by previ-
ously sedentary MA/O adults without hypertension can
reverse or improve (decrease) aortic and/or carotid artery
stiffness. Results from intervention studies have been
mixed largely because the studies differ in mode, intensity,
and frequency of exercise training, consist of small sample
sizes, some lack of control groups and randomization,
consist of a short duration of the intervention (3e4 months)
or do not adjust for changes in blood pressure.43e47 In

addition, the results differ depending on whether aortic or
carotid artery stiffness is the primary outcome.10,18,33 For
example, Hayashi et al.43 found that 16 weeks of walking/
jogging in middle-aged normotensive men reduced carotid-
femoral PWV by 0.5 m/s and increased carotid artery
compliance by 30%, in the absence of any changes in
femoral-posterior tibial PWV and femoral artery compli-
ance (i.e., peripheral muscular artery stiffness). However,
the lack of adjustment for the 3 mmHg reduction in mean
arterial pressure and no randomized, parallel-time control
group makes it difficult to conclude that the observed
changes were mediated by reductions in passive elastic
properties of the arterial wall rather than just distending
pressure (see Table 52.1). In a study of 35 middle-aged
women randomly assigned to aerobic exercise, resistance
exercise or a nonexercise control group for 12 weeks,
Yoshizawa et al.44 found a �0.4 m/s reduction in carotid-
femoral PWV in the aerobic exercise group after
12 weeks along with a 9% increase in VO2max, in the
absence of changes in carotid-femoral PWV after resistance
exercise or nonexercise time control. However, this small
change in carotid-femoral PWV after aerobic exercise was
not significantly more than the resistance exercise group
and was not adjusted for the 3 mmHg decrease in mean
arterial pressure, again suggesting that the decrease in
distending pressure and not wall stiffness likely explains
the results (see Table 52.1). Lastly, in a randomized,
controlled trial, 48 previously inactive older adults without
hypertension were randomized to 12 months of aerobic
exercise or nonexercise control in combination with or
without advanced-glycation end-product cross-link breaker
alagebrium.47 They reported that no change was observed
in carotid-femoral PWV among the aerobic exercise alone
or combination with alagebrium groups, despite a 15%
increase in CRF. Although it is possible the total volume of
exercise required to increase CRF in healthy older adults is
less than what is required to reduce aortic stiffness, it is
possible that aortic stiffness may not be modifiable in older
healthy adults age >65 years. Alternatively, it is plausible
that more frequent exercise than three sessions per week
and/or longer than 1 year is required to induce clinically
meaningful reductions in aortic stiffness in previously
inactive older (>70 years of age) adults (see Table 52.1). In
this regard, Shibata et al.12 investigated this question of
frequency in a cross-sectional cohort of older adults (mean
age 70 years) who had performed a consistent frequency of
aerobic exercise training for at least 20 years. Participants
were stratified based on frequency: <2 days/week
(“sedentary”), 2e3 days/week (“casual exercisers”),
4e5 days/week (“committed exercisers”), and 6e7 days/
week (“Master’s athletes”). They found that carotid-
femoral PWV was lower in the “committed exercisers”
compared with “casual exercisers” suggesting that
4e5 days/week was the minimal frequency required to
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TABLE 52.1 Randomized and nonrandomized intervention studies of effects of aerobic exercise training in middle-aged and/or older nonhypertensive adults on carotid-femoral

pulse wave velocity (upper panel) or carotid artery b-stiffness index (lower panel).

Aerobic exercise program

Study

(year)

n (male/

female)

Age

(years)

Randomization Control

group(s)

Fre-

quency

(days/

week)

Duration/

session

(min)

Intensity Duration

(weeks)

Mode %

dV02max

Pre-

CFPWV

(m/sec)

Post-

CFPWV

(m/sec)

dCFPWV

(m/sec)

P < .05

versus

baseline

dMAP

(mm/

Hg)

versus

baseline

Adjusted

for dMAP

Haya-

shi

et al.

(2005)

20 (10/10) 50 � 3 No None 3e4 45 60%e75%

HRR

16 Walk/jog þ13% 9.4 � 3.4 8.7 � 3.2 �0.6 Yes �3 No

Yosi-

zawa

et al.

(2009)

35 (0/35) 32e59 Yes Resis-

tance ex

(n ¼ 11)

or non-

exercise

(n ¼ 12)

2 30 60%e70%

VO2max

12 Cycling þ9% n/a n/a �0.4 Yes �3 No

Oude-

geest

et al.

(2013)

44 (25/19) 70 � 4 Yes Nonexer-

cise

(n ¼ 22)

þ/� ala-

gebrium

(n ¼ 22)

3 30 70%e85%

HRR

48 Cycling þ15% 11.0 � 3.2 11.4 � 2.6 þ0.4 No �2.3 No

Study

(year)

n (male/

female)

Age

(years)

Randomization Control

group(s)

Fre-

quency

(days/

week)

Duration/

session

(min or

kcal)

Intensity Duration

(weeks)

Mode %

dV02max

Pre-

carotid b

- stiffness

(U)

Post-

carotid b

- stiffness

(AU)

%d ca-

rotid b-

stiffness

P < .05

versus

baseline

dMAP

(mm/

Hg)

versus

baseline

Adjusted

for dMAP

Tanaka

et al.

(2000)

20 (20/0) 53 � 2 No None 5.3 �
0.2

42 � 1 73 � 1%

HRmax

13.5 � 1 Walking þ5% 3.0 � 0.2 2.4 � 0.2 �23% Yes 0 No

Mor-

eau

et al.

(2003)

12 (0/12) 63 � 2 No None 4.9 �
0.5

40 � 2 70 � 1%

HRmax

13.1 � 1 Walking þ6% n/a n/a �25% Yes �1 No

Suga-

wara

et al.

(2006)

17 (0/17) 59 � 6 Yes Moder-

ate in-

tensity,

40%

HRR

(n ¼ 8)

3e5 180

e300 kcal

70% HHR 13e14 Cycling n/a 12.3 � 4.6 8.2 � 3.6 �33% Yes þ3 Yes

Data are mean � SD or (95% CI); HTN, hypertension; HRmax, heart rate maximum; CFPWV, carotid-femoral pulse wave velocity; HRR, heart rate reserve; MAP, mean arterial pressure; n/a, not available; RT, resistance training; VT,
ventilatory threshold.
Note: Studies were only included if casual/office MAP was reported or could be computed from systolic and diastolic pressure reported pre- versus postexercise intervention.



attain the destiffening benefits of habitual aerobic exercise
and that there was no added benefit with 6e7 days per
week (no difference with Master’s athletes). Interestingly,
carotid artery b-stiffness index was lower among the “ca-
sual exercisers” compared with the “committed exercisers”
indicating that less frequent aerobic exercise (2e3 days/
week vs. 4e5 days/week) appears sufficient to attenuate
carotid artery, but not aortic, stiffness among older adults.

Taken together, these studies reveal that short-term
(3e4 months) aerobic exercise interventions in middle-
aged adults result in small reductions in carotid-femoral
PWV but may be a result of concomitant decreases in
blood pressure, and longer (12 months) aerobic exercise
3 days/week among older adults without hypertension have
little effect, suggesting that longer duration and/or higher
frequency of exercise per week is likely required to alter
age-related aortic stiffness. Importantly, a critical compo-
nent of the beneficial effects of habitual aerobic exercise on
aortic stiffness appear to be that a minimum threshold of
4e5 days/week is obligatory that was not achieved in the
aforementioned intervention studies.

Effect of aerobic exercise on carotid artery stiffness
among normotensive middle-aged/older adults. In contrast
to inconsistent findings related to aortic stiffness, common
carotid artery stiffness appears to be more amenable to
shorter duration interventions of habitual aerobic exercise.
Tanaka et al. 10 studied MA/O healthy men before and after
a 3-month aerobic exercise intervention consisting of
walking 4e6 days/week (see Table 52.1). Although there
was no significant increase in VO2max after 3 months of
training, carotid artery compliance increased 25% and ca-
rotid b-stiffness index decreased 20% to levels similar with
MA/O endurance athletes but not back to levels of young
adults, and this occurred in the absence of any changes in
CVD risk factors such as body fat%, blood pressure, and
cholesterol fasting glucose. Moreau et al.33 conducted a
similar aerobic exercise intervention design that resulted in
significant 20% increase in maximal treadmill test time and
6% improvement in VO2max in previously physically
inactive postmenopausal women who had previously taken,
but not currently using, hormone replacement therapy (see
Table 52.1). They reported that carotid compliance was
similarly increased 40% and carotid b-stiffness was
reduced 25% after 3 months of training. Importantly, ca-
rotid artery elastic properties in the postmenopausal women
after the exercise intervention were reversed back to levels
of young premenopausal women similar to the previous
study in MA/O men. Furthermore, Sugawara et al.40 found
similar 27% reductions in carotid artery b-stiffness in
postmenopausal women after both a moderate and vigorous
intensity of aerobic exercise training for 12 weeks.
Together, these data suggest that carotid artery stiffness is
very amenable to change after moderate, short duration
aerobic exercise training among both MA/O men and

postmenopausal women, and that are not explained by
improvements in CVD risk factors.

Potential mechanisms for selective improvements in
carotid and aortic stiffness among healthy middle-aged/
older adults. The mechanisms for the observed consistent
improvements in carotid artery compliance/stiffness but not
aortic stiffness in healthy MA/O adults in response to
aerobic exercise interventions are unknown. Higher carotid
artery stiffness is modulated at least in part by reduced
nitric oxide bioavailability48 and augmented sympathetic
nervous system mediated a-adrenergic vasoconstric-
tion.49,50 Therefore, the selective favorable adaptation in
the carotid arteries versus aorta in response to aerobic ex-
ercise training may be related in part to reductions in tonic
a-adrenergic tone and/or augmentation of nitric oxidee
mediated endothelial function, or “functional stiffness” of
the carotid arteries that is absent in the aorta. In addition,
the small blood pressureedependent changes or lack of
change in aortic stiffness in intervention studies among
MA/O adults may also be related to the regional differences
in the relative content of elastin and VSMCs in the aorta. In
this regard, the proximal ascending aorta has higher elastin
content relative to the more VSMC content of the carotid
arteries, therefore passive elastic “intrinsic” stiffness in the
aorta may be less amenable to change than the “functional
stiffness”of the carotid arteries in response to short-term
aerobic exercise training among older adults. Consistent
with this idea, a detailed study of young and middle-aged
adults who initiated a 6-month running program to com-
plete a marathon race demonstrated regional differences in
improvements in proximal ascending aorta versus
descending thoracic and abdominal aorta measured by
MRI.51 Specifically, following the running program there
was no change in the distensibility of the proximal
ascending aorta, whereas there was an increase in both the
proximal descending and distal distending aorta that was at
least partially independent of reductions in mean arterial
pressure. Thus, these data suggest that more distal aortic
segment, which consists of more VSMCs and less elastin in
the medial wall compared with the proximal ascending
aorta,52 may be more amenable to favorable alterations in
wall stiffness over the short 6-month duration than the
ascending elastic aorta. Thus, similar to the common ca-
rotid artery, the more muscular descending aorta perhaps is
responsive to short-term aerobic exercise training via
favorable reductions in VSMC tone/stiffness from either
enhanced nitric oxideemediated endothelial function and/
or less sympathetic nerve adrenergic vasoconstrictor tone,
whereas the more elastic proximal ascending aorta does not
adapt in this short-term intervention.53 One possible
mechanism may be repeated bouts of augmented wall shear
stress in the distal aortic segments during repeated bouts of
aerobic exercise leading to regional differences in stiffness
of ascending and descending aortic segments. In addition,
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regions of enhanced wall shear stress are associated with
reduced vascular inflammation, oxidative stress, renine
angiotensin aldosterone activation, extracellular matrix
remodeling (elastin and collagen ratio), and elastin prote-
olysis of elastin lamellae (see Fig. 52.2).53

Finally, rodent models provide some insight into the
mechanisms by which habitual aerobic exercise potentially
modifies age-related aortic or carotid stiffness in older
humans.54,55 Indeed, late-life initiated voluntary wheel
running in old mice for 10 weeks (w1e3 km per day) re-
sults in decreases in collagen-1, advanced glycation end-
products, oxidative stress, TGF-b, and calcification in the
absence of alterations in medial elastin in aorta or carotid
arteries.54,55 However, it should be noted that these late-life
initiated, short-term exercise interventions in older mice
demonstrate more robust reductions in aortic PWV than in
normotensive older humans.54e56 Thus, the structural and
elastic properties of the older mouse aorta appear much
more amenable to late-life aerobic exercise; therefore,
extrapolating cellular mechanisms in aorta from rodents to
humans should be done with caution.

Effect of aerobic exercise interventions on aortic and
carotid stiffness among MA/O adults with hypertension.
The presence of hypertension is not only associated with
higher aortic stiffness (matched for age and blood pres-
sure)57 but also with an accelerated rate of increase in
aortic stiffness with advancing age even after adjusting for
antihypertensive medications.4 However, elevated aortic
stiffness may precede the development of hypertension
suggesting a bidirectional relation between central artery
stiffness and hypertension.58,59 In this regard, it reasons that
initiating habitual aerobic exercise among MA/O adults
with hypertension may result in reductions in blood pres-
sure and subsequently central artery stiffness, or
conversely, exercise may lead to decreases in central artery
stiffness and then subsequently blood pressure. Although
the direction of this cause and effect pathway is difficult to
dissect, intervention studies that have investigated the ef-
fects of aerobic exercise training on aortic or carotid stiff-
ness among MA/O adults with treatment-naïve or treated
hypertension have largely been ineffective with a few ex-
ceptions (see Table 52.2). The earliest study to test this

FIGURE 52.2 Exercise increases aortic blood flow and wall shear stress (WSS), which is normally greater in the descending aorta and can be pref-
erentially affected by lower-extremity exercise (such as running). WSS in turn enhances endothelial nitric oxide (NO) generation, which decreases
vascular smooth muscle cell (VSMC) tone/stiffness. Reductions in sympathetic nervous system and renineangiotensinealdosterone system (RAAS)
activation, which have been reported with exercise training, could also affect VSMC tone/stiffness. Given the greater content of VSMCs in distal aortic
segments, VSMC stiffness is more likely to affect descending versus ascending aortic wall stiffness. Aerobic exercise also appears to reduce systemic
inflammation, although it is unclear to what extent this is independent of changes in adiposity. Reduced inflammation may have downstream effects on
oxidative stress, extracellular matrix composition, and elastase-mediated proteolysis; however, reduced elastin degradation is unlikely to explain changes
over 6 months. Changes in other components of the extracellular matrix (ECM) may also affect VSMC stiffness through integrinecytoskeletal in-
teractions. However, the key molecular mediators of the exercise-related effect on large artery stiffness remain to be identified and represent an important
area for future research. Chirinos JA. The run against arterial aging. J Am Coll Cardiol. 2020 Jan 7;75:72e75. with permission.
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TABLE 52.2 Randomized and nonrandomized studies of effects of continuous aerobic exercise training in middle-aged and/or older adults with prehypertension and/or

hypertension on carotid-femoral pulse wave velocity (CFPWV) or carotid artery b-stiffness index.

Aerobic exercise program

Study

(year)

n (male/

female)

Age

(years)

Pre HTN

or HTN

On

anti-

HTN

meds?

Rando-

mization

Control group Frequency

(days/

week)

Dura-

tion/

ses-

sion

(min)

Intensity Dura-

tion

(weeks)

Aerobic

exercise

mode

%

dV02max

Pre-

CFPWV

(m/sec)

Post-

CFPWV

(m/sec)

dCFPW-

V (m/

sec)

P < .05

versus.

bseline

dMAP

(mm/

Hg)

versus

baseline

Adjust-

ed for

dMAP

Ferrier

et al.

(2001)

20 (10/10) 64 � 7 Stage 1

HTN

No Yes Nonexercise

(n ¼ 20)

3 40 65% HRR 8 Cycling 13.5% 11.5 � 2.8 11.5 � 1.9 0 No 0 No

Seals

et al.

(2001)

14 (14/0) 62 � 9 PreHTN/Stage

1

HTN

No Yes Na þ restriction

(n ¼ 11)

5.8 � 1.1 40 �
4

70%

HRmax

12 Walking 5.2% 8.8 � 2.9 8.7 � 1.9 �0.15 No �3.8 No

Stew-

art

et al.

(2005)

40 (21/19) 63

(62,

65)

PreHTN/Stage

1

HTN

No Yes Nonexercise

(n ¼ 53)

3 45 60%

e90%

HRmax

26 Walk/Cy-

cle/Step

16.4% 9.0 (8.2,

9.9)

10.1 (7.9,

12.6)

1.1 No �4.3 No

Collier

et al.

(2008)

15 (10/5) 50 � 2 PreHTN/Stage

1

HTN

No Yes RT (n ¼ 15) 3 30 65%

V02peak

4 Walking n/a 12.1 � 3.1 11.1 � 3.1 �1.0 Yes �3.2 No

Gui-

mar-

aes

et al.

(2010)

16 (9/7) 50 � 8 Stage 1

HTN

controlled

Yes Yes Interval

(n ¼ 26), non-

exercise

(n ¼ 13)

3 40 60% HRR 16 Walking n/a 10.2 � 1.2 10.0 � 1.8 �0.2 No �4.6 No

Madd-

en

et al.

(2013)

25 (13/12) 69 � 5 HTN

(þT2DM

and

dyslipidemia)

Yes Yes Nonexercise

(n ¼ 27)

3 40 60%

e75%

HRR

24 Walk/

Cycle

14.0% 13.4 � 3.5 12.2 � 3.6 �1.2 No �5.6 No

Fantin

et al.

(2012)

21 (0/21) 68 � 6 Normal BP

(n ¼ 11) and

HTN (n ¼ 10)

Yes No None 2 60 Up to

75% HRR

4 min

@VT:

1 min

24 Walking n/a 13.2 � 2.5 11.9 � 2.1 �1.3 Yes �5.6 Yes

Vogel

et al.

(2013)

n ¼ 71

(36/35)

66 � 7 Normal BP

(n ¼ 44);

HTN (n ¼ 27)

Yes No None 2 30

(6

� 5 -

min

bouts)

@90%

max

power

9 Cycling 19.6% 10.9 � 3.0 10.8 � 2.8 �0.1 No �7.0 Yes

Study

(year)

n (male/

female)

Age

(years)

Pre HTN

or HTN

On

anti-

HTN

meds?

Rando-

mization

Control group Frequency

(days/

week)

Dura-

tion/

ses-

sion

(min)

Intensity Dura-

tion

(weeks)

Aerobic

exercise

mode

%

dV02max

Pre-carotid

b- stiffness

(U)

Post-

carotid b -

stiffness

(AU)

%d ca-

rotid b-

stiffness

P < .05

versus.

baseline

dMAP

(mm/

Hg)

versus

baseline

Adjust-

ed for

dMAP

Nual-

nim

et al.

(2012)

43 (11/32 58 � 2 Pre-HTN

(n ¼ 24)

No Semi-

random

Nonexercise

(n ¼ 19)

3e4 40

e45

70%

e75%

HRR

12 Swimming 2.6%

(NS)

n/a n/a �12% Yes �7.0 No

Data are mean � SD or (95% CI); CFPWV, carotid-femoral pulse wave velocity; Hrmax, heart rate maximum; HRR, heart rate reserve; HTN, hypertension; n/a, not available; NS, non-significant; RT, resistance training; VT, ventilatory
threshold. Note: Studies were only included if casual/office MAP was reported or could be computed from systolic and diastolic pressure reported pre-versus post-exercise intervention.



hypothesis, Ferrier et al.14 randomized 10 MA/O adults
with treatment-naïve stage 1 systolic hypertension to
8 weeks of moderate intensity cycling exercise and then
crossed-over to 8 weeks of sedentary activity. As expected,
the group with stage I hypertension had significantly higher
BP, carotid-femoral PWV, aortic characteristic impedance
and lower systemic arterial compliance at baseline
compared with age-matched control adults without hyper-
tension. Although cycling exercise training resulted in a
13% in VO2max, there was no change in any of the ex-
pressions of central artery stiffness suggesting that elastic
properties of the central arteries are resistant to improve-
ment in older adults with hypertension. Seals et al.13 ran-
domized 35 healthy postmenopausal women with
treatment-naïve pre- or stage 1 systolic hypertension to
either 3 months of moderate intensity walking exercise, or
moderate dietary sodium restriction (w1200 mg/day so-
dium reduction). Although the exercise group exhibited a
significant increase in maximal treadmill time/work
consistent with a physiological training effect, they found
no change in carotid-femoral PWV or 24-h ambulatory
systolic BP after 3 months of aerobic exercise. In contrast,
3 months of sodium restriction resulted in a significant
decrease in carotid-femoral PWV and carotid augmentation
index that was associated with significant decreases in ca-
sual and 24-h ambulatory systolic BP. Thus, these data
indicate that moderate sodium restriction has a more
powerful influence on lowering aortic stiffness and wave
reflection than 3 months of habitual aerobic exercise among
postmenopausal women with untreated hypertension (see
Table 52.2). Similarly, Stewart et al.15 randomized MA/O
adults with treatment-naïve stage 1 systolic or diastolic
hypertension 6 months of either combined aerobic or
resistance training or usual care control. Despite a small
reduction in diastolic blood pressure and 16% increase in
VO2max in the exercise group compared with controls,
there was no significant change in Doppler floweacquired
aortic PWV after 6 months (see Table 52.2).

In contrast to the aforementioned negative studies,
Collier et al.60 reported that carotid-femoral PWV was
reduced w1 m/s after 4weeks of aerobic exercise but
increased w1.7 m/s after 4 weeks of resistance training
group in a randomized study of middle-aged adults with
treatment-naïve pre- or stage 1 hypertension despite both
aerobic exercise and resistance training groups demon-
strating a 3e4 mmHg reduction in mean arterial pressure
(see Table 52.2). Although the mechanisms for the diver-
gent results in aortic stiffness in this study are unclear, it
may have been related to differences in sympathetic nerve
activity activation to the heart and a-adrenergic tone of
central elastic and muscular arteries, because heart rate was
reduced in the aerobic exercise group and increased in the
resistance exercise group and sympathetic nerve activity is
known to modulate central elastic artery tone in addition to

heart rate.49 Lastly, Fantin et al.45 studied 21 older women
(w1/2 of whom were treated for hypertension) before and
after a 6 month walking exercise program 2 times/week.
They reported a �0.75 m/s reduction in carotid-femoral
PWV that remained significant after adjusting for changes
in mean arterial pressure. Interestingly, much of the change
was driven by the subset of women with hypertension
(n ¼ 11) because they exhibited a larger decrease in
carotid-femoral PWV (�1.29 m/s) than the normotensive
women (�0.40 m/s). However, given the small sample with
poorly controlled hypertension (systolic BP ¼ 156 mmHg),
lack of a randomized control group or information related
to the timing of antihypertensive medication dosing, the
overall effects of aerobic exercise program are difficult to
interpret (see Table 52.2). Nonetheless, the preponderance
of the evidence of the current prospective, randomized
intervention studies suggest that habitual aerobic exercise
training in the form of walking/jogging or cycling initiated
in MA/O adults with treated or treatment-naïve hyperten-
sion has small or no beneficial effects on reducing aortic
stiffness.

CRF and aortic stiffness in MA/O adults with hyper-
tension. As noted, these intervention studies often result in
small or no changes in CRF suggesting that perhaps a
greater exercise stimulus is necessary to raise VO2max to a
greater extent to modify aortic stiffness. Contrary to this
hypothesis, in a cross-sectional study, Kraft et al.16 found
that aortic PWV, measured by MRI of the descending aorta,
did not differ between “high fit” and “low fit” middle-aged
adults with hypertension but “high fit” adults without hy-
pertension demonstrated the expected lower aortic PWV
compared with “low fit” adults. In accordance, aortic PWV
was correlated with VO2max only among the middle-aged
adults without hypertension and not those with hyperten-
sion; and this was true for both younger (<50 years) or
older participants suggesting that CRF does not modulate
aortic stiffness with hypertension present. Moreover, those
treated with antihypertensive medications exhibited the
expected lower systolic and diastolic blood pressure than
the treatment-naïve group, but the groups did not differ in
aortic PWV indicating that current antihypertensive drugs
that lower blood pressure do not necessarily modify the
elastic wall properties of the aorta.

Noneweight-bearing exercise (swimming) and central
artery stiffness among MA/O adults with hypertension.
Although most of the exercise intervention studies
employing continuous exercise protocols in MA/O adults
with hypertension have employed typical walking or
cycling exercise interventions, they also have reported
exclusively on aortic stiffness. Other modalities popular
with MA/O adults such as swimming have not been studied
extensively nor have many focused on local carotid artery
stiffness, compliance, or distensibility. In this regard,
Nualnim et al.18 randomly assigned 43 healthy MA/O
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adults with prehypertension or untreated stage 1 hyperten-
sion to 12 weeks of swimming exercise or control. The
swimming exercise group exhibited an impressive 9 mmHg
reduction in casual and 24-h ambulatory systolic blood
pressure with a concomitant 21% increase in carotid artery
compliance in the absence of any changes in carotid AIx.
Interestingly, these changes occurred in the absence of any
changes in VO2max, body weight/fat, or other CVD risk
factors and the increase in carotid compliance was not
correlated with the reduction in blood pressure. Thus,
12 weeks of habitual swimming exercise appears to result
in clinically meaningful reductions in blood pressure and
improvements in carotid artery stiffness in previously
inactive MA/O adults with untreated stage 1 hypertension
(see Table 52.2). Although it remains unknown if swim-
ming exercise reduces aortic stiffness, given the low impact
and noneweight-bearing advantages of swimming, this
exercise might be a feasible option for MA/O adults with
hypertension to destiffen central arteries who have ortho-
pedic or mobility issues that limit performing weight-
bearing exercise.

Effect of resistance exercise training on
large central artery stiffness and central
pulsatile hemodynamics

Engaging in habitual RET (also known as strength training)
confers numerous systemic health effects beyond those
afforded by aerobic/endurance exercise alone. In addition to
favorable effects onmusculoskeletal health (i.e., bone health,
muscle mass, muscular strength), RET has favorable effects
onmetabolism, insulin sensitivity, inflammation, and overall
cardiovascular health.61 Numerous metaanalyses now sup-
port the idea that dynamic RET (when performed as rec-
ommended by the American College of Sports Medicine for
general muscular fitnessdoperationally defined as
2e3 days/week, 8e15 repetitions for major muscle groups
performed at a moderate-to-vigorous intensity or 60%e70%
of 1RM) favorably lowers blood pressure.62,63 Reductions in
blood pressure are comparable to that seen with traditional
aerobic/endurance exercise with most studies noting
w4 mmHg reductions in systolic and diastolic blood pres-
sures in adults with hypertension and prehypertension and
reductions of w3 mmHg in normotensive adults.64 At a
population level, this modest level of blood pressure reduc-
tion translates to decreases in coronary artery disease risk by
5%e9%, stroke risk by 8%e14%, and all-cause mortality
risk by 4%.64 As such, several professional medical societies
such as the American College of Sports Medicine and the
American Heart Association recommend RET for cardio-
vascular health promotion.65e67 Despite the favorable effect
of habitual RET on measures of CVD risk, controversy still
remains regarding the effects of this exercise modality on

vascular health, because some studies have reported that
heavy volume/intensity RET may cause increases in carotid
artery and aortic stiffness.19e21 Therefore, this section will
explore the effect of habitual RET on large central artery
stiffness and central pulsatile hemodynamics. There are now
50þ studies on this very topic with several systematic re-
views andmetaanalyses.68 This sectionwill attempt to offer a
thematic overview of seminal studies, key findings that have
advanced this area of research, commentary on potential
implications of findings, mechanisms, and future directions.

RET and large central artery stiffness. Among the first
to explore the effect of habitual RET on large central artery
stiffness and pulsatile hemodynamics, Bertovic et al.21

performed an expansive vascular and hemodynamic
assessment on 19 strength-trained men, comparing them
with age-matched controls (mean 26 years of age). All
participants were healthy and nonsmokers and strength-
trained adults were not concomitantly performing aerobic
exercise and were not using anabolic agents. Both groups
enjoyed a moderately high level of CRF (above
averagedgood) as evidenced by a VO2max of
w41e44 mL/kg/min. Overall, the authors found that the
strength athletes had higher brachial and carotid pulse
pressure coupled with lower systemic arterial compliance,
higher input and characteristic impedance, and higher aortic
b-stiffness and elastic modulus. Aortic geometry was
similar between groups as well as carotid-femoral PWV,
wave reflection magnitude, relative left ventricular mass,
and left ventricular function (i.e., fractional shortening, E/A
ratio, and deceleration time). Thus, the habitual strength-
trained individuals had greater pulsatile blood pressure
that was likely a result of greater proximal aortic stiffness
and impedance that was not revealed by carotid-femoral
PWV. Authors concluded that the group differences in
proximal aortic stiffness were likely of structural origin,
alluding to the possibility that chronic elevations in central
pulsatile load may cause proximal aortic remodeling and
changes in vessel wall composition with increases in
smooth muscle and collagen at the expense of elastin.
Interestingly, the differences in afterload did not equate to
alterations in relative left ventricular mass or function. In
summary, this seminal study incorporating numerous
measures of central artery stiffness and pulsatile hemody-
namics obtained from pressure-flow measures and wave
separation analyses raised a provocative questiondwhat
are the clinical implications of such large artery adaptations
with regard to CVD risk? Twenty years later, the answer to
this question posed by Bertovic is still unclear.

In 2003, Miyachi et al. 19 extended the work by Bertovic
by studying both young and middle-aged habitually
resistance-trained and untrained men (n¼ 62 total) and
incorporated a several measures of large central artery stiff-
ness. Overall, there were no differences in common carotid
artery compliance between younger sedentary and
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resistance-trained adults. But compared to middle-aged
sedentary controls, middle-aged resistance-trained in-
dividuals had lower carotid compliance and higher carotid
augmentation index. Interestingly, middle-aged resistance-
trained individuals also had higher carotid intima-medial
thickness (IMT) and left ventricular mass and there were
associations between carotid compliance with IMT and a left
ventricular hypertrophy index (a ratio of left ventricular wall
thickness to left ventricular internal end-diastolic diameter).
Miyachi and colleagues reiterated that the clinical signifi-
cance of the greater age-associated decline in large artery
compliance in RET athletes was unclear, in light of the fact
that other studies reported that habitually strength-trained
adults do not have higher carotid-femoral PWV.69,70

Indeed, additional studies confirmed RET-trained adults may
have increased proximal aortic stiffness71 and carotid stiff-
ness,72 findings that have also been extended specifically to
women.73

Although cross-sectional studies are informative, they
are limited because they do not allow for testing of direct
exposure to the stimulus. In this regard, Miyachi et al. 20

followed up with the first randomized intervention study to
examine the effect of RET on large central artery stiffness
in young and middle-aged men (n ¼ 28) (see Fig. 52.3).
Fourteen previously untrained men underwent 4 months of
RET (3 days per week). After the intervention, there were
significant reductions in carotid artery compliance and
parenthetically significant increases in carotid b-stiffness in
the absence of changes in carotid augmentation index.
Making these findings even more compelling, after a 4-
month detraining epoch (i.e., removal of the resistance
exercise stimulus), carotid artery compliance and stiffness
returned completely back to baseline values. There were
also significant increases in left ventricular mass following
RET and changes in carotid compliance were strongly
associated with changes in left ventricular mass. The au-
thors highlighted that their findings supported those of
previous cross-sectional studies. However, the authors also
stressed that the volume, frequency, and intensity used in
their intervention study was greater than the recommended
dosage for general health and muscular fitness and ques-
tioned whether such an approach would be appropriate for
older and clinical high-risk populations. Thus, the clinical
relevance of these findings remained to be determined.

This pivotal study generated considerable conversation
and debate and instigated several immediate follow-up in-
vestigations. How could a mode of exercise with numerous
health benefits possibly be detrimental to large central ar-
tery buffering reserve and thus cardiovascular function?
Over the next few years, additional studies were conducted.
A few supported that RET increased large central artery
stiffness,22 while others emerged noting no negative effect
on large central artery stiffness.23,24,74,75 Over the past
15 years, well over 20 studies have been done on this topic.

Results from well-done meta-analyses with stringent but
slightly variable inclusion criteria have concluded the
following (presented in chronological order):

1. Higher volume/intensity RET may increase large central
artery stiffness in younger individuals with lower base-
line stiffness values but may not affect large central artery
stiffness in MA/O individuals with higher baseline stiff-
ness (derived from 8 RCTs including 193 participants).76

2. RET has no effect on large central artery stiffness (14
studies involving 278 participants) in healthy adults
with/without obesity/overweight and prehypertension.77

FIGURE 52.3 Changes in (A) carotid arterial compliance (top) and
(B) carotid b-stiffness index in the resistance training intervention group
(black circles) and control group (white triangles). Values are mean -
� SEM. *P < .05 versus baseline; yP < .05 versus resistance training
period (2 and 4 month values). Miyachi M, Donato AJ, Yamamoto K, et al.
Greater age-related reductions in central arterial compliance in resistance-
trained men. Hypertension. 2003; 41:130e135 with permission.
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3. RET has no effect on large central artery stiffness in
adults with CVD (2 studies involving 27 participants).78

4. RET has no effect on large central artery stiffness in
adults at risk for CVD (13 RCTs including 651 partic-
ipants with established CVD risk factors).79

5. RET has no effect (favorable or detrimental) on large
central artery stiffness in healthy adults (10 studies
involving 310 participants).80

6. RET has no effect on large artery stiffness in adults with
hypertension (2 studies involving 28 participants).81

In summary, there is a growing body of evidence that
contradicts earlier findings of negative effects of RET on
large central artery stiffness. Most contemporary studies
note that RET does not increase large central artery stiff-
ness (and may even reduce arterial stiffness in select
studies) in a variety of healthy and clinical populations,
regardless of participant characteristics, training volume, or
load.82e86 The reason for the marked vascular heteroge-
neity in intraindividual responses to RET is unknown and
will be addressed below.

RET and central pulsatile hemodynamics. As alluded to
in the previous section, initial cross-sectional studies sug-
gested that habitually resistance exercise-trained adults may
have increased central pulsatile hemodynamics. Bertovic
et al. noted increased carotid wave reflection magnitude
(determined from wave separation analysis) and Miyachi
et al. noted increased carotid augmentation index in those
engaging in habitual RET.19,21 In general, far fewer cross-
sectional studies have explored central pulsatile hemody-
namics in strength-trained individuals with aforementioned
studies noting differences with RET status and others
noting no differences.70

For intervention studies, the literature is as similarly
inconsistent for the effects of RET on central hemodynamic
pulsatility as it is for the effects of RET on large central
artery stiffness. Miyachi et al. were among the first to
explore the effect of RET on global wave reflections and
noted no change in carotid augmentation index following
RET in men. Soon after, CortezeCooper et al. 22 found that
higher intensity RET increased carotid augmentation index
in women. Subsequent studies revealed no effect of RET on
augmentation index either when assessed from direct ca-
rotid pressure waveforms or from synthesized aortic pres-
sure waveforms using radial tonometry and a generalized
transfer function.74,87 Accordingly, recent metaanalyses
have concluded that RET has no effect on augmentation
index.77,78

Relying exclusively in augmentation index to infer
change in wave reflections is not without limitation. For
example, RET may result in slight decreases in heart rate
and there is a well-known inverse association between heart
rate and augmentation index.88 Many studies report
augmentation index as a contrived measure standardized to

an arbitrary heart rate of 75 bpm (based on an early cardiac
pacing study performed in a small sample).88 Augmenta-
tion index also suffers from what Dr. Gary Mitchell refers
to as the “tip of the iceberg” effect.89 That is, based on the
timing of wave reflections and the magnitude of the for-
ward wave, the augmented pressure used to calculate
augmentation index may not be truly reflective of wave
reflection magnitude. As such, the American Heart Asso-
ciation encourages use of wave separation analyses wher-
ever possible when assessing central pulsatile load and
wave reflection magnitude.90 In this regard, Heffernan et al.
91 explored the effect of a 12-week randomized RET
intervention on measures of central pulsatile hemody-
namics in a small group of adults with prehypertension and
hypertension (n ¼ 11). Compared with a nonexercise con-
trol group (n ¼ 10), RET resulted in significant reductions
in both brachial and aortic blood pressure in the absence of
changes in augmentation index derived from pulse contour
analysis or backward pressure wave amplitude derived
from wave separation analysis. Interestingly, there were
reductions in forward pressure wave amplitude and reser-
voir wave pressure. Taken together within the context of
the broader literature, RET does not appear to have a
detrimental effect on central pulsatile hemodynamics
including wave reflection.

Potential reasons for discrepancies in the literature on
RET and arterial stiffness. RET imposes a very different
stress on the cardiovascular system than aerobic exercise
and can be conceptualized as a series of static muscular
contractions performed dynamically. Although aerobic
exercise induces a volume load on the heart and vascula-
ture, resistance exercise imposes a pressure load. Classic
findings from MacDougall et al. 92 found that dual-leg leg
press performed at near maximal effort can result in
brachial pressures exceeding 320/250 mmHg (with some
individuals recording systolic and diastolic pressures >400/
300 mmHg). This pressor response with subsequent effects
on large central artery stiffness can vary with amount of
muscle mass activated, lower- versus upper-body exercise,
static/isometric versus concentric versus eccentric muscle
contraction, timing and composition of last meal, intrinsic
muscular strength, and breathing technique/incorporation
of a Valsalva maneuver.93e95 Moreover, the arterial
response may also vary based on phase of menstrual cycle
and use of hormonal contraceptives in women, although
this is not a universal finding.96,97 Thus, the “same” exer-
cise stimulus can be quite different across individuals.

There is also physiological plausibility for interindi-
vidual biological variability in response to RET. Unlike
animal studies showing that aerobic exercise can affect
arterial structural wall components and stiffness,54,98 there
are no such data to support that RET results in passive
(structural) changes to vessel wall material properties (i.e.,
changes in extracellular matrix components elastin or
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collagen composition). Changes in large central artery
stiffness with RET may be related in part to active (func-
tional) changes in VSMC tone.99,100 In animal models, up
to half of total aortic wall stiffness is attributable to active
stiffness of the VSMCs.101 Dynamic changes in VSMC
plasticity may explain disparate reports in the literature
regarding the effects of RET on large central artery stiff-
ness. Excessive increases in blood pressure coupled with
Valsalva maneuver exposes the aorta to unique cycles of
both static and cyclic stretch and strain. Habitual exposure
of the aorta to such hemodynamic perturbations may alter
VSMC stiffness as a means of regulating cellular mecha-
notransduction (i.e., VSMC-ECM interactions redistribut-
ing tensile forces across elastin and collagen) as a defense
mechanism to “normalize” wall stress and prevent dissec-
tion or aneurysm.101,102 Indeed, the “tensegrity hypothesis”
implies that cell stiffness must increase in proportion with
the level of the tensile stress.101

Select studies note increased sympathetic modulation
and elevations in norepinephrine concentrations following
RET103; an effect that may be attenuated with habitua-
tion.104 Acute hypertension from resistance exercise may
possibly cause endothelial damage105e107 and result in in-
creases in the vasoconstrictor molecule endothelin-1.108,109

Large central arteries have their own blood supply (vasa
vasorum) and neural supply (nervi vasorum). Thus, vaso-
active peptide-mediated and/or neurally mediated VSMC
contraction and cross-bridge cycling could alter vessel wall
(Young’s) elastic modulus and increase PWV. Changes in
VSMC stiffness may contribute to overall changes in large
central artery stiffness with RET. In support of this possi-
bility, studies that note elevations in central artery stiffness
with habitual RET also note associations with increases in
IMT,19 and studies in vivo support that changes in VSMC
tone can manifest as changes in vessel wall IMT.110

Implications and future directions for RET and central
artery stiffness. In general, habitually strength-trained in-
dividuals do not experience increased incidence of hyperten-
sive CVD and enjoy a typical lifespan (although not the
extended lifespan conferred by aerobic/endurance
training).111,112 Structure and functionality of target organs
susceptible to hemodynamic pulsatility stemming from age-
or disease-associated increases in large central artery stiffness
remain preserved with RET. When surveying risk for CVD,
one can look to the outcome of the lifestyle behavior (i.e.,
strength) rather than the behavior itself (i.e., self-reported
strength training). In this regard, Dankel et al. 113 demon-
strated that strength is a more important predictor of all-cause
mortality than self-reported strength training. Indeed,
muscular strength is cardioprotective114 and is inversely
associated with aortic stiffness and carotid IMT and extra-
media thickness.115e117 Muscular strength is also associated
with lower risk of developing obesity, metabolic syndrome,
incident hypertension, sudden cardiac death, and CVD
mortality.114,118e126 Parenthetically, lower muscular strength
is a significant predictor of the development of heart failure

and CVD events later in life, independently of CRF.127e129

Moreover, muscle mass is inversely associated with large
central artery stiffness and augmentation index.130e132 Thus,
the “by-products” of strength training do not appear to be
associated with detrimental cardiovascular adaptations.

In summary, it appears that RET has negligible adverse
effects on large central artery stiffness and hemodynamic
pulsatility in most individuals. However, large interindi-
vidual variation and observations of increases in large
central artery stiffness and hemodynamic pulsatility in
select studies cannot and should not be dismissed. Whether
such changes confer increased risk (or resiliency) for CVD
will need to be scrutinized. Attention to the effects of aging,
sex, and ethnic/racial influence on variation will be
required. Finally, given that RET is suggested as one part of
a general exercise prescription that includes aerobic exer-
cise and flexibility, both of which may reduce large central
artery stiffness,81,133,134 studies that explore the intersection
of these exercise modalities for optimal vascular health will
be needed.

Effect of obesity, weight loss, and
weight gain on central arterial stiffness

Obesity is a major public health problem and the United
States has the highest prevalence among high-income
countries. The prevalence of obesity reached 42.4% and
severe obesity 9.2% in 2017e18.135 Current projections
indicate 50% of the population will have obesity and one in
four Americans will have severe obesity by 2030.136 In
addition, obesity is associated with a poor quality of life137

and reduced life expectancy.138 In turn, obesity-related
illnesses place a significant burden on the economy by
increasing rates of health care usage and associated
costs.139 Obesity increases the risk of CVD140 and the
increasing prevalence is contributing the rising adverse
CVD mortality trends.141 Importantly, the association of
obesity with CVD is complex and highly dependent on the
accumulation of visceral and ectopic fat.142 The accumu-
lation of visceral fat is associated with a clustering of CVD
risk factors termed the “metabolic syndrome” and an
increased risk of major adverse CVD outcomes even in the
absence of general obesity.143

One mechanism by which obesity, particularly visceral
obesity, increases CVD risk is by increasing stiffness of
central elastic arteries. In this regard, the results of
numerous studies suggest that obesity accelerates age-
related central artery stiffening144e148; the relation be-
tween adiposity and arterial stiffness is evident throughout
the nonobese range. Importantly, long duration obesity
does not appear to be necessary to increase large central
artery stiffening as the relation between obesity and arterial
stiffness is evident even in young children.149 Moreover,
the location of the excess adiposity, such as visceral versus
subcutaneous depots, also contributes to the degree of
central artery stiffness among individuals with obesity.
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Interindividual variability in central arterial stiffness
among individuals of similar age. There is considerable
variability in large central artery stiffening among in-
dividuals of similar age such that some display levels of
central arterial stiffness resembling that of much older in-
dividuals and vice versa.8 Indeed, aortic PWV can vary as
much as fourfold among individuals of similar age.
Visceral fat accumulation may be an important source of
interindividual variability in central artery stiffness where it
is more closely associated with visceral fat than other
measures of total or regional adiposity.144e148 The latter
may be related, at least in part, to the clustering of car-
diometabolic risk factors as well as the accumulation of
certain ectopic fat depots (e.g., perivascular fat) in in-
dividuals with visceral obesity.142 As such, the accumula-
tion of body fat, particularly in the abdominal visceral
depot, accelerates age-related central arterial stiffening and
this can manifest across the age range.150

Visceral obesity, the metabolic syndrome, and arterial
stiffness. MA/O adults are disproportionately affected by
visceral obesity and the metabolic syndrome151 that am-
plifies the increasing risk of CVD associated with
advancing age. The presence of visceral obesity in MA/O
adults is associated with higher levels of central artery
stiffness compared with those with general obesity.147 The
closer association of central artery stiffness with visceral
adiposity in MA/O adults may be related, at least in part, to

their correspondingly higher levels of blood pressure,
circulating glucose, triglycerides, and lower HDL choles-
terol,152 i.e., the risk factors that comprise the metabolic
syndrome. Furthermore, these metabolic syndrome risk
factors that interact synergistically to increase in central
artery stiffness among older adults.152 In this regard, central
artery stiffness can be considered a time-integrated index of
an individual’s risk factor exposure over time. Indeed, a
healthy weight and favorable levels of CVD risk factors are
consistent correlates of low carotid-femoral PWV (i.e.,
healthy vascular aging) in large cohorts.153,154

Weight change and central artery stiffness. Weight gain
and loss are associated with increases and decreases in
central artery stiffness, respectively.155 Consistent with
these observations, experimental weight gain over a period
of 6e8 weeks resulted in increases in carotid artery
b-stiffness index in young men with healthy weight at
baseline. Importantly, the degree of carotid artery stiffening
(and reduction in compliance) appears to be determined, in
part, by the accumulation of visceral fat (see Fig. 52.4).25

Therapeutic weight loss can improve many CVD risk
factors and, in many cases, can occur with a modest amount
(5%e10%) of weight loss.156 Weight loss via caloric re-
striction also reduces aortic stiffness in individuals with
obesity across a wide age range.157 A systematic review
and meta-analysis concluded that weight loss achieved by
caloric restriction with or without concomitant exercise,
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FIGURE 52.4 (A) Change in carotid
b-stiffness index (left panel) and change in
carotid artery compliance (right panel)
following weight gain in subjects with
smaller and larger increases in visceral fat.
(B) Relation between changes in abdominal
visceral fat and changes in carotid b-stiff-
ness left panel) and changes in arterial
compliance (right panel) in pooled sample.
Orr JS, Gentile CL, Davy BM and Davy
KP. Large artery stiffening with weight gain
in humans: role of visceral fat accumula-
tion. Hypertension. 2008; 51:1519e1524
with permission.
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pharmacological intervention, or bariatric surgery was
effective in reducing central artery stiffness.157 Interest-
ingly, caloric restriction plus exercise does not appear to
reduce central artery stiffness more than caloric restriction
alone.158 In general, greater weight loss was associated
with larger reductions in central artery stiffness irrespective
of the mode of weight loss. The duration of weight loss
does not clearly impact central artery stiffness as long as
weight loss is maintained. Reductions in blood pressure
with weight loss tend to be correlated with the decreases in
aortic or carotid-femoral PWV, but this finding is incon-
sistent. Indeed, reductions in central artery stiffness with
calorie restriction-induced weight loss have been observed
in MA/O adults but the reductions were not correlated with
reductions in mean arterial pressure.26 Interestingly, these
decreases in central artery stiffness (both carotid artery
b-stiffness index and aortic PWV) were correlated with
reductions in abdominal visceral fat. Furthermore,
obstructive sleep apnea (OSA), a common comorbidity of
severe obesity, is associated with elevated CVD risk, and
short-term treatment of OSA with continuous positive
airway pressure (CPAP) is associated with reductions in
carotid-femoral PWV.159,160 In contrast, in obese adults
with OSA, randomization to 24 weeks of CPAP, caloric-
restriction weight loss or combination weight loss plus
CPAP (resulting in 6% weight loss), did not result in any
change in carotid-femoral PWV in the combination weight
loss plus CPAP group despite a significant reduction in
central systolic and mean arterial blood pressure. Thus,
future studies will need to test whether greater weight loss
with longer duration CPAP is likely necessary to lower
central artery stiffness among adults with severe obesity
and OSA.

Mechanisms and consequences of age- and obesity-
related large central artery stiffness. The mechanisms
responsible for obesity-related central artery stiffening have
not been completely elucidated but elastin fragmentation,
collagen cross-linking, and the accumulation of advanced
glycation end-products have all been implicated.161 The
mechanisms that contribute to central arterial stiffness with
aging have been considered to occur earlier with obesity
consistent with the idea of acceleration of age-related
arterial stiffening.162 As with aging, changes in the
expression, organization, and function of the structural
proteins comprising the medial layer contribute to stiff-
ening of the aorta and carotid arteries in obesity. Remod-
eling of the extracellular matrix in the medial layer of the
aorta and carotid arteries is characterized by collagen cross-
linking, elastin fragmentation and degradation, and the
formation of advanced glycation end-products.163 Inflam-
mation and oxidative stress appear to be primary underly-
ing mechanisms.164 Perivascular adipose tissue, an
important source of inflammatory cytokines and oxidative
stress, has been implicated in obesity-related arterial

stiffening.164 Impaired endothelium-dependent dilation and
elevated sympathetic nerve activity can contribute to both
acute and chronic central artery stiffening by increasing
VSMC tone.49,165 In addition, reduced nitric oxide
bioavailability, resulting from inflammation and oxidative
stress, and transglutaminase-2 activity promote collagen
cross-linking.162 Activation of the sympathetic and
renineangiotensin systems also exacerbate extracellular
matrix remodeling, endothelial dysfunction, vasoconstrictor
tone, and carotid artery wall thickening.164,166

The association between obesity and hypertension is
well documented.167 Although activation of the renine
angiotensin and sympathetic nervous systems as well as a
rightward shift in the renal pressureenatriuresis relation
have been well described, the role of arterial stiffening in
obesity-associated hypertension has not been systematically
studied in humans. However, arterial stiffening occurs
rapidly and precedes the increase in systolic blood pressure
in mice fed a high-fat, high-sugar diet.162 Carotid-femoral
PWV increased after 1 month, whereas systolic blood
pressure did not increase until after 6 months of consuming
the high-fat, high-sugar diet. The latter was accompanied
by increases in the aortic expression of the inflammatory
cytokines tumor necrosis factor-a, monocyte chemo-
attractant protein-1, and macrophage inflammatory pro-
tein-1a and markers of oxidative stress. Impaired
endothelium-dependent dilation of aortic rings isolated
from the mice was evident after 2 months of consuming the
diet and associated with an increase in transglutaminase-2
in aortic lysates. Weight loss reduced central artery stiff-
ness and systolic blood pressure within 2 months of return
mice to their chow diet. Markers of inflammation and
oxidative stress, endothelium-dependent dilation, and
transglutaminase-2 were also reduced following weight
loss. Taken together with the observations that central ar-
tery stiffness is present in normotensive adults with
obesity26 and precedes the development of hypertension in
MA/O humans,58,59,168 these findings suggest large central
artery stiffening may contribute to and precede the devel-
opment of obesity hypertension.

Obesity-related central artery stiffening is associated
with excessive pulsatile arterial load which lead to left
ventricular hypertrophy and impaired diastolic function.3

Indeed, in adolescents and young adults with obesity,
augmented aortic forward wave pressure amplitude was a
strong predictor of higher left ventricular mass index.169 In
turn, impaired diastolic function in obesity may contribute
to the link between large central artery stiffening and
HFpEF.170 However, the impact of visceral obesity on the
hemodynamic consequences of large central artery stiff-
ening is not well studied. Nevertheless, the increase in
pulsatile pressure with increasing adiposity would increase
the transmission of excess pulsatile into the vulnerable
microcirculations of the brain and kidney.3 The increased
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exposure of capillaries to pulsatile pressure and flow results
in remodeling of the microcirculation to reduce cerebro-
vascular reactivity and repeated episodes of ischemia and
tissue damage. In the brain, this microvascular damage and
remodeling may be a link between arterial stiffness, white
matter lesions, and cognitive impairment in obesity.171

Similarly, increased flow pulsatility penetration in the
kidney may damage small arteries and glomeruli in the
renal cortex and impair function. The impact of large
central artery stiffening and its hemodynamic consequence
on target organ damage in obesity requires further study.

In summary, total and abdominal visceral adiposity
contribute importantly to interindividual variability in age-
related central artery stiffness. Weight maintenance is an
important strategy for avoiding accelerated arterial stiff-
ening and its adverse clinical sequelae. Future studies are
needed to better understand the mechanisms and conse-
quences of accelerated central artery stiffening associated
with excess total and visceral adiposity so that targeted
therapeutics can be developed. In addition, more informa-
tion is needed on how to effectively implement and utilize
measurements of central artery stiffness in clinical practice
to improve risk stratification.
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Chapter 53

Dietary salt and arterial stiffness
David G. Edwards and William B. Farquhar
Department of Kinesiology and Applied Physiology, University of Delaware, Newark, DE, United States

Introduction

Dietary sodium restriction is widely considered an impor-
tant lifestyle modification to control blood pressure (BP) in
individuals with hypertension with many organizations
worldwide providing information on the benefits of
reducing sodium in the diet. Although the increase in so-
dium consumption in our diets occurred w5000e10,000
years ago with the advent of agriculture and farming, the
deleterious effects of salt were appreciated long ago by
Chinese physician Huang Ti Nei Ching Su Wein in w1700
BC who said “therefore if large amounts of salt are taken,
the pulse will stiffen and harden” (translated by Wan Ping
AD 762).1

The average salt intake in most countries is approxi-
mately 8e10 g/day (or 3200e4000 mg/day of sodium)2,3

far higher than our paleolithic ancestors who consumed less
than 1g of salt per day.4 Salt intake is an important factor in
the development of hypertension.5,6 Salt sensitivity of BP,
an increase in BP going from a low salt to a high salt diet, is
more common in older adults and African Americans.7,8

Both normotensive and hypertensive individuals can be salt
sensitive.9 Salt sensitivity predicts future hypertension in
normotensive individuals10 and is associated with increased
mortality in both normotensive and hypertensive adults.9,10

While there is a large proportion of the population for
which high salt intake will raise BP, the majority of young
individuals are normotensive and salt resistant. There is
evidence that high salt is detrimental beyond its effect on
BP. For example, in the Trials of Hypertension, the long-
term risk of cardiovascular events was reduced by dietary
sodium reduction with very small changes in BP (SBP-
1.7 mmHg, DBP-0.8 mmHg).11 We will review the effects

of dietary salt on BP as well as its BP independent effects in
this chapter with an overall focus on arterial stiffness.

Dietary salt and blood pressure

There is a large body of literature demonstrating a causal
relation between dietary salt intake and BP (see He et al.
201912 for recent extensive review). Epidemiological
studies have demonstrated a direct association between salt
intake and BP.13e15 Randomized trials of salt reduction
have also demonstrated a decline in BP that varied
depending on the group studied.12 In studies where par-
ticipants were assigned differing levels of salt intake, a dose
response relation between salt intake and BP has been
shown.16,17 A number of meta-analyses have been con-
ducted that demonstrate a reduction in BP with salt
restriction.18e21

Increased dietary salt intake likely leads to increased BP
through multiple mechanisms. In the setting of reduced
renal function such as aging, an increase in BP may be
required to excrete excess sodium in the setting of sup-
pressed RAAS on high salt.22 Extracellular fluid volume
expansion also occurs to buffer the increase in plasma so-
dium that occurs with changes in salt intake.23
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Additionally, there are direct BP independent effects of
high salt on the vasculature, heart, and inflammation that
can affect BP and over the long term will contribute to an
increase in BP. The BP independent effects of salt will be
discussed more fully below.

Dietary salt and cardiovascular
outcomes

Although the focus of this chapter is on the role that dietary
salt may have in arterial stiffness and related measures, it is
important to briefly consider the association of dietary salt
with cardiovascular outcomes. The appropriate level of salt
consumption remains a highly debated area; however, there
is plenty of evidence that high salt consumption is associ-
ated with poor cardiovascular outcomes, with global esti-
mates of over 1.5 million cardiovascular deaths linked to
increased BP due to high salt intake.24 There is a large body
of literature on the association between BP, an important
cardiovascular disease risk factor, and dietary salt from
both observational studies and randomized controlled tri-
als.25 Many studies have demonstrated a linear relation
between dietary sodium intake and poor outcomes, whereas
others have identified a “J” or “U”-shaped relation between
dietary sodium intake and risk, suggesting an optimal range
of sodium intake in the 3000e5000 mg/day range (for
example, see References 26,27).

In the Trials of Hypertension Prevention (TOHP) phase
1 and 2, sodium intake was assessed using multiple 24-hour
urinary sodium (24hU-Naþ) samples, and prehypertensive
individuals were followed for 15 years in TOHP 1 and 10
years in TOHP 2. A 17% increase in CV events was found
for every 1000 mg/day increase in sodium, and there was
no evidence of a J-shaped association.28 The findings were
confirmed in an analysis of postsurveillance TOHP.29

TOHP is considered representative of the general US
population as the median 24hU-Naþ excretion was
3630 mg/day. Similar results have been found in patients
with kidney disease. Mills et al.30 investigated the associ-
ation between the average of three urinary 24hU-Naþ

excretion collections and clinical CV events in data from
the Chronic Renal Insufficiency Cohort (CRIC) Study.
There was a significant linear association between Naþ

excretion and CV events, and the cumulative incidence of
CV events were greater in the highest quartile of sodium
excretion compared with the lowest quartile.

As discussed elsewhere,31,32 errors in study design and
statistical power have contributed to some of the contro-
versy generated by studies finding a “J” or “U”-shaped
relation between sodium consumption and CV outcomes.
One reason for the discrepancies in results is likely due to
the estimation of dietary sodium intake.12,33 A variety of

methods have been used to estimate sodium intake
including food frequency questionnaires, 24-h recall, and
spot or overnight urine collection; however, a single 24hU-
Naþ may not be satisfactory as data have suggested that at
least four collections are needed to reliably quantify dietary
sodium intake.34 Recently, He and colleagues33 examined
TOHP follow up data. They compared sodium intake
assessed by measured 24hU-Naþ excretion (average of
three to seven measures during the trial) and estimations
using three different formulas, Kawasaki,35 Tanaka,36 and
INTERSALT.37 Over a median follow-up of 24 years, they
found that all estimated values of sodium intake were
systematically biased with an overestimation at lower
values and underestimation at high values. There was a
significant linear relation between measured sodium intake
and mortality, whereas there appeared to be a “J” or “U”-
shaped relation with mortality for all the formula estimates
of sodium intake. These findings highlight the importance
of measuring sodium intake accurately when assessing the
relation with outcomes and that commonly used estimates
are inappropriate to use when assessing the relation be-
tween sodium intake and mortality. The biased estimates of
sodium intake help explain the J-shaped findings in some
cohort studies that are inconsistent with efforts to reduce
sodium intake.12,33

Blood pressure independent effects of
dieatary salt

An awareness of the detrimental effects of dietary salt apart
from raising BP is not new,38e40 and studies of the inde-
pendent effects of salt have increased over last 10 years.
Dietary salt has been demonstrated to adversely affect a
number of organs and systems independent of BP (Fig. 53.1).
While some of these effects may initially occur independent
of BP, they may lead to increased salt sensitivity and/or hy-
pertension later in life. We briefly described some of these
effects below with a greater focus on the adverse vascular
effects and in particular on endothelial function.

Heart

As described above, high dietary salt is associated with
poor CV outcomes. Dietary salt has been shown to have
deleterious effects on the heart, and in some studies, these
effects have been demonstrated to be independent of BP.
Urinary sodium excretion has been shown to be indepen-
dently associated with left ventricular (LV) mass in both
normotensive and hypertensive individuals.41e45 The risk
of heart failure is increased in overweight individuals in the
highest quartile of sodium intake compared to the lowest
quartile even after correction for a number of variables
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including and BP.46 In a three-year study of patients who
underwent treatment of essential hypertension, 24-h urinary
sodium was positively related with LV mass at baseline and
at the end of the study, independent of age, sex, and systolic
BP.47 The change in LV mass in response to treatment was
positively correlated with the changes in systolic BP, uri-
nary sodium, and plasma aldosterone concentration.47 The
association with aldosterone suggests a potential role for a
lack of aldosterone suppression on a high salt diet on LV
mass.47

Inflammation

Excess dietary saltmay result in end organ damage, including
vascular damage/dysfunction, as a result of inflammation and
an exacerbated immune response. High salt diets can pro-
mote inflammation through macrophages and proin-
flammatory T cells.48e50 T cells exposed to high sodium
polarize into proinflammatory TH17 cells producing in-
flammatory cytokines such as IL-17 that worsen experi-
mental autoimmune disease and promote hypertension.49,51

Isolevuglandins (IsoLGs), highly reactive lipid oxidation
products,52 have been shown to accumulate in dendritic cells
(DCs), promoting T cell activation and hypertension.53 So-
dium stimulates IsoLG-adduct formation in DCswhich leads
to activation of NADPH oxidase and superoxide forma-
tion.54 High salt intake is also associated with changes in the
gut microbiome, which may partly mediate the inflammatory
effects of high salt. High salt reduces Lactobacillus spp. (a
loss of which has been shown to be proinflammatory) and
increases TH17 cells.55,56 A high-salt diet resulted in
increased intestinal and vascular inflammation and the for-
mation of IsoLG-adducts in DCs and IL-17A production by
T cells in mice.57 Taken together there is evidence for an
inflammatory effect of high salt. The role of changes in the
microbiome as a mediator of the immune response to high
salt requires additional studies in humans.

Arteries

Endothelial function

An increase in basal NO synthesis occurs as a result of
short term high salt intake that helps facilitate sodium
excretion.58,59 However, high salt reduces stimulated NO
synthesis which has implications for local blood flow
regulation.39 A reduction in NO synthesis may also play a
role in dietary salt-induced increases in arterial stiffness, as
discussed below. There are a number of studies in rodents
demonstrating that high salt leads to an impairment in
endothelial function without a change in BP. Studies in
spontaneously hypertensive rats, normotensive Wistar-
Kyoto rats, and SpragueeDawley rats, have demonstrated
adverse vascular effects of high salt on the vasculature prior
to an increase in BP.60e62 Further, aortic and mesenteric
endothelial function is impaired in SpragueeDawley rats
by high salt without an increase BP.63e65 Deleterious ef-
fects of high salt on the vasculature have also been
observed in mice.66

Studies in humans have reported findings consistent
with the studies in rodents. A high salt diet reduced the
vasoconstrictor response to L-NMMA, an eNOS inhibitor,
in healthy, normotensive men, indicating lower basal NO
synthesis induced by high salt intake.67 One way to
investigate the effects of salt intake on endothelial function
independent of BP is to manipulate salt intake in normo-
tensive individuals who are salt resistant. Seven days of a
high salt diet impaired brachial artery flow mediated dila-
tion (FMD), a measure of conduit artery endothelial func-
tion, in salt resistant individuals (defined as 24-h
MAP � 5 mmHg between low and high salt diets).68 A
high salt also reduced cutaneous vasodilation in response to
local heating, a measure of microvascular function69 which
has been shown to be largely mediated by endothelial-
derived NO.70,71 These studies provide evidence that high
salt impairs endothelial function in normotensive adults

FIGURE 53.1 Blood pressure independent effects of dietary sodium. There is evidence that dietary salt has deleterious effects independent of, or in
addition to, its effects on blood pressure.
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without altering BP. Interestingly, the effects of high salt on
FMD appear to be similar in salt resistant and salt sensitive
individuals.72 There may be sex differences in the vascular
response to alterations in salt intake, with women poten-
tially less sensitive to the vascular effects of high salt73,74;
however, more work is needed in this area.

High salt has also been shown to have an adverse effect
on vascular function in groups that are at a higher risk for
cardiovascular disease. A low salt diet has been shown to
improve brachial artery FMD and reduce BP compared to a
usual diet in overweight and obese normotensive adults.75

Because BP was also reduced, it is unclear if there are
direct beneficial effects of salt reduction on endothelial
function in this study. However, a modest reduction of
dietary salt of 3 g/day improved FMD in normotensive
overweight and obese individuals independent of BP.76

There is also evidence that a lower salt diet has beneficial
effects on endothelial function in middle age and older
adults with elevated BP. Middle-aged and older adults with
elevated systolic BP who habitually consumed a low salt
diet had a higher FMD compared to a group that consumed
higher salt.77 Dietary sodium restriction in a similar group
of middle aged and older adults with moderately elevated
systolic BP (130e159 mmHg) improved both brachial ar-
tery FMD and the forearm blood flow response to acetyl-
choline.78 Although there was a reduction in systolic BP
(w12 mmHg), the improvement in endothelial function
was still evident after correcting for BP providing evidence
that the improvement in endothelial function as a result of
sodium restriction occurred independent from the reduction
in BP.

Potential mechanisms of reduced endothelial
function by high salt (Fig. 53.2)

Oxidative stress

A well-known mechanism of reduced bioavailability of NO
occurs through the rapid reaction of NO with elevated
levels of superoxide, reducing NO bioavailability, and
resulting in the formation of peroxynitrite (OONO�). An
increase in oxidative stress as a result of excess superoxide
production appears to be a primary mechanism by which
high dietary salt impairs endothelial function. Studies in
rodents provide evidence that higher levels of superoxide
occur as a result of a high salt diet in resistance arteries63e65

and venules.63,64 A high salt diet also decreases stimulated
NO production as a result of increased reactive oxygen
species (ROS).64,65 Human studies provide additional evi-
dence to support a role for oxidative stress as a mechanism
for salt-induced declines in endothelial function as a result
of high salt intake.69,78,79 Local infusion of ascorbic acid
reversed the salt-induced impairment in cutaneous vasodi-
lation in normotensive salt resistant subjects.69 Systemic
infusion of ascorbic acid improved both conduit and
resistance vessel endothelial function in middle age and
older adults with elevated SBP on a normal salt diet, but
had no effect following dietary salt restriction.78 ROS may
also result in the oxidation of tetrahydrobiopterin (BH4), a
critical cofactor for eNOS, leading to reduced NO synthesis
and generation of superoxide by eNOS. A high salt diet
reduced BH4 levels as a result of BH4 oxidation in ro-
dents,80 and oral supplementation of BH4 improved both
conduit and resistance vessel function in middle age and

FIGURE 53.2 Proposed mechanisms
by which high salt intake leads to
impaired endothelial function/reduced
nitric oxide (NO) bioavailability. NO
bioavailability is decreased due to re-
action of NO with O2

- to form perox-
ynitrite (OONO�); oxidation of
endothelial nitric oxide synthase
(eNOS) cofactor tetrahydrobiopterin
reducing NO synthesis; and an increase
in endothelial cell stiffness which leads
to decreased synthesis of NO. Oxida-
tive stress also leads to increased TGF-
b which is no longer suppressed by NO.
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older adults on a normal salt diet but had no effect
following dietary salt restriction.78

As described above, superoxide appears to be the pri-
mary ROS mediating the impairment of endothelial func-
tion on a high salt diet.65,66 There is evidence that
superoxide production is increased on a high salt diet by
NADPH oxidase,64,65 xanthine oxidase,64,65 and eNOS66

via uncoupling. The role of NADPH oxidase has received
the most attention. The NADPH oxidase inhibitor, apoc-
ynin, has been shown to restore vasodilation in mesenteric
arteries of rats on a high salt diet.65 Additionally, NADPH
oxidase protein expression has been shown to be increased
in the femoral arteries of rats on a high salt diet.81 Studies
in humans also support a role for NADPH oxidase in salt
induced increases in ROS. Apocynin ameliorated the salt-
induced declines in cutaneous vasodilation in response to
both local heating79 and acetylcholine82 in normotensive
adults. Taken together, it appears that NADPH oxidase is a
likely source of ROS as a result of high dietary salt intake.

Oxidative stress as a result of high salt may be related to
reduced endogenous antioxidant capacity in addition to
increased ROS production. Superoxide dismutase (SOD) is
important for scavenging superoxide and is located in both
the cytosol (SOD-1) and the mitochondria (SOD-2). High
salt diets have been shown to reduce SOD expression and
activity.83,84 Inhibition of SOD-1 in rats on a high salt diet
resulted in an attenuated increase in superoxide suggesting
that SOD activity or expression was already reduced on the
high salt diet.84 Circulating SOD activity has been found to
be greater on a low salt compared to normal salt diet in
middle aged and older adults with elevated BP;78 however,
additional investigations are needed to understand the role
of reduced SOD in dietary salt-induced declines in vascular
function. The mechanism by which salt reduces SOD may
be due, at least in part, to the suppression of angiotensin II
(Ang II) that occurs as a result of a high salt diet. Sub-
pressor doses of Ang II prevented oxidative stress and
endothelial dysfunction when given to rodents on a high
salt diet.85,86

Endothelial cell stiffening

A high salt diet may directly affect endothelial function by
altering endothelial cell stiffness. Cell culture studies have
shown that increased extracellular sodium stiffens endo-
thelial cells and reduces NO synthesis.87 This effect is
dependent on the presence of physiologic levels of aldo-
sterone and can be inhibited by amiloride which inhibits the
epithelial sodium channel (ENaC).87 The abundance of
ENaC present on endothelial cells is increased by elevated
extracellular sodium levels.88 Additionally, excess sodium
damages the endothelial glycocalyx (eGC)89 which allows
for increased sodium to enter endothelial cells via ENaC
and stiffens cells.88,90 Damage to the eGC also allows for

monocyte adhesion and inflammation further reducing
endothelial function.91 High extracellular sodium levels
disturb the eGC, increase ENaC abundance, stiffen endo-
thelial cells, and reduce NO synthesis;90 however, the role
the eGC and ENac channels on vessel function during high
salt in humans has yet to be investigated.

Brain and sympathetic outflow

Cerebrovascular function also appears to be adversely
affected by high dietary salt. Epidemiologic evidence
suggests that high salt intake is associated with increased
mortality from stroke,92,93 and data from rodent studies
have shown that a high salt diet impairs cerebrovascular
function via oxidative stress and inflammation.94,95 Further,
autoregulation, the ability of the brain to maintain blood
flow in the face of changing BP, has also been shown to be
impaired in rodents on a high salt diet.96 In addition to
adverse effects on cerebrovascular function, there is evi-
dence that high salt may increase sympathetic responsive-
ness. Sympathetic nerve activity is enhanced by elevations
in plasma and cerebrospinal fluid sodium concentration
leading to an increase in BP in rodents.97,98 One human
study has demonstrated that a high salt diet increases ce-
rebrospinal fluid sodium concentration99 and BP in hyper-
tensives. Also, there is evidence that a high salt diet alters
cardiovagal baroreflex sensitivity in healthy adults.100

Additional work is needed in humans including clinical
populations to fully elucidate the role of sympathetic acti-
vation in the deleterious effects of high salt.

Dietary salt and arterial stiffness

An increase in arterial stiffness leads to an increase in LV
systolic load, which contributes to ventricular remodeling,
and an increase in pulsatile flow into the microcirculation,
which contributes to target organ damage.101 Data from the
Framingham Heart Study indicate that aortic stiffness, as
assessed by carotid-femoral PWV (cfPWV), was associated
with BP progression and incident hypertension.102 This
study and others suggest arterial stiffness is a cause of
hypertension rather than a consequence.102e105 Measures
of arterial stiffness have been shown to be predictors of
cardiovascular events in clinical populations106e109 as well
as in apparently healthy subjects.110 Understanding the role
of dietary salt as a mediator of arterial stiffness is of clinical
importance. It is appreciated that there is a BP-independent
effect of dietary salt on arterial stiffness40 and recent evi-
dence suggests an increase in arterial stiffness partly me-
diates the effect of a high salt diet on systolic BP.111

As described above, a high salt impairs vascular func-
tion through a number of mechanisms, and these same
mechanisms may affect the structure and function of large
elastic arteries in addition to more distal conduit and
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resistance vessels. Several studies using rodent models of
hypertension have shown that arterial structure is altered by
high dietary salt, and that this effect is independent of BP.40

For example, increased salt intake in spontaneously hy-
pertensive rats resulted in thickening of the aortic media
and excess collagen content during the initial time period
when BP was not altered.112,113

Lower dietary salt intake has been shown to reduce
arterial stiffness in hypertensive humans.114,115 A cross-
sectional study in Chinese populations provided the first
human data to support a BP independent effect of salt on
arterial stiffness.116 In a study of two groups of Chinese
populations, aortic arch-femoral PWV was lower in a rural
population that consumed lower salt compared to an urban
population that consumed higher salt when the groups were
compared at similar BPs.116 Additional evidence for BP
independent effect of salt on arterial stiffness comes from a
study that compared a group of normotensive adults who
had followed a low salt diet and a control group who
consumed a regular diet. When each of the groups were
divided into three age groups (2e19, 29e44, 45e
66 years), there was a marked increase in aortic arch-
femoral PWV across age in the control group but not in
the low salt group, and aortic arch-femoral PWV was
greater in the middle age and older control groups despite
no differences in BP between diets.117

A number of studies have examined the effect of reduced
dietary salt or dietary salt loading on arterial stiffness. These
studies have generally been smaller, and the results have been
inconsistent.76,115,118e121 The duration of interventions has

varied from one to six weeks, and those that found im-
provements in arterial stiffness typically found that BP
changed as well. Recently, D’Elia and colleagues122 per-
formed a systematic review and meta-analysis of the ran-
domized controlled trials of dietary salt and arterial stiffness
as assessed by cfPWV. In their pooled analysis, lower salt
intake was associated with a significantly lower cfPWV
compared to higher salt conditions. Pooled analysis of the
effect of salt restriction on BP from the same studies showed
a significant reduction in both systolic and diastolic BP on
low salt compared to the higher salt condition. Interestingly,
further analysis revealed that the changes in BP did not in-
fluence the relation between low salt and cfPWV suggesting
a BP independent effect of salt on arterial stiffness.

Potential mechanisms of increased arterial
stiffness by high salt

Arterial stiffness appears to be increased as a result of high
salt due to both BP dependent and independent mechanisms
(Fig. 53.3). In many studies of dietary salt, there is a
concomitant change in BP along with changes in stiffness;
however, the recent meta-analysis by D’Elia and colleagues
suggests that the benefits of low salt on arterial stiffness go
beyond any benefit from lowering BP.122 The BP indepen-
dent mechanisms by which dietary salt increases arterial
stiffness are likely due to a combined effect of oxidative
stress, inflammation, and endothelial dysfunction. Elevated
sympathetic activation as a result of sensitized sympathetic
neurons may also play a role. A reduction in NO and an

FIGURE 53.3 Proposed mechanisms by which high salt intake leads to an increase in arterial stiffness. High salt induces oxidative stress, inflammation,
endothelial dysfunction, and sensitization of sympathetic neurons that lead to an increase in arterial stiffness through both BP dependent and independent
mechanisms. In addition to increased arterial stiffness, alterations in wave reflection amplitude and timing further increase the load on the heart.
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increase in vascular smooth muscle cell (VSMC) tone can
result in a functional increase in stiffness. Endothelial
dysfunction and a reduced bioavailability of NO occur in the
setting of high salt diet primarily as a result of oxidative stress
and endothelial cell stiffening as described above. Inhibition
of NO synthesis has been shown to increase arterial stiff-
ness123,124 thus salt-induced endothelial dysfunction likely
plays a role in increasing arterial stiffness. Endothelial cell
stiffness may also contribute to overall vascular stiffness
however this requires investigation.

Sympathetic neurons are sensitized by high salt as dis-
cussed above, and there is a growing appreciation that the
sympathetic nervous system can modulate arterial stiff-
ness.125 In rodent models, a-adrenergic stimulation results in
aortic VSMC proliferation and hypertrophy,126 and sympa-
thetic innervation increases VSMC contractile protein
expression.127 In humans resting muscle sympathetic nerve
activity (MSNA) was positively correlated with cfPWV.128

Studies utilizing lower body negative pressure to stimulate an
increase in sympathetic activity without a change in MAP
have found that an acute increase inMSNA is associatedwith
an acute increase in arterial stiffness.128e130 Dietary salt
induced alterations in sympathetic activity may influence
arterial stiffness, through both BP dependent and indepen-
dent mechanisms; however, this remains to be determined.
Acute increases in plasma osmolality have been shown to
increase plasma norepinephrine levels and MSNA;131,132

however, the long-term effects of a high salt diet on sym-
pathetic activity have yet to be elucidated.

Inflammation as a result of high salt can increase cy-
tokines and ROS contributing to the decrease in NO
bioavailability133,134 and increase in arterial stiffness.
Inflammation and oxidative stress can also result in struc-
tural changes to the arterial wall by altering the equilibrium
between matrix metalloproteinases (MMPs) and their in-
hibitors, tissue inhibitors of metalloproteinases.135 Acute
inflammation induced by Salmonella typhi vaccination
increased MMP-9 levels in association with PWV.136 MMP
2 and 9 correlated positively with aortic PWV in hyper-
tensive individuals.137 Dietary sodium intake has been
shown to be related to carotid structure and stiffness as well
as MMP-9 in hypertension.138 Interestingly, the associa-
tions between dietary salt intake and carotid diameter and
stiffness were independent of BP.

Structural alterations to the vasculature as a result of
high salt are also due to the profibrotic effects of trans-
forming growth factor-b (TGF-b).139 Endothelial produc-
tion of TGF-b has been shown to increase following 7 days
of a high salt diet without an increase in BP.59 Although
basal levels of NO production may be increased short-term
by high salt, via TGF-b signaling, and may help reduce the
negative effect of TGF-b initially,58,59 endothelial function
and stimulated NO synthesis are reduced by high salt intake
as described above. Therefore, high salt diets may lead to

increased arterial stiffness due to increased and unrestrained
TGF-b as a result of high salt induced reductions in NO
bioavailability. This effect may be even greater in clinical
populations with already impaired endothelial function.140

Local RAAS signaling may also be an important determi-
nant of collagen content as a result of high salt. Angiotensin
II receptor type 1 (AT1) has been shown to be increased by
high salt and AT1 blockade during high salt attenuates
aortic collagen accumulation.141

Dietary salt and pulsatile load

A consequence of increased arterial stiffness and altered
timing and magnitude of wave reflection as a result of high
salt can lead to an increase in pulsatile load on the LV.
High salt diets impair endothelial function which has the
potential to alter wave reflection from the periphery and
along with increased arterial stiffness increase the pulsatile
load on the heart.142 High dietary salt consumption may
increase pulsatile load on the heart, which can lead to LV
hypertrophy and ultimately heart failure.143,144 Wave re-
flections can arrive back at the heart while the LV is still
ejecting blood in mid-to-late systole.145 Wave reflections
thus increase the systolic workload of the LV and can
profoundly impact the LV loading sequence. Data from
animal studies indicate that late systolic loading from wave
reflections promotes LV hypertrophy in rats and diastolic
dysfunction in dogs.146,147 In humans, reflected wave
amplitude is independently associated with LV hypertrophy
in the general population.144 Additionally, the reduction of
wave reflection has been shown to correlate with regression
of LV mass independent of BP reduction.148 Wave re-
flections/late systolic load have also been associated with
diastolic dysfunction in humans, and to the presence of
heart failure with preserved ejection fraction.149e151

Further, the magnitude of wave reflection strongly pre-
dicted the new onset of heart failure in the Multiethnic
Study of Atherosclerosis participants who were free from
CV disease.143 Therefore, the relation between a high salt
diet and poor cardiovascular outcomes may be, at least in
part, due to increased pulsatile load on the LV.

Cross-sectional data provides evidence that dietary salt
increases measures of pulsatile load. In a study of black adults
from Johannesburg, urinary sodium excretion was related to
pulsatile load (forward wave amplitude, pressure augmenta-
tion, and augmentation index) and these relations persisted
after controlling for MAP.152 In hypertensive adults, 24-h
urinary sodium excretion was independently associated with
central pulse pressure (PP), augmentedpressure, augmentation
index, and PP amplification.153 Once again, these findings
occurred while controlling for MAP, suggesting the effects of
sodium are independent of steady state pressure. In a cross-
over design comparing low and high salt diets, a high salt
diet resulted in an increase in both forward and reflected wave
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amplitudes in young andmiddle-aged normotensive adults.154

Reflection magnitude, or the ratio of the reflected wave to the
forward wave, has also been shown to be increased by high
salt.155 It has recently been reported that 24-hour urinary Naþ/
Kþ was independently associated with characteristic imped-
ance and that this explained the relation between 24-hour
urinary Naþ/Kþ and pulse or systolic pressure.156 Taken
together there is a growing body of evidence suggesting that
high salt results in an increase in components of pulsatile load
which may partly explain the association between a high salt
diet and LV hypertrophy as well as poor cardiovascular
outcomes.

Lifestyle and dietary salt

Worldwide dietary salt intake is greater than that recom-
mended by a number of organizations including the World
Health Organization as previously mentioned. A small
percentage (less than 10%) of Americans is able to abide by
the dietary sodium recommendations put forth in the Di-
etary Guidelines for Americans.157,158 The primary source
of salt in the diet comes from processed food and meals
prepared in restaurants159 with many American exceeding
the daily sodium recommendation in a single meal eaten at
a restaurant (Fig. 53.4).160,161 It is extremely difficult to get
individuals to reduce their salt intake therefore other life-
style factors may be important to consider in order to
combat the deleterious effects of salt.

Potassium

An individual’s background diet may be important in
modulating the effects of high salt. When high salt is
consumed in the setting of a DASH diet that is high in fruit
and vegetables and low in dairy fat, it results in lower BP
compared to a standard diet that is high in salt.17,162 The
effect may be mediated, at least in part, by higher potassium
intake in aDASHdiet. There is evidence from large trials that
a higher urinary sodium to potassium excretion ratio is
associated with increased risk of cardiovascular dis-
ease163,164 suggesting that the interaction of sodium and
potassium consumption may be important. Potassium sup-
plementation has been shown to reduce BP165 and
substituting a portion of dietary salt with potassium chloride
has been shown to lower BP and reduce the incidence of
hypertension.166 However, there are limited studies of
vascular function and potassium consumption. Potassium
can soften endothelial cells and increase NO synthesis as
demonstrated in cell studies167 and increased dietary potas-
siumhas been shown to inhibit vascular production of TGF-b
in rats fed a high salt diet.168 Recently, endothelial function,
as measured by brachial artery FMD, was not reduced on a
high salt diet that was also high in potassium providing ev-
idence that potassium may counteract the deleterious effect
of salt on the vasculature.169Additional studies arewarranted
to examine the interaction of potassium and sodium on
vascular function and in particular arterial stiffness.

Exercise/physical activity

Exercise and/or physical activity has many known benefi-
cial effects including reduced cardiovascular morbidity and
mortality.170,171 The beneficial effects of exercise on arte-
rial stiffness are reviewed elsewhere but are important to
consider here in the context of a high salt diet. Exercise has
the opposite effect in most instances to dietary salt when it
comes to the vasculature, where salt has a deleterious effect
exercise has a positive effect. There is a large body of
literature that demonstrates improvements in both endo-
thelial function and arterial stiffness from exercise. In aging
there is a reduction in endothelial function and an increase
in arterial stiffness whereas exercise improves or maintains
vascular function.172 It stands to reason then that exercise
may counteract the deleterious effects of salt. In a recent set
of studies in rats consuming a high salt diet, Guers and
colleagues have demonstrated that voluntary wheel running
prevented the negative effects of salt on both endothelial
function and arterial stiffness81,173(Fig. 53.5). Voluntary
wheel running resulted in lower aortic TGF-b and collagen
content on a high salt diet compared to high salt without
voluntary running. This resulted in lower aortic pulse wave
velocity. Importantly, these effects were observed without
any changes in BP indicating that the positive effects of
voluntary wheel running occurred independent of BP.

FIGURE 53.4 Sources of salt in the diet. The majority of salt consumed in
the diet comes from processed and restaurant food. Adapted from Harnack
LJ, Cogswell ME, Shikany JM, et al. Sources of sodium in US adults from 3
geographic regions. Circulation. 2017; 135(19):1775e1783.
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Studies in humans are needed to understand whether ex-
ercise or physical activity may be able to counteract high
salt in humans.

Conclusion

Worldwide dietary salt intake is high, and excess dietary
sodium is associated with increased cardiovascular disease
risk and all-cause mortality. High dietary salt intake can
lead to increased BP; however, there are BP independent
effects of high salt on vascular function, in particular,
endothelial function and arterial stiffness. The conse-
quences of dietary salt induced alterations in endothelial
function and arterial stiffness include increased pulsatile
load on the LV. Endothelial dysfunction and increased
arterial stiffness are predictors of cardiovascular disease
and data from Framingham indicate that both are associated
with incident hypertension.102 Therefore, reducing excess
dietary salt should be considered important for overall
vascular health in addition to BP. Lifestyle changes, such as
a diet high in potassium and/or exercise, may counteract the
deleterious effects of high salt. This may be important as a
reduction in salt consumption is difficult to achieve for
most individuals.

References

1. Meneton P, Jeunemaitre X, Wardener HE, Macgregor GA. Links
between dietary salt intake, renal salt handling, blood pressure, and
cardiovascular diseases. Physiol Rev. 2005; 85(2):679e715.

2. Powles J, Fahimi S, Micha R, et al. Global, regional and national
sodium intakes in 1990 and 2010: a systematic analysis of 24 h
urinary sodium excretion and dietary surveys worldwide. BMJ
Open. 2013; 3(12):e003733.

3. Thout SR, Santos JA, McKenzie B, et al. The Science of Salt:
updating the evidence on global estimates of salt intake. J Clin
Hypertens. 2019; 21(6):710e721.

4. Eaton SB, Konner M. Paleolithic nutrition. N Engl J Med. 1985;
312(5):283e289.

5. Graudal NA, Hubeck-Graudal T, Jurgens G. Effects of low sodium

diet versus high sodium diet on blood pressure, renin, aldosterone,
catecholamines, cholesterol, and triglyceride. Cochrane Database
Syst Rev. 2011;(11):CD004022.

6. He FJ, Li J, Macgregor GA. Effect of longer-term modest salt reduc-
tion on blood pressure. Cochrane Database Syst Rev. 2013; 4:
CD004937.

7. Weinberger MH. Salt sensitivity of blood pressure in humans. Hy-
pertension. 1996; 27(3 Pt 2):481e490.

8. Luft FC, Miller JZ, Grim CE, et al. Salt sensitivity and resistance of
blood pressure. Age and race as factors in physiological responses.

Hypertension. 1991; 17(1 Suppl):I102eI108.

FIGURE 53.5 The effects of
voluntary wheel running with a high
salt diet. Voluntary wheel running
has been shown to prevent a decline
in endothelial function and increase
in arterial stiffness in rats fed a high
salt diet.81,173 The lack of increase
in arterial stiffness was associated
with lower TGF-b and aortic
collagen content.173

Dietary salt and arterial stiffness Chapter | 53 859



9. Weinberger MH. Salt sensitivity is associated with an increased

mortality in both normal and hypertensive humans. J Clin Hyper-
tens. 2002; 4(4):274e276.

10. Weinberger MH, Fineberg NS. Sodium and volume sensitivity of

blood pressure. Age and pressure change over time. Hypertension.
1991; 18(1):67e71.

11. Cook NR, Cutler JA, Obarzanek E, et al. Long term effects of di-
etary sodium reduction on cardiovascular disease outcomes: obser-

vational follow-up of the trials of hypertension prevention (TOHP).
BMJ. 2007; 334(7599):885e888.

12. He FJ, Tan M, Ma Y, MacGregor GA. Salt reduction to prevent

hypertension and cardiovascular disease: JACC state-of-the-art re-
view. J Am Coll Cardiol. 2020; 75(6):632e647.

13. Intersalt: an international study of electrolyte excretion and blood

pressure. Results for 24 hour urinary sodium and potassium excre-
tion. Intersalt Cooperative Research Group. BMJ. 1988;
297(6644):319e328.

14. Zhou BF, Stamler J, Dennis B, et al. Nutrient intakes of middle-aged
men and women in China, Japan, United Kingdom, and United
States in the late 1990s: the INTERMAP study. J Hum Hypertens.
2003; 17(9):623e630.

15. Khaw KT, Bingham S, Welch A, et al. Blood pressure and urinary
sodium in men and women: the Norfolk Cohort of the European
Prospective Investigation into Cancer (EPIC-Norfolk). Am J Clin
Nutr. 2004; 80(5):1397e1403.

16. MacGregor GA, Markandu ND, Sagnella GA, Singer DR,
Cappuccio FP. Double-blind study of three sodium intakes and long-

term effects of sodium restriction in essential hypertension. Lancet.
1989; 2(8674):1244e1247.

17. Sacks FM, Svetkey LP, Vollmer WM, et al. Effects on blood
pressure of reduced dietary sodium and the dietary approaches to

stop hypertension (DASH) diet. DASH-sodium Collaborative
Research group. N Engl J Med. 2001; 344(1):3e10.

18. He FJ, Li J, Macgregor GA. Effect of longer term modest salt

reduction on blood pressure: cochrane systematic review and meta-
analysis of randomised trials. BMJ. 2013; 346:f1325.

19. Aburto NJ, Ziolkovska A, Hooper L, Elliott P, Cappuccio FP,

Meerpohl JJ. Effect of lower sodium intake on health: systematic
review and meta-analyses. BMJ. 2013; 346:f1326.

20. Graudal NA, Hubeck-Graudal T, Jürgens G. Effects of low-sodium

diet vs. high-sodium diet on blood pressure, renin, aldosterone,
catecholamines, cholesterol, and triglyceride (cochrane review). Am
J Hypertens. 2012; 25(1):1e15.

21. Graudal NA, Hubeck-Graudal T, Jurgens G. Effects of low sodium

diet versus high sodium diet on blood pressure, renin, aldosterone,
catecholamines, cholesterol, and triglyceride. Cochrane Database
Syst Rev. 2017; 4(4):Cd004022.

22. Mimran A, Ribstein J, Jover B. Aging and sodium homeostasis.
Kidney Int Suppl. 1992; 37:S107eS113.

23. He FJ, Markandu ND, Sagnella GA, MacGregor GA. Effect of salt

intake on renal excretion of water in humans. Hypertension. 2001;
38(3):317e320.

24. Mozaffarian D, Fahimi S, Singh GM, et al. Global sodium con-
sumption and death from cardiovascular causes. N Engl J Med.
2014; 371(7):624e634.

25. Mancia G, Oparil S, Whelton PK, et al. The technical report on
sodium intake and cardiovascular disease in low- and middle-income

countries by the joint working group of the World Heart Federation,

the European Society of Hypertension and the European Public

Health Association. Eur Heart J. 2017; 38(10):712e719.
26. Mente A, O’Donnell M, Rangarajan S, et al. Associations of urinary

sodium excretion with cardiovascular events in individuals with and

without hypertension: a pooled analysis of data from four studies.
Lancet. 2016; 388(10043):465e475.

27. Stolarz-Skrzypek K, Kuznetsova T, Thijs L, et al. Fatal and nonfatal
outcomes, incidence of hypertension, and blood pressure changes in

relation to urinary sodium excretion. JAMA. 2011; 305(17):
1777e1785.

28. Cook NR, Appel LJ, Whelton PK. Lower levels of sodium intake and

reduced cardiovascular risk. Circulation. 2014; 129(9):981e989.
29. Cook NR, Appel LJ, Whelton PK. Sodium intake and all-cause

mortality over 20 Years in the trials of hypertension prevention.

J Am Coll Cardiol. 2016; 68(15):1609e1617.
30. Mills KT, Chen J, Yang W, et al. Sodium excretion and the risk of

cardiovascular disease in patients with chronic kidney disease.

JAMA. 2016; 315(20):2200e2210.
31. Farquhar WB, Edwards DG, Jurkovitz CT, Weintraub WS. Dietary

sodium and health: more than just blood pressure. J Am Coll
Cardiol. 2015; 65(10):1042e1050.

32. Cobb LK, Anderson CA, Elliott P, et al. Methodological issues in
cohort studies that relate sodium intake to cardiovascular disease
outcomes: a science advisory from the American Heart Association.

Circulation. 2014; 129(10):1173e1186.
33. HeFJ,MaY,CampbellNRC,MacGregorGA,CogswellME,CookNR.

Formulas to estimate dietary sodium intake from spot urine alter sodium-

mortality relationship. Hypertension. 2019; 74(3):572e580.
34. Lerchl K, Rakova N, Dahlmann A, et al. Agreement between 24-

hour salt ingestion and sodium excretion in a controlled environ-
ment. Hypertension. 2015; 66(4):850e857.

35. Kawasaki T, Itoh K, Uezono K, Sasaki H. A simple method for
estimating 24 h urinary sodium and potassium excretion from sec-
ond morning voiding urine specimen in adults. Clin Exp Phar-
macol Physiol. 1993; 20(1):7e14.

36. Tanaka T, Okamura T, Miura K, et al. A simple method to
estimate populational 24-h urinary sodium and potassium excretion

using a casual urine specimen. J Hum Hypertens. 2002; 16(2):
97e103.

37. Brown IJ, Dyer AR, Chan Q, et al. Estimating 24-hour urinary so-

dium excretion from casual urinary sodium concentrations in
Western populations: the INTERSALT study. Am J Epidemiol.
2013; 177(11):1180e1192.

38. de Wardener HE, MacGregor GA. Harmful effects of dietary salt

in addition to hypertension. J Hum Hypertens. 2002; 16(4):
213e223.

39. Boegehold MA. The effect of high salt intake on endothelial func-

tion: reduced vascular nitric oxide in the absence of hypertension.
J Vasc Res. 2013; 50(6):458e467.

40. Safar ME, Thuilliez C, Richard V, Benetos A. Pressure-independent

contribution of sodium to large artery structure and function in hy-
pertension. Cardiovasc Res. 2000; 46(2):269e276.

41. van der Westhuizen B, Schutte AE, Gafane-Matemane LF,
Kruger R. Left ventricular mass independently associates with 24-

hour sodium excretion in young masked hypertensive adults: the
African-PREDICT study. Int J Cardiol. 2019; 276:218e223.

42. Rodriguez CJ, Bibbins-Domingo K, Jin Z, Daviglus ML,

Goff Jr DC, Jacobs Jr DR. Association of sodium and potassium

860 Textbook of Arterial Stiffness and Pulsatile Hemodynamics in Health and Disease



intake with left ventricular mass: coronary artery risk development

in young adults. Hypertension. 2011; 58(3):410e416.
43. Jin Y, Kuznetsova T, Maillard M, et al. Independent relations of left

ventricular structure with the 24-hour urinary excretion of sodium

and aldosterone. Hypertension. 2009; 54(3):489e495.
44. Schmieder RE, Messerli FH, Garavaglia GE, Nunez BD. Dietary salt

intake. A determinant of cardiac involvement in essential hyper-
tension. Circulation. 1988; 78(4):951e956.

45. Liebson PR, Grandits G, Prineas R, et al. Echocardiographic cor-
relates of left ventricular structure among 844 mildly hypertensive
men and women in the Treatment of Mild Hypertension Study

(TOMHS). Circulation. 1993; 87(2):476e486.
46. He J, Ogden LG, Bazzano LA, Vupputuri S, Loria C, Whelton PK.

Dietary sodium intake and incidence of congestive heart failure in

overweight US men and women: first National Health and Nutrition
Examination Survey Epidemiologic Follow-up Study. Arch Intern
Med. 2002; 162(14):1619e1624.

47. du Cailar G, Fesler P, Ribstein J, Mimran A. Dietary sodium, aldoste-
rone, and left ventricular mass changes during long-term inhibition of
the renin-angiotensin system.Hypertension. 2010; 56(5):865e870.

48. Wu C, Yosef N, Thalhamer T, et al. Induction of pathogenic TH17

cells by inducible salt-sensing kinase SGK1. Nature. 2013;
496(7446):513e517.

49. Kleinewietfeld M, Manzel A, Titze J, et al. Sodium chloride drives

autoimmune disease by the induction of pathogenic TH17 cells.
Nature. 2013; 496(7446):518e522.

50. Zhang W-C, Zheng X-J, Du L-J, et al. High salt primes a specific

activation state of macrophages, M(Na). Cell Res. 2015;
25(8):893e910.

51. Foss JD, Kirabo A, Harrison DG. Do high-salt microenvironments
drive hypertensive inflammation? Am J Physiol Regul Integr
Comp Physiol. 2017; 312(1):R1er4.

52. Iyer RS, Ghosh S, Salomon RG. Levuglandin E2 crosslinks proteins.
Prostaglandins. 1989; 37(4):471e480.

53. Kirabo A, Fontana V, de Faria AP, et al. DC isoketal-modified
proteins activate T cells and promote hypertension. J Clin Invest.
2014; 124(10):4642e4656.

54. Barbaro NR, Foss JD, Kryshtal DO, et al. Dendritic cell amiloride-
sensitive channels mediate sodium-induced inflammation and hy-
pertension. Cell Rep. 2017; 21(4):1009e1020.

55. Elijovich F, Laffer CL, Sahinoz M, Pitzer A, Ferguson JF, Kirabo A.
The gut microbiome, inflammation, and salt-sensitive hypertension.
Curr Hypertens Rep. 2020; 22(10):79.

56. Wilck N, Matus MG, Kearney SM, et al. Salt-responsive gut

commensal modulates TH17 axis and disease. Nature. 2017;
551(7682):585e589.

57. Ferguson JF, Aden LA, Barbaro NR, et al. High dietary salt-induced

dendritic cell activation underlies microbial dysbiosis-associated
hypertension. JCI Insight. 2019; 5(13).

58. Ying WZ, Aaron KJ, Sanders PW. Transforming growth factor-beta

regulates endothelial function during high salt intake in rats. Hy-
pertension. 2013; 62(5):951e956.

59. Ying WZ, Sanders PW. Dietary salt increases endothelial nitric
oxide synthase and TGF-beta1 in rat aortic endothelium. Am J
Physiol. 1999; 277(4 Pt 2):H1293eH1298.

60. Frohlich ED, Chien Y, Sesoko S, Pegram BL. Relationship between
dietary sodium intake, hemodynamics, and cardiac mass in SHR and

WKY rats. Am J Physiol. 1993; 264(1 Pt 2):R30eR34.

61. Matavelli LC, Zhou X, Varagic J, Susic D, Frohlich ED. Salt loading

produces severe renal hemodynamic dysfunction independent of
arterial pressure in spontaneously hypertensive rats. Am J Physiol
Heart Circ Physiol. 2007; 292(2):H814eH819.

62. Yu HC, Burrell LM, Black MJ, et al. Salt induces myocardial and
renal fibrosis in normotensive and hypertensive rats. Circulation.
1998; 98(23):2621e2628.

63. Lenda DM, Boegehold MA. Effect of a high-salt diet on oxidant

enzyme activity in skeletal muscle microcirculation. Am J Physiol
Heart Circ Physiol. 2002; 282(2):H395eH402.

64. Lenda DM, Sauls BA, Boegehold MA. Reactive oxygen species

may contribute to reduced endothelium-dependent dilation in rats
fed high salt. Am J Physiol Heart Circ Physiol. 2000;
279(1):H7eH14.

65. Zhu J, Huang T, Lombard JH. Effect of high-salt diet on vascular
relaxation and oxidative stress in mesenteric resistance arteries.
J Vasc Res. 2007; 44(5):382e390.

66. Nurkiewicz TR, Boegehold MA. High salt intake reduces
endothelium-dependent dilation of mouse arterioles via superoxide
anion generated from nitric oxide synthase. Am J Physiol Regul
Integr Comp Physiol. 2007; 292(4):R1550eR1556.

67. Tzemos N, Lim PO, Wong S, Struthers AD, MacDonald TM.
Adverse cardiovascular effects of acute salt loading in young
normotensive individuals. Hypertension. 2008; 51(6):1525e1530.

68. DuPont JJ, Greaney JL, Wenner MM, et al. High dietary sodium
intake impairs endothelium-dependent dilation in healthy salt-
resistant humans. J Hypertens. 2013; 31(3):530e536.

69. Greaney JL, DuPont JJ, Lennon-Edwards SL, Sanders PW,
Edwards DG, Farquhar WB. Dietary sodium loading impairs
microvascular function independent of blood pressure in humans:
role of oxidative stress. J Physiol. 2012; 590(Pt 21):5519e5528.

70. Kellogg Jr DL, Zhao JL, Wu Y. Endothelial nitric oxide synthase
control mechanisms in the cutaneous vasculature of humans in vivo.
Am J Physiol Heart Circ Physiol. 2008; 295(1):H123eH129.

71. Bruning RS, Santhanam L, Stanhewicz AE, et al. Endothelial nitric
oxide synthase mediates cutaneous vasodilation during local heating
and is attenuated in middle-aged human skin. J Appl Physiol. 2012;
112(12):2019e2026.

72. Matthews EL, Brian MS, Ramick MG, Lennon-Edwards S,
Edwards DG, Farquhar WB. High dietary sodium reduces brachial

artery flow-mediated dilation in humans with salt-sensitive and salt-
resistant blood pressure. J Appl Physiol. 2015;
118(12):1510e1515.

73. Eisenach JH, Gullixson LR, Kost SL, Joyner MJ, Turner ST,

Nicholson WT. Sex differences in salt sensitivity to nitric oxide
dependent vasodilation in healthy young adults. J Appl Physiol.
2012; 112(6):1049e1053.

74. Lennon-Edwards S, Ramick MG, Matthews EL, Brian MS,
Farquhar WB, Edwards DG. Salt loading has a more deleterious
effect on flow-mediated dilation in salt-resistant men than women.

Nutrition, metabolism, and cardiovascular diseases. Nutr Metabol
Cardiovasc Dis. 2014; 24(9):990e995.

75. Dickinson KM, Keogh JB, Clifton PM. Effects of a low-salt diet on
flow-mediated dilatation in humans. Am J Clin Nutr.
2009:485e490.

76. Dickinson KM, Clifton PM, Keogh JB. A reduction of 3 g/day from
a usual 9 g/day salt diet improves endothelial function and decreases

endothelin-1 in a randomised cross_over study in normotensive

Dietary salt and arterial stiffness Chapter | 53 861



overweight and obese subjects. Atherosclerosis. 2014;

233(1):32e38.
77. Jablonski KL, Gates PE, Pierce GL, Seals DR. Low dietary sodium

intake is associated with enhanced vascular endothelial function in

middle-aged and older adults with elevated systolic blood pressure.
Therap Adv Cardiovasc Dis. 2009; 3(5):347e356.

78. Jablonski KL, Racine ML, Geolfos CJ, et al. Dietary sodium re-
striction reverses vascular endothelial dysfunction in middle-aged/

older adults with moderately elevated systolic blood pressure. J Am
Coll Cardiol. 2013; 61(3):335e343.

79. Ramick MG, Brian MS, Matthews EL, et al. Apocynin and Tempol

ameliorate dietary sodium-induced declines in cutaneous microvas-
cular function in salt-resistant humans. Am J Physiol Heart Circ
Physiol. 2019; 317(1):H97eh103.

80. Nurkiewicz TR, Wu G, Li P, Boegehold MA. Decreased arteriolar
tetrahydrobiopterin is linked to superoxide generation from nitric
oxide synthase in mice fed high salt. Microcirculation. 2010;

17(2):147e157.
81. Guers JJ, Kasecky-Lardner L, Farquhar WB, Edwards DG,

Lennon SL. Voluntary wheel running prevents salt-induced endo-
thelial dysfunction: role of oxidative stress. J Appl Physiol. 2019;
126(2):502e510.

82. Alba BK, Stanhewicz AE, Dey P, Bruno RS, Kenney WL,
Alexander LM. Controlled feeding of an 8-d, high-dairy cheese diet

prevents sodium-induced endothelial dysfunction in the cutaneous
microcirculation of healthy, older adults through reductions in su-
peroxide. J Nutr. 2020; 150(1):55e63.

83. Durand MJ, Lombard JH. Low-dose angiotensin II infusion restores
vascular function in cerebral arteries of high salt-fed rats by
increasing copper/zinc superoxide dimutase expression. Am J
Hypertens. 2013; 26(6):739e747.

84. Lenda DM, Boegehold MA. Effect of a high salt diet on micro-
vascular antioxidant enzymes. J Vasc Res. 2002; 39(1):41e50.

85. Zhu J, Drenjancevic-Peric I, McEwen S, et al. Role of superoxide

and angiotensin II suppression in salt-induced changes in endothelial
Ca2þ signaling and NO production in rat aorta. Am J Physiol Heart
Circ Physiol. 2006; 291(2):H929eH938.

86. McEwen ST, Schmidt JR, Somberg L, Cruz Lde L, Lombard JH.
Time-course and mechanisms of restored vascular relaxation by
reduced salt intake and angiotensin II infusion in rats fed a high-salt

diet. Microcirculation. 2009; 16(3):220e234.
87. Oberleithner H, Riethmuller C, Schillers H, MacGregor GA, de

Wardener HE, Hausberg M. Plasma sodium stiffens vascular
endothelium and reduces nitric oxide release. Proc Natl Acad Sci
USA. 2007; 104(41):16281e16286.

88. Korte S, Wiesinger A, Straeter AS, Peters W, Oberleithner H, Kusche-
Vihrog K. Firewall function of the endothelial glycocalyx in the regu-

lation of sodium homeostasis. Pflugers Arch. 2012; 463(2):269e278.
89. Oberleithner H, Peters W, Kusche-Vihrog K, et al. Salt overload

damages the glycocalyx sodium barrier of vascular endothelium.

Pflugers Arch Eur J Physiol. 2011; 462(4):519e528.
90. Kusche-Vihrog K, Jeggle P, Oberleithner H. The role of ENaC in

vascular endothelium. Pflugers Arch Eur J Physiol. 2014;
466(5):851e859.

91. Schierke F, Wyrwoll MJ, Wisdorf M, et al. Nanomechanics of the
endothelial glycocalyx contribute to Naþ-induced vascular inflam-
mation. Sci Rep. 2017; 7(1):46476.

92. Perry IJ, Beevers DG. Salt intake and stroke: a possible direct effect.

J Hum Hypertens. 1992; 6(1):23e25.
93. Nagata C, Takatsuka N, Shimizu N, Shimizu H. Sodium intake and

risk of death from stroke in Japanese men and women. Stroke. 2004;
35(7):1543e1547.

94. Cosic A, Jukic I, Stupin A, et al. Attenuated flow-induced dilatation
of middle cerebral arteries is related to increased vascular oxidative
stress in rats on a short-term high salt diet. J Physiol. 2016;

594(17):4917e4931.
95. Faraco G, Brea D, Garcia-Bonilla L, et al. Dietary salt promotes

neurovascular and cognitive dysfunction through a gut-initiated

TH17 response. Nat Neurosci. 2018; 21(2):240e249.
96. Allen LA, Schmidt JR, Thompson CT, Carlson BE, Beard DA,

Lombard JH. High salt diet impairs cerebral blood flow regulation

via salt-induced angiotensin II suppression.Microcirculation. 2019;
26(3):e12518.

97. Stocker SD, Lang SM, Simmonds SS, Wenner MM, Farquhar WB.

Cerebrospinal fluid hypernatremia elevates sympathetic nerve ac-
tivity and blood pressure via the rostral ventrolateral medulla. Hy-
pertension. 2015; 66(6):1184e1190.

98. Simmonds SS, Lay J, Stocker SD. Dietary salt intake exaggerates

sympathetic reflexes and increases blood pressure variability in
normotensive rats. Hypertension. 2014; 64(3):583e589.

99. Kawano Y, Yoshida K, Kawamura M, et al. Sodium and

noradrenaline in cerebrospinal fluid and blood in salt-sensitive and
non-salt-sensitive essential hypertension. Clin Exp Pharmacol
Physiol. 1992; 19(4):235e241.

100. Babcock MC, Brian MS, Watso JC, et al. Alterations in dietary
sodium intake affect cardiovagal baroreflex sensitivity. Am J
Physiol Regul Integr Comp Physiol. 2018; 315(4). R688-r95.

101. Townsend RR, Wilkinson IB, Schiffrin EL, et al. Recommendations

for improving and standardizing vascular research on arterial stiff-
ness. Hypertension. 2015; 66(3):698e722.

102. Kaess BM, Rong J, Larson MG, et al. Aortic stiffness, blood pres-

sure progression, and incident hypertension. JAMA. 2012;
308(9):875e881.

103. Dernellis J, Panaretou M. Aortic stiffness is an independent pre-

dictor of progression to hypertension in nonhypertensive subjects.
Hypertension. 2005; 45(3):426e431.

104. Najjar SS, Scuteri A, Shetty V, et al. Pulse wave velocity is an in-

dependent predictor of the longitudinal increase in systolic blood
pressure and of incident hypertension in the Baltimore Longitudinal
Study of Aging. J Am Coll Cardiol. 2008; 51(14):1377e1383.

105. Takase H, Dohi Y, Toriyama T, et al. Brachial-ankle pulse wave

velocity predicts increase in blood pressure and onset of hyperten-
sion. Am J Hypertens. 2011; 24(6):667e673.

106. Laurent S, Boutouyrie P, Asmar R, et al. Aortic stiffness is an in-

dependent predictor of all-cause and cardiovascular mortality in
hypertensive patients. Hypertension. 2001; 37(5):1236e1241.

107. Laurent S, Katsahian S, Fassot C, et al. Aortic stiffness is an inde-

pendent predictor of fatal stroke in essential hypertension. Stroke.
2003; 34(5):1203e1206.

108. Blacher J, Safar ME, Guerin AP, Pannier B, Marchais SJ,
London GM. Aortic pulse wave velocity index and mortality in end-

stage renal disease. Kidney Int. 2003; 63(5):1852e1860.
109. Blacher J, Pannier B, Guerin AP, Marchais SJ, Safar ME,

London GM. Carotid arterial stiffness as a predictor of

862 Textbook of Arterial Stiffness and Pulsatile Hemodynamics in Health and Disease



cardiovascular and all-cause mortality in end-stage renal disease.

Hypertension. 1998; 32(3):570e574.
110. Mattace-Raso FU, van der Cammen TJ, Hofman A, et al. Arterial

stiffness and risk of coronary heart disease and stroke: the Rotterdam

Study. Circulation. 2006; 113(5):657e663.
111. Siriopol D, Covic A, Iliescu R, et al. Arterial stiffness mediates the

effect of salt intake on systolic blood pressure. J Clin Hypertens.
2018; 20(11):1587e1594.

112. Limas C, Westrum B, Limas CJ, Cohn JN. Effect of salt on the
vascular lesions of spontaneously hypertensive rats. Hypertension.
1980; 2(4):477e489.

113. Partovian C, Benetos A, Pommiès JP, Mischler W, Safar ME. Ef-
fects of a chronic high-salt diet on large artery structure: role of
endogenous bradykinin. Am J Physiol. 1998;

274(5):H1423eH1428.
114. Gates PE, Tanaka H, Hiatt WR, Seals DR. Dietary sodium restric-

tion rapidly improves large elastic artery compliance in older adults

with systolic hypertension. Hypertension. 2004; 44(1):35e41.
115. Todd AS, Macginley RJ, Schollum JB, et al. Dietary salt loading

impairs arterial vascular reactivity. Am J Clin Nutr. 2010;
91(3):557e564.

116. Avolio AP, Deng FQ, Li WQ, et al. Effects of aging on arterial
distensibility in populations with high and low prevalence of hy-
pertension: comparison between urban and rural communities in

China. Circulation. 1985; 71(2):202e210.
117. Avolio AP, Clyde KM, Beard TC, Cooke HM, Ho KK,

O’Rourke MF. Improved arterial distensibility in normotensive

subjects on a low salt diet. Arteriosclerosis. 1986; 6(2):166e169.
118. He FJ, Marciniak M, Visagie E, et al. Effect of modest salt reduction

on blood pressure, urinary albumin, and pulse wave velocity in
white, black, and Asian mild hypertensives. Hypertension. 2009;
54(3):482e488.

119. Pimenta E, Gaddam KK, Oparil S, et al. Effects of dietary sodium
reduction on blood pressure in subjects with resistant hypertension:

results from a randomized trial. Hypertension. 2009; 54(3):475e481.
120. Jablonski KL, Fedorova OV, Racine ML, et al. Dietary sodium re-

striction and association with urinary marinobufagenin, blood

pressure, and aortic stiffness. Clin J Am Soc Nephrol. 2013;
8(11):1952e1959.

121. Gijsbers L, Dower JI, Mensink M, Siebelink E, Bakker SJ,

Geleijnse JM. Effects of sodium and potassium supplementation on
blood pressure and arterial stiffness: a fully controlled dietary
intervention study. J Hum Hypertens. 2015; 29(10):592e598.

122. D’Elia L, Galletti F, La Fata E, Sabino P, Strazzullo P. Effect of

dietary sodium restriction on arterial stiffness: systematic review and
meta-analysis of the randomized controlled trials. J Hypertens.
2018; 36(4):734e743.

123. Wilkinson IB, MacCallum H, Cockcroft JR, Webb DJ. Inhibition of
basal nitric oxide synthesis increases aortic augmentation index and
pulse wave velocity in vivo. Br J Clin Pharmacol. 2002;

53(2):189e192.
124. Stewart AD, Millasseau SC, Kearney MT, Ritter JM,

Chowienczyk PJ. Effects of inhibition of basal nitric oxide synthesis
on carotid-femoral pulse wave velocity and augmentation index in

humans. Hypertension. 2003; 42(5):915e918.
125. Nardone M, Floras JS, Millar PJ. Sympathetic neural modulation of

arterial stiffness in humans. Am J Physiol Heart Circ Physiol.
2020; 319(6):H1338eH1346.

126. Zhang H, Faber JE. Trophic effect of norepinephrine on arterial

intima-media and adventitia is augmented by injury and mediated by
different alpha1-adrenoceptor subtypes. Circ Res. 2001;
89(9):815e822.

127. Damon DH. Sympathetic innervation promotes vascular smooth
muscle differentiation. Am J Physiol Heart Circ Physiol. 2005;
288(6):H2785eH2791.

128. Holwerda SW, Luehrs RE, DuBose L, et al. Elevated muscle sym-

pathetic nerve activity contributes to central artery stiffness in young
and middle-age/older adults. Hypertension. 2019; 73(5):1025e1035.

129. Nardone M, Incognito AV, Millar PJ. Evidence for pressure-

independent sympathetic modulation of central pulse wave veloc-
ity. J Am Heart Assoc. 2018; 7(3).

130. Bock JM, Hughes WE, Casey DP. Age-associated differences in

central artery responsiveness to sympathoexcitatory stimuli. Am J
Hypertens. 2019; 32(6):564e569.

131. Farquhar WB, Wenner MM, Delaney EP, Prettyman AV,

Stillabower ME. Sympathetic neural responses to increased osmo-
lality in humans. Am J Physiol Heart Circ Physiol. 2006;
291(5):H2181eH2186.

132. Farquhar WB, Paul EE, Prettyman AV, Stillabower ME. Blood

pressure and hemodynamic responses to an acute sodium load in
humans. J Appl Physiol. 2005; 99(4):1545e1551.

133. Gunnett CA, Lund DD, McDowell AK, Faraci FM, Heistad DD.

Mechanisms of inducible nitric oxide synthase-mediated vascular
dysfunction. Arterioscler Thromb Vasc Biol. 2005;
25(8):1617e1622.

134. Yoshizumi M, Perrella MA, Burnett Jr JC, Lee ME. Tumor necrosis
factor downregulates an endothelial nitric oxide synthase mRNA by
shortening its half-life. Circ Res. 1993; 73(1):205e209.

135. Jain S, Khera R, CorraleseMedina VF, Townsend RR, Chirinos JA.

Inflammation and arterial stiffness in humans. Atherosclerosis.
2014; 237(2):381e390.

136. Vlachopoulos C, Dima I, Aznaouridis K, et al. Acute systemic

inflammation increases arterial stiffness and decreases wave re-
flections in healthy individuals. Circulation. 2005;
112(14):2193e2200.

137. Yasmin, McEniery CM, Wallace S, et al. Matrix metalloproteinase-9
(MMP-9), MMP-2, and serum elastase activity are associated with
systolic hypertension and arterial stiffness. Arterioscler Thromb
Vasc Biol. 2005; 25(2):372.

138. Ferreira-Sae MCS, Cipolli JAA, Cornélio ME, et al. Sodium intake
is associated with carotid artery structure alterations and plasma
matrix metalloproteinase-9 upregulation in hypertensive adults.

J Nutr. 2011; 141(5):877e882.
139. Sanders PW. Vascular consequences of dietary salt intake. Am J

Physiol Ren Physiol. 2009; 297(2):F237eF243.

140. Kanbay M, Chen Y, Solak Y, Sanders PW. Mechanisms and con-
sequences of salt sensitivity and dietary salt intake. Curr Opin
Nephrol Hypertens. 2011; 20(1):37e43.

141. Nickenig G, Strehlow K, Roeling J, Zolk O, Knorr A, Böhm M. Salt
induces vascular AT1 receptor overexpression in vitro and in vivo.
Hypertension. 1998; 31(6):1272e1277.

142. Chirinos JA, Townsend R. Sodium, potassium, and target organ

damage: a case for central hemodynamics. Hypertension. 2010;
56(4):578e580.

143. Chirinos JA, Kips JG, Jacobs Jr DR, et al. Arterial wave reflections

and incident cardiovascular events and heart failure: MESA

Dietary salt and arterial stiffness Chapter | 53 863



(Multiethnic Study of Atherosclerosis). J Am Coll Cardiol. 2012;
60(21):2170e2177.

144. Zamani P, Bluemke DA, Jacobs Jr DR, et al. Resistive and pulsatile
arterial load as predictors of left ventricular mass and geometry: the

multi-ethnic study of atherosclerosis. Hypertension. 2015;
65(1):85e92.

145. Chirinos JA, Segers P. Noninvasive evaluation of left ventricular
afterload: part 2: arterial pressure-flow and pressure-volume re-

lations in humans. Hypertension. 2010; 56(4):563e570.
146. Gillebert TC, Lew WY. Influence of systolic pressure profile on rate

of left ventricular pressure fall. Am J Physiol. 1991; 261(3 Pt

2):H805eH813.
147. Kobayashi S, Yano M, Kohno M, et al. Influence of aortic imped-

ance on the development of pressure-overload left ventricular hy-

pertrophy in rats. Circulation. 1996; 94(12):3362e3368.
148. Hashimoto J, Westerhof BE, Westerhof N, Imai Y, O’Rourke MF.

Different role of wave reflection magnitude and timing on left

ventricular mass reduction during antihypertensive treatment.
J Hypertens. 2008; 26(5):1017e1024.

149. Chirinos JA, Segers P, Rietzschel ER, et al. Early and late systolic
wall stress differentially relate to myocardial contraction and

relaxation in middle-aged adults: the Asklepios study. Hyperten-
sion. 2013; 61(2):296e303.

150. Weber T, O’Rourke MF, Ammer M, Kvas E, Punzengruber C,

Eber B. Arterial stiffness and arterial wave reflections are associated
with systolic and diastolic function in patients with normal ejection
fraction. Am J Hypertens. 2008; 21(11):1194e1202.

151. Weber T, Wassertheurer S, O’Rourke MF, et al. Pulsatile hemo-
dynamics in patients with exertional dyspnea: potentially of value in
the diagnostic evaluation of suspected heart failure with preserved
ejection fraction. J Am Coll Cardiol. 2013; 61(18):1874e1883.

152. Redelinghuys M, Norton GR, Scott L, et al. Relationship between
urinary salt excretion and pulse pressure and central aortic hemo-
dynamics independent of steady state pressure in the general pop-

ulation. Hypertension. 2010; 56(4):584e590.
153. Park S, Park JB, Lakatta EG. Association of central hemodynamics

with estimated 24-h urinary sodium in patients with hypertension.

J Hypertens. 2011; 29(8):1502e1507.
154. Muth BJ, Brian MS, Chirinos JA, Lennon SL, Farquhar WB,

Edwards DG. Central systolic blood pressure and aortic stiffness

response to dietary sodium in young and middle-aged adults. J Am
Soc Hypertens. 2017; 11(10):627e634.

155. Starmans-Kool MJ, Stanton AV, Xu YY, Mc GTSA, Parker KH,
Hughes AD. High dietary salt intake increases carotid blood pres-

sure and wave reflection in normotensive healthy young men.
J Appl Physiol. 2011; 110(2):468e471.

156. Mmopi KN, Norton GR, Bello H, et al. Increased aortic characteristic

impedance explains relations between urinary Naþ/Kþ and pulse or
systolic blood pressure. Hypertension. 2020; 75(5):1260e1270.

157. Quader ZS, Zhao L, Gillespie C, et al. Sodium intake among persons

aged �2 Years - United States, 2013e2014.MMWRMorb Mortal
Wkly Rep. 2017; 66(12), 324-238.

158. Bailey RL, Parker EA, Rhodes DG, et al. Estimating sodium and

potassium intakes and their ratio in the American diet: data from the
2011-2012 NHANES. J Nutr. 2015; 146(4):745e750.

159. Harnack LJ, Cogswell ME, Shikany JM, et al. Sources of sodium in

US adults from 3 geographic regions. Circulation. 2017;
135(19):1775e1783.

160. Byrd K, Almanza B, Ghiselli RF, Behnke C, Eicher-Miller HA.
Reported action to decrease sodium intake is associated with dining

out frequency and use of menu nutrition information among US
adults. J Acad Nutr Diet. 2018; 118(5):824e835.

161. Auchincloss AH, Leonberg BL, Glanz K, Bellitz S, Ricchezza A,

Jervis A. Nutritional value of meals at full-service restaurant chains.
J Nutr Educ Behav. 2014; 46(1):75e81.

162. Juraschek SP, Miller 3rd ER, Weaver CM, Appel LJ. Effects of

sodium reduction and the DASH diet in relation to baseline blood
pressure. J Am Coll Cardiol. 2017; 70(23):2841e2848.

163. O’Donnell MJ, Yusuf S, Mente A, et al. Urinary sodium and po-

tassium excretion and risk of cardiovascular events. J Am Med
Assoc. 2011; 306(20):2229e2238.

164. Cook NR, Obarzanek E, Cutler JA, et al. Joint effects of sodium and
potassium intake on subsequent cardiovascular disease: the Trials of

Hypertension Prevention follow-up study. Arch Intern Med. 2009;
169(1):32e40.

165. Whelton PK, He J, Cutler JA, et al. Effects of oral potassium on

blood pressure. Meta-analysis of randomized controlled clinical
trials. J Am Med Assoc. 1997; 277(20):1624e1632.

166. Bernabe-Ortiz A, Sal YRVG, Ponce-Lucero V, et al. Effect of salt

substitution on community-wide blood pressure and hypertension
incidence. Nat Med. 2020; 26(3):374e378.

167. Oberleithner H, Callies C, Kusche-Vihrog K, et al. Potassium
softens vascular endothelium and increases nitric oxide release. Proc
Natl Acad Sci USA. 2009; 106(8):2829e2834.

168. Ying WZ, Aaron K, Wang PX, Sanders PW. Potassium inhibits
dietary salt-induced transforming growth factor-beta production.

Hypertension. 2009; 54(5):1159e1163.
169. Smiljanec K, Mbakwe A, Ramos Gonzalez M, Farquhar WB,

Lennon SL. Dietary potassium attenuates the effects of dietary so-

dium on vascular function in salt-resistant adults. Nutrients. 2020;
12(5).

170. Maessen MF, Verbeek AL, Bakker EA, Thompson PD,

Hopman MT, Eijsvogels TM. Lifelong exercise patterns and car-
diovascular health. Mayo Clin Proc. 2016; 91(6):745e754.

171. Hamer M, O’Donovan G, Stamatakis E. Association between
physical activity and sub-types of cardiovascular disease death

causes in a general population cohort. Eur J Epidemiol. 2019;
34(5):483e487.

172. Seals DREF. Adolph Distinguished Lecture: the remarkable anti-

aging effects of aerobic exercise on systemic arteries. J Appl
Physiol. 2014; 117(5):425e439.

173. Guers JJ, Farquhar WB, Edwards DG, Lennon SL. Voluntary wheel

running attenuates salt-induced vascular stiffness independent of
blood pressure. Am J Hypertens. 2019; 32(12):1162e1169.

864 Textbook of Arterial Stiffness and Pulsatile Hemodynamics in Health and Disease



Chapter 54

Role of arterial stiffness and central
hemodynamics in personalized medicine
in hypertension
Hao-Min Cheng1,2,3, Shao-Yuan Chuang4, Shih-Hsien Sung1,5 and Chen-Huan Chen1,2,6

1Department of Medicine, National Yang Ming Chiao Tung University College of Medicine, Taipei, Taiwan; 2Institute of Public Health and

Community Medicine Research Center, National Yang Ming Chiao Tung University College of Medicine, Taipei, Taiwan; 3Center for Evidence-based

Medicine, Taipei Veterans General Hospital, Taipei, Taiwan; 4Institute of Population Health Science, National Health Research Institutes, Miaoli,

Taiwan; 5Department of Medicine, Taipei Veterans General Hospital, Taipei, Taiwan; 6Department of Medical Education, Taipei Veterans General

Hospital, Taipei, Taiwan

Introduction

Hypertension is the most important risk factor in the global
burden of disease.1 Despite the advances in the treatment of
hypertension, hypertension control remains a big challenge
to every country in the world and there is substantial
variation across countries in the rate of hypertension con-
trol.2,3 Patients with hypertension are different from one
another and thus may respond differently to the same
treatment.4 The well-recognized heterogeneity in the eti-
ology and pathophysiology of hypertension defines the
various hypertension phenotypes5,6 and may provide an
opportunity for the personalization of hypertension
management.4

Increased arterial stiffness causes an increase in blood
pressure pulsatility so systolic blood pressure (SBP) rises
and diastolic blood pressure (DBP) falls when mean arterial
blood pressure keeps unchanged.7e9 Increased wave
reflection magnitude results in an increase in central pres-
sure augmentation in systole in the presence of increased
arterial stiffness.7e9 Therefore, progressive increase in
arterial stiffness and wave reflections due to vascular aging
inevitably causes the progressive rise in SBP and pulse
pressure (PP), and thus the increased prevalence of

hypertension with age.9 Thus, increased arterial stiffness
and adverse central pulsatile hemodynamics can be the
cause as well as the consequence of hypertension.10,11

In this chapter, we attempt to review the roles of arterial
stiffness and central pulsatile hemodynamics in the patho-
genesis of hypertension phenotypes (Table 54.1), the effects
of currently available antihypertensive medications on arte-
rial stiffness and central pulsatile hemodynamics
(Table 54.3), and the usefulness of noninvasive measure-
ments of arterial stiffness and central pulsatile hemodynamics
in the diagnosis andmanagement of the various hypertension
phenotypes (Table 54.4). For the purpose of this review,
measures of arterial stiffness include carotid-femoral pulse
wave velocity (CFPWV),72 brachial-ankle pulse wave ve-
locity (BAPWV),73 and parameters of reservoir function
calculated from the carotid pressure waveform analyzed ac-
cording to the reservoir-wave model9,74; measures of central
pulsatile hemodynamics include ascending aorta pulse wave
velocity (AAPWV),75 characteristic impedance of aorta
(Zc),12,15 central SBP,76 central PP,77 augmentation index
(cAI),77 carotid augmented pressure (Pa),77 amplitude of the
backward wave decomposed from carotid artery pressure
wave (Pb),77 reflection magnitude (RM),77 PP amplifica-
tion,78 and excess pressure integral (XSPI) (Fig. 54.1).79
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Isolated systolic hypertension in the
elderly

Isolated systolic hypertension (ISH) is themost common form
of hypertension among both untreated and inadequately
treated hypertensive individuals aged 50 years or older.80e82

ISH is conceptually defined by an elevated SBP in the pres-
ence of a normal or low DBP, and is therefore always char-
acterized by a high PP. ISH is strongly associated with
increased cardiovascular diseasemorbidity andmortality,83,84

and antihypertensive treatment in the elderly with ISH
significantly reduces the risk of adverse cardiovascular
events.85e87

Arterial stiffness and central pulsatile
hemodynamics in ISH in the elderly

Patients with ISH are characterized by a marked increase in
arterial stiffness12e14,88e92 and Zc,12,15 a moderately in-
crease in wave reflections,12 a marked increase in central
SBP and central PP,15 and a mildly increased total pe-
ripheral resistance (TPR) (Table 54.2).12

Large artery stiffening associated with vascular aging is
the most important pathophysiological determinant of ISH

TABLE 54.1 Clinical phenotypes described in the chapter.

Abbreviation Phenotype Definition

ISH Isolated systolic hypertension ISH is defined by an elevated SBP in the presence of a normal or low DBP,
and is therefore always characterized by a high PP

IDH Isolated diastolic hypertension IDH is defined by an elevated DBP in the presence of a normal or low SBP

ICH Isolated central hypertension Isolated central hypertension (ICH) has been identified as central hyperten-
sion in the presence of normal brachial blood pressure (SBP<140 mmHg
and DBP<90 mmHg)

IBH Isolated brachial hypertension Isolated brachial hypertension (IBH) as brachial hypertension in the pres-
ence of normal central blood pressure with the proposed central blood
pressure threshold of 130/90 mm Hg

White coat hypertension White coat hypertension is referred to an untreated condition, while blood
pressure is elevated in the office but normal when measured by home
blood pressure monitoring or 24-h ambulatory blood pressure monitoring

Masked hypertension Masked hypertension is characterized by normal office blood pressure but
elevated out-of-office blood pressure measures

INH Isolated nocturnal hypertension Isolated nocturnal hypertension is defined as a nighttime SBP>120 mm Hg
or DBP>70 mm Hg and a daytime blood pressure <135/85 mm Hg through
the use of 24-h ambulatory blood pressure monitoring

Exaggerated
BPV

Exaggerated blood pressure
variability

An abnormal increase in BPV

BPV, blood pressure variability; DBP, diastolic blood pressure; SBP, systolic blood pressure.

FIGURE 54.1 Measures of arterial stiffness and central pulsatile he-
modynamics. AAPWV, ascending aorta pulse wave velocity; BAPWV,
brachial-ankle pulse wave velocity; cAI, carotid augmentation index;
CFPWV, carotid-femoral pulse wave velocity; Pa, carotid augmented
pressure; Pb, amplitude of the backward wave decomposed from carotid
pressure wave; PP, pulse pressure; RM, reflection magnitude; SBP, systolic
blood pressure; XSPI, excess pressure integral; Zc, characteristic imped-
ance of aorta.
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and the age-dependent increase in PP.9,13,72 Invasive aortic
input impedance analysis from elderly subjects with ISH
demonstrated that Zc was 107% higher, the first harmonic
of impedance moduli (influenced by wave reflection) was
57% higher, TPR was 44% higher, and the first impedance
moduli minimum was shifted to a higher frequency, when
compared to age-matched normotensive subjects.12 The
changes in impedance spectra among ISH patients indicate
that the aorta and large arteries have become stiffer and
facilitate an earlier return of pulse wave reflection in
systole.12

However, other studies indicate that elevated PP in ISH is
primarily attributable to elevated Zc and reduced effective
diameter of the proximal aorta,15 implying that aortic func-
tion plays an active role in the pathophysiology of ISH.15

An increase in TPR may indicate a decrease in the
cross-sectional area of the peripheral vascular bed and a
decline in endothelial function associated with vascular

aging.12,13 The marked increase in arterial stiffness in ISH
offsets the increase in DBP that would have been expected
from an increase in TPR.12

Usefulness of noninvasive measurement of
arterial stiffness and central pulsatile
hemodynamics in the diagnosis of ISH in the
elderly

Current diagnosis of ISH is based solely on blood pressure
readings taken from an upper-arm cuff blood pressure
method.5,93 Diagnostic blood pressure thresholds of ISH
may vary with the current definitions of hypertension
(elevated SBP and/or DBP).5,6 Thus, in Europe, ISH is
defined as SBP �140 mmHg and DBP <90 mmHg,6

whereas the current cut-points for ISH are
SBP �130 mmHg and DBP<80 mmHg in the United
States.5

TABLE 54.2 Roles of arterial stiffness and central pulsatile hemodynamics in the pathogenesis of

hypertension phenotypes

Arterial stiffness Central pulsatile hemodynamics TPR

CFPWV, BAPWV, total arterial
compliance, five parameters
from reservoir-wave analysis

AAPWV
Zc

Wave
reflections:
XSPI
cAI
AP
RM
RI
Pf
Pb
Reflection
coefficient
Amplification
of SBP or PP

Central
BP:
cSBP
cPP

ISH in the elderly [[[12e14 [[[12,15 [[12 [[[15 [12

ISH in the youth:
spurious hypertension

416 N/A Y16e19 419 417,18

ISH in the youth [17,18 [[20 418 [16e18 [20

IDH 421 420 N/A 421 [[[20

ICH N/A N/A N/A [[[22e24 N/A

IBH N/A N/A N/A 422e24 N/A

WCH [[[25e28 N/A [[[25,26 [[25,26 N/A

MKH [[[26,29,30 N/A N/A 426 N/A

INH [[31e34 N/A [34 [32 N/A

Exaggerated BPV [34,35 N/A [[35 [[36 435

[, [[, [[[, different degree of increase; Y, YY, YYY, different degree of decrease; 4, no change; BPV, blood pressure variability;
IBH, isolated brachial hypertension; ICH, isolated central hypertension; IDH, isolated diastolic hypertension; INH, isolated nocturnal hy-
pertension; ISH, isolated systolic hypertension; MKH, masked hypertension; N/A, not available; WCH, white coat hypertension.
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Usefulness of noninvasive measurement of
arterial stiffness and central pulsatile
hemodynamics in the treatment of ISH in the
elderly

The relative effectiveness of antihypertensive therapies on
arterial stiffness and central pulsatile hemodynamics is
summarized in Table 54.3. All six classes of antihyper-
tensive medications are variably effective in improving
arterial stiffness, Zc, wave reflections, central blood pres-
sure, and TPR (Table 54.3). However, current standard
antihypertensive medications largely act through reductions
in TPR or cardiac output and probably do not change the
intrinsic material properties of the arterial wall.94 A
comprehensive understanding of the molecular mechanisms
of large artery stiffening may help develop novel therapies
to improve the material properties of the arterial wall.94

Patients with ISH usually have a limited response to
renal denervation.6 Measurement of CFPWV may be useful
in identifying a subset of ISH patients who would respond
to the renal denervation therapy.64 It remains to be
demonstrated that measurements of arterial stiffness and
central pulsatile hemodynamics is useful in drug titration
and monitoring of treatment efficacy for elderly ISH pa-
tients (Table 54.4).

Prognostic value of noninvasive measurements
of arterial stiffness and central pulsatile
hemodynamics in ISH in the elderly

CFPWV is currently considered the clinical and epidemi-
ologic gold standard metric of large artery stiffness95 and
an increase in CFPWV (>10 m/s) in patients with

hypertension is considered an indicator of hypertension-
mediated cardiovascular target organ damage in some hy-
pertension treatment guidelines.5,6 Several studies have
demonstrated the additive prognostic value of CFPWV
above and beyond traditional risk factors (Table 54.4).6,96

However, since CFPWV was more strongly related to the
risk of coronary heart disease and stroke in younger sub-
jects, it is expected that the prognostic value of CFPWV
would decline in the elderly ISH patients.96 Therefore,
routine use of CFPWV measurements in elderly ISH pa-
tients is not recommended for routine practice.6 The
prognostic value of other measures of arterial stiffness and
central pulsatile hemodynamics in patients ISH remains to
be determined in future studies.

Isolated systolic hypertension in the
young

From puberty to mid-life, SBP increases steeply during
childhood, reaches a plateau phase between 20 and 40
years, and then increases subsequently,97e99 whereas DBP
displays a cubic trajectory with a plateau-like behavior
followed by a decline as age increases.97 Therefore, at the
population level, PP values may be high around the age of
20 years and low in the age range between 20 and 40
years.100e103 The transient physiological elevation of SBP
and PP detected in some young adults may reach the
criteria of ISH and create an innocent condition called
pseudo or spurious systolic hypertension of youth whose
central blood pressure is normal.97,104 However, an in-
crease in CFPWV has been found in about 20% of the
young individuals with ISH.17 Moreover, obesity,

TABLE 54.3 Pharmacological interventions targeting arterial stiffness and central pulsatile hemodynamics.

Arterial stiffness Central pulsatile hemodynamics TPR

CFPWV, BAPWV, total arterial
compliance, five parameters from
reservoir-wave analysis

AAPWV
Zc

Wave reflections:
XSPI
cAI
AP
RM
RI
Pf
Pb
Reflection coefficient

Central BP:
cSBP
cPP

ACEI/ARB YY37,38 N/A YY37,39 YY40e42 Y43

Beta-blocker 444 or Y38,39 N/A 438,45 or [39 440,42,46 or [39 447

CCB Low dose [, high dose Y48, Y39,49e52 Y51 Y39 442,53 or Y39 Y54

Diuretics Y55 N/A 439 Y55 or 442 or [39 Y47

Alpha-blocker Y56 or 457 N/A 445 Y42 Y58

Spironolactone YY59e62 N/A Y57 Y61 Y63

[, [[, [[[, different degree of increase; Y, YY, YYY, different degree of decrease; 4, no change; N/A, not available.
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metabolic disturbances, and white coat hypertension have
often been documented to be associated with ISH in the
young.105,106 ISH is the most common form of hyperten-
sion in adolescents and young adults.107 However, whether
ISH in the young implies a worse outcome and requires
antihypertensive treatment remains controversial and future
clinical trials will elucidate if a benefit can be achieved with
pharmacological treatment in some subgroups with asso-
ciated risk factors and/or high central blood pressure.97

Arterial stiffness and central pulsatile
hemodynamics in ISH in the young

Current evidence suggests two main phenotypes of ISH in
the young, one is spurious systolic hypertension, the other
is ISH with increased cardiovascular risk (Fig. 54.2).
Young subjects with spurious systolic hypertension are
characterized by normal arterial stiffness,16 reduced wave

reflections,16e19 normal central blood pressure,19 increased
stroke volume,17,18 and normal TPR (Table 54.2).17,18

Young subjects with ISH and increased cardiovascular risk
are characterized by increased arterial stiffness,17,18

increased Zc,20 normal wave reflections,18 increased central
blood pressure,16e18 and increased TPR.20 They are also
characterized by a smaller difference between central and
peripheral SBP, i.e., a reduced PP amplification, presum-
ably from a smaller stiffness gradient between central and
peripheral arteries.97

Usefulness of noninvasive measurements of
arterial stiffness and central pulsatile
hemodynamics in the diagnosis of ISH in the
young

Similar to ISH in the elderly, the diagnosis of ISH in the
young is based solely on blood pressure readings taken

TABLE 54.4 Usefulness of arterial stiffness and central pulsatile hemodynamics in the diagnosis and management of

hypertension.

Diagnosis

Treatment

Prognosis

Risk stratificationDrug selection Drug titration

Monitoring treatment

efficacy

ISH N6 Y64 N/A N/A Y6

ISH in the youth Y6 N/A N/A N/A Y6

IDH N20 N20 N20 N20 N20

ICH Y22e24 N/A N/A N/A Y22e24

IBH Y22e24 N/A N/A N/A N/A

WCH Y65 N/A Y25,66 Y25,66 Y25

MKH Y26,30 N/A Y26,30 Y26,30 N/A

INH N67 N/A N/A N/A Y68

Exaggerated BPV Y69 N/A N/A N/A Y70,71

BPV, blood pressure variability; IBH, isolated brachial hypertension; ICH, isolated central hypertension; IDH, isolated diastolic hypertension; INH, isolated
nocturnal hypertension; ISH, isolated systolic hypertension; MKH, masked hypertension; N, no, not useful; N/A, not available, unknown; WCH, white coat
hypertension; Y, yes, useful.
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FIGURE 54.2 Brachial and central aortic pressure waveforms of subjects with isolated systolic hypertension (ISH).
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from an upper-arm cuff blood pressure method.5,93 How-
ever, measurement of central blood pressure or CFPWV
may be useful in identifying different phenotypes of ISH in
the young (Table 54.4).16e19

Usefulness of noninvasive measurements of
arterial stiffness and central pulsatile
hemodynamics in the treatment of ISH in the
young

On the basis of currently available evidence, young in-
dividuals with ISH should receive recommendations on
lifestyle modification.6 Although measurements of arterial
stiffness and central blood pressure may be useful in identi-
fying the high risk phenotype of ISH in the young, it is un-
clear whether they should receive drug treatment.6,97 There is
no evidence to support the usefulness of noninvasive mea-
surement of arterial stiffness and central hemodynamics in
drug titration and monitoring of treatment efficacy in the
treatment of ISH in young ISH subjects (Table 54.4). How-
ever, to the degree that measurements of arterial stiffness or
central hemodynamics can identify young individuals with
ISH who are at higher risk of adverse outcomes (see next
section), thesemeasurementsmay identify young individuals
who require a more aggressive therapeutic approach; this
should be the focus of further research.

Prognostic value of noninvasive measurement
of arterial stiffness and central pulsatile
hemodynamics in ISH in the young

According to prospective data from the Chicago Heart
Association Detection Project, young men with ISH had a
CV risk similar to that of individuals with high-normal
blood pressure.83 Since ISH in younger adults appears to
be a heterogeneous condition, noninvasive measurements
of CFPWV and/or central blood pressure may aid in
discriminating high from low cardiovascular risk
(Table 54.4).17

Isolated diastolic hypertension

Isolated diastolic hypertension (IDH) is common in young
adults and may represent the early stage of hypertension
development.108,109 Increased TPR and decreased stroke
volume are the major hemodynamic features for IDH20 and
obesity is one of the major risk factors.108,110 In persons
with IDH, cardiovascular disease risk is apparently being
driven by DBP elevation.111 DBP and IDH drive coronary
risk in younger subjects, whereas SBP is the predominant
risk indicator in older people.112 However, whether IDH is
associated with an increased cardiovascular disease risk
remains inconsistent.111,113

Arterial stiffness and central pulsatile
hemodynamics in IDH

According to the Dallas Heart Study of 2001 untreated
participants 18e64 years of age, subjects with IDH had
similar Zc and ascending aortic PWV (AAPWV), when
compared to those with optimal blood pressure or pre-
hypertension.20 Subjects with IDH had decreased aortic
compliance when compared to those with optimal blood
pressure (Table 54.2).20

Usefulness of arterial stiffness and central
pulsatile hemodynamics in the diagnosis of
IDH

The diagnosis of IDH is based solely on blood pressure
readings taken from an upper-arm cuff blood pressure
method.5,93 Diagnostic blood pressure thresholds for IDH
may vary with the current definitions of hypertension
(elevated SBP and/or DBP).5,6 Thus, in Europe, IDH would
be defined as SBP<140 mmHg and DBP�90 mmHg,6

whereas the current cut-points for IDH would be
SBP<130 mmHg and DBP�80 mmHg in the United
States.5,111

Usefulness of arterial stiffness and central
pulsatile hemodynamics in the treatment of
IDH

Active treatment reduced the relative risk of major vascular
events by 27% among patients with ISH, by 28% among
those with IDH, and by 32% among those with systolice
diastolic hypertension.114 Currently, there has been no ev-
idence of differences in the magnitude of the effects of
treatment among different types of hypertension. Therefore,
blood pressure lowering is likely to provide a similar level
of protection against major vascular events for patients with
IDH as for those with ISH and systolicediastolic hyper-
tension (Table 54.4).114

Prognostic value of arterial stiffness and
central pulsatile hemodynamics in IDH

Currently, there is no evidence suggesting the association
of measures of arterial stiffness and central pulsatile he-
modynamics with future cardiovascular events in patients
with IDH.

Isolated central hypertension and
isolated brachial hypertension

Central blood pressure refers to blood pressure readings
measured from the central aorta or common carotid
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arteries.115,116 Hypertension is almost always diagnosed
according to blood pressure measurement obtained from
the brachial arteries, which highly correlates with central
blood pressure.117 Because the individual discrepancies
between central and brachial blood pressure may be sub-
stantial and highly variable and may be magnified during
hemodynamic changes or after pharmacological in-
terventions,117 brachial blood pressure readings cannot
serve as direct substitutes for their central counterpart.118

Accumulating evidence has suggested that central blood
pressure may be more relevant than peripheral blood
pressure in predicting target organ damage and cardiovas-
cular outcomes.76 Central blood pressure can now be
measured noninvasively, including using convenient cuff-
based central blood pressure monitors.116 Hypertension
diagnosed by central blood pressure readings and the pro-
posed central blood pressure threshold of 130/90 mm Hg is
designated as central hypertension, as opposed to the con-
ventional brachial hypertension.119 Central hypertension
has been characterized by a greater discriminatory power
for long-term events than brachial hypertension.119

Accordingly, isolated central hypertension (ICH) has been
identified as central hypertension in the presence of normal
brachial blood pressure (SBP<140 mmHg and
DBP<90 mmHg), and isolated brachial hypertension (IBH)
as brachial hypertension in the presence of normal central
blood pressure.22,119 In a recent study from Taiwan, the
national weighted prevalence rates of ICH and IBH were
7.35% and 0.30%, respectively.22 Hypertension detection
using a conventional brachial blood pressure approach may
underestimate the prevalence of hypertension and result in a
less effective hypertension control.22

Arterial stiffness and central pulsatile
hemodynamics in ICH and IBH

Subjects with ICH have an elevated central blood pressure.
The major determinants of central blood pressure are arte-
rial stiffness and wave reflections, the dominant hemody-
namic manifestations of vascular aging.9 Subjects with IBH
have not been characterized, except those in the subgroup
of ISH in the young adults.107,120 In the subgroup of ISH
and normal central blood pressure, the high elasticity of the
vascular tree may play a mechanistic role in the youth.120

Most subjects with IBH have IDH, which is a consequence
of an increase in TPR.121

Usefulness of arterial stiffness and central
pulsatile hemodynamics in the diagnosis of
ICH and IBH

Diagnosis of ICH or IBH requires measurements of
brachial and central blood pressure. The various central
blood pressure measuring devices can be broadly

categorized into two types. Type I device purports to give
an estimate of central blood pressure relative to measured
brachial blood pressure, and Type II device purports to
estimate the intraarterial central blood pressure.122 The
prevalence of ICH and IBH may vary according to the
central blood pressure measuring devices.22,23

Usefulness of arterial stiffness and central
pulsatile hemodynamics in the treatment of
ICH and IBH

Currently, there is no evidence suggesting the usefulness of
arterial stiffness and central pulsatile hemodynamics in the
treatment of ICH or IBH. Whether ICH should be treated
remains an important area of future research.

Prognostic value of arterial stiffness and
central pulsatile hemodynamics in ICH and
IBH

Subjects with ICH may have a cardiovascular risk profile
equivalent to that of those with stage 1 brachial hyperten-
sion but significantly worse than those with pre-
hypertension.22 Currently, there is no evidence suggesting
the association of measures of arterial stiffness and central
pulsatile hemodynamics with future cardiovascular events
in patients with ICH or IBH.

White coat hypertension

White coat hypertension is referred to an untreated condi-
tion, while blood pressure is elevated in the office but
normal when measured by home blood pressure monitoring
or 24-h ambulatory blood pressure monitoring.5,6 Although
white coat hypertension is associated with less target organ
damage and adverse cardiovascular events than sustained
hypertension,123 white coat hypertension should not be
considered prognostically benign.25,124 Even if the out-of-
office blood pressure in white coat hypertension is normal,
by definition, it is generally higher than that in normoten-
sive subjects.25,26 This may partly explain the associated
target organ damage and increased risk of mortality in
white coat hypertension.125e127 However, whether or not
patients with white coat hypertension should receive anti-
hypertensive medications remains debatable.6

Arterial stiffness and central pulsatile
hemodynamics in white coat hypertension

The white coat effect is positively related to arterial stiff-
ness.27 A metaanalysis of 20 studies has demonstrated a
significant increase of arterial stiffness, indexed by
CFPWV in adults with white coat hypertension, when
compared to the normotensives.28 But there was no
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significant difference in CFPWV between white coat hy-
pertension and sustained hypertension.25,26,128 Subjects
with white coat hypertension may also have higher central
aortic pressure and wave reflections compared to subjects
with normotension, indicating the presence of significant
vascular aging and/or dysfunction.25,26,29

Usefulness of noninvasive measurements of
arterial stiffness and central pulsatile
hemodynamics in the diagnosis of white coat
hypertension

Out-of-office blood pressure measurements are needed to
confirm the diagnosis of white coat hypertension. Arterial
stiffness and central hemodynamics are probably not
distinguishable between subjects with white coat hyperten-
sion and sustained hypertension.25,26,128 Mestanik et al.
proposed a potential role of corrected cardio-ankle vascular
index to differentiate white coat hypertension from sustained
hypertension in overweight adolescent boys.65However, this
approach has not been independently validated.

Usefulness of noninvasive measurement of
arterial stiffness and central pulsatile
hemodynamics in the treatment of white coat
hypertension

Although the indications of pharmacological intervention in
white coat hypertension have not yet been determined, white
coat hypertension does independently correlate with sub-
clinical target organ damage, including carotid intima-media
thickness, albuminuria, glomerular filtration rate, left ven-
tricular hypertrophy, as well as incident cardiovascular
events.25,29,129 Since the white coat effect has been associ-
ated with arterial stiffness, wave reflections, and target organ
damage,25,66 noninvasive measurements of arterial stiffness
and central hemodynamics may be helpful to identify sub-
jects at risk of developing target organ damage, who may
benefit from early pharmacological therapy.

Prognostic value of noninvasive measurements
of arterial stiffness and central pulsatile
hemodynamics in white coat hypertension

An epidemiologic study of 1257 never-been-treated in-
dividuals has shown that subjects with white coat hyperten-
sion and increased wave reflection, indexed by AIx or Pb,
exhibit adverse clinical outcomes similar to those with sus-
tained hypertension.25 The resultsmay encourage the clinical
application of noninvasive measurements of arterial stiffness
and central pulsatile hemodynamics in white coat hyperten-
sion for further risk stratification and tailored therapy.

Masked hypertension

Subjects with masked hypertension are characterized by
normal office blood pressure but elevated out-of-office
blood pressure measures.5,6 Masked hypertension prevails
in untreated subjects. In the Jackson Heart Study of African
Americans, one-third of the study population had masked
hypertension at a time when the mean office blood pressure
was normal.130 In addition, masked hypertension has been
consistently accompanied by a greater degree of target or-
gan damage and a higher risk of cardiac events and stroke
than those with normotension or prehypertension.29,130,131

Masked uncontrolled hypertension was even associated
with a greater risk of death than sustained uncontrolled
hypertension.132 A specific challenge is to recognize
masked hypertension early by ambulatory or home blood
pressure monitoring, followed by medical therapy, espe-
cially when office blood pressure is in the high-normal
range.6

Arterial stiffness and central pulsatile
hemodynamics in masked hypertension

Although office blood pressure is normal in masked hy-
pertension, it has been generally observed that masked
hypertension is characterized by increased arterial stiffness,
central blood pressure, and wave reflection, when
compared with normotension.26,29,30 A metaanalysis of
seven studies and 2352 patients has further indicated that
arterial stiffness in patients with masked hypertension is
similar to that in white coat hypertension.128 In addition,
masked hypertension has significantly lower central blood
pressure and wave reflection, when compared with white
coat hypertension or sustained hypertension.26

Usefulness of noninvasive measurements of
arterial stiffness and central pulsatile
hemodynamics in the diagnosis of masked
hypertension

Out-of-office blood pressure measurements are needed to
confirm the diagnosis of masked hypertension. Patients
with masked hypertension have normal office blood pres-
sure but increased arterial stiffness, wave refection, and
central blood pressure, when compared with normoten-
sives.26,30 Measures of arterial stiffness and/or central
pulsatile hemodynamics may indicate the presence of
masked hypertension in subjects with normal office blood
pressure. This may identify individuals among whom
further study of out-off-office blood pressure should be
implemented.
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Usefulness of noninvasive measurements of
arterial stiffness and central pulsatile
hemodynamics in the treatment of masked
hypertension

The noninvasive measurement of arterial stiffness and
central pulsatile hemodynamics could be helpful for the
early detection of masked hypertension and to facilitate
antihypertensive treatment.26,30 Both arterial stiffness and
wave reflection indices could serve as potential therapeutic
targets, in addition to the home blood pressure measures.
This remains to be assessed in future studies.

Prognostic value of noninvasive measurements
of arterial stiffness and central pulsatile
hemodynamics in masked hypertension

Currently, there is no direct evidence demonstrating an
association between measures of arterial stiffness and
central pulsatile hemodynamics and future cardiovascular
events in patients with masked hypertension. Patients with
masked hypertension are considered to have a cardiovas-
cular risk equivalent to that of sustained hypertension.
Since measures of arterial stiffness and central blood
pressure have been associated with mortality or adverse
cardiovascular events in patients with sustained hyperten-
sion,117,133 similar prognostic value could be expected in
patients with masked hypertension.

Isolated nocturnal hypertension

Isolated nocturnal hypertension (INH) is a relatively newly
proposed hypertension phenotype (first formally described
in 2007), which is defined as a nighttime SBP�120 mm Hg
or DBP�70 mm Hg and a daytime blood pressure <135/
85 mm Hg through the use of 24-h ambulatory blood
pressure monitoring.31,32,68 INH has been related to
atherosclerosis and target organ damages and indepen-
dently predicted cardiovascular events.32,33,68 The inci-
dence of INH varies slightly among different ethnic groups;
Asians and blacks have less nocturnal blood pressure dip-
ping than whites.31

Arterial stiffness and central pulsatile
hemodynamics in INH

A systematic review summarized the evidence on the as-
sociation between INH and subclinical target organ dam-
age.32 INH was associated with higher ambulatory arterial
stiffness index, BAPWV, cAI in a Chinese study,31 but not
associated with increased arterial stiffness or left ventricular
mass index in a Swedish study. The existing evidence
shows that there may be a weak relationship between INH
and arterial stiffness and central pulsatile hemodynamics.

The inconsistent results suggest that arterial stiffness and
pulsatile hemodynamics may be involved in but not the
primary mechanism responsible for development of
INH.32,34

Usefulness of noninvasive measurements of
arterial stiffness and central pulsatile
hemodynamics in the diagnosis of INH

Since INH can only be diagnosed by blood pressure mea-
surements during sleep, it is suggested that ambulatory
blood pressure monitoring should be applied more widely
in clinical practice. However, one recent study further
investigated the reproducibility of the diagnosis of INH,67

and concluded that INH and isolated daytime hypertension
are both poorly reproducible phenotypes. They also sug-
gested that 24-h ambulatory blood pressure monitoring
should be primarily used to identify individuals with day-
time hypertension and/or nocturnal hypertension, but not
INH or isolated daytime hypertension. In other words, INH
and isolated daytime hypertension are both poorly repro-
ducible and not stable phenomena over the short term.

Prognostic value of noninvasive measurements
of arterial stiffness and central pulsatile
hemodynamics in INH

It has been repeatedly demonstrated that night-time blood
pressure is superior to the daytime blood pressure in the
prediction of cardiovascular outcomes.68,134 INH has been
associated with an increased risk of cardiovascular disease
events and mortality.31,135 Currently, there are no available
studies assessing the association of measures of arterial
stiffness and central pulsatile hemodynamics with future
cardiovascular events in patients with INH. Whether these
hemodynamic measures can provide prognostic value in
patients with INH needs to be further explored. Future
clinical studies should also address the benefit of specif-
ically lowering the night-time blood pressure in patients
with INH.

Exaggerated blood pressure variability

Blood pressure fluctuations, also coined as blood pressure
variability (BPV), constitute a complex phenomenon. BPV
has usually been considered a physiological indicator
reflecting autonomic nerve function and arterial compli-
ance.136,137 It can also be used as a risk predictor for car-
diovascular and cerebrovascular events in patients with
hypertension and cardiovascular diseases, and an index for
evaluating the efficacy of antihypertensive medications.

BPV can be classified into short-term BPV and long-
term BPV according to the length of time of BP re-
cordings (Fig. 54.3). Short-term fluctuations in blood
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pressure often occur within a 24 h period, including
beat-to-beat, minute-to-minute, hour-to-hour, and day-to-
night changes; long-term substantial variations in blood
pressure have usually been shown to occur over more
prolonged periods of time, including days, weeks, months,
seasons, and even years.138,139 A variety of methods have
been utilized to measure BPV.140 In particular, BPVs in
SBP, DBP, or PP quantified by using the average real
variability (ARV) index from 24-h ambulatory BP moni-
toring have been associated with cardiovascular outcomes
independent of absolute BP levels.141,142 ARV is calculated
by the following formula:

ARV ¼ jBPKþ1 � BPK

��
k ranges from 1 to n � 1 and w is the time interval between
BPK and BPKþ1. n is the number of blood pressure readings.

Previous animal studies have demonstrated that the
degree of fluctuation in blood pressure is closely related to
the target organ damage.139 Recent studies pointed out that
the abnormal increase in BPV (exaggerated BPV) can add
to the damage to target organs caused by blood pressure
itself, and that the exaggerated BPV is an independent risk
factor of target organs damages, and the prognostic value of
BPV in hypertensive subjects has been extensively inves-
tigated.141 However, the relevant mechanism of exagger-
ated BPV has not been fully understood.35,36,138,139,143

Arterial stiffness and central pulsatile
hemodynamics in exaggerated BPV

It has been demonstrated that decreased arterial compliance
(as measured by changes in CFPWV) is significantly
related to exaggerated BPV in the American and Asian
populations.138 However, a recent study found that in the
groups of normotensive and treated hypertensive patients,
CFPWV was independently associated with average real
variability of 24-h DBP (ARVd) but not average real
variability of 24-h SBP (ARVs).35 It has been further
revealed that ARVd but not ARVs was significantly

associated with cardiovascular mortality independently of
24-h SBP in the hypertensive patients.69 In addition, this
study also uncovered that the association of amplitude of
the decomposed backward pressure (Pb) with measures of
the short-term BPV was stronger than that of CFPWV,
cardiac output, or TPR.35 On the other hand, TPR was not
associated with ARVd or ARVs.

Usefulness of noninvasive measurement of
arterial stiffness and central pulsatile
hemodynamics in the diagnosis of exaggerated
BP variability

Recent studies have indicated that increased arterial stiff-
ness may be a pathological mechanism contributing to
long-term BPV. The Multiethnic Study of Atherosclerosis
has demonstrated that a reduction in aortic distensibility
and arterial elasticity was associated with a higher visit-to-
visit BPV,139,144 but whether similar associations exist
between CFPWV or other vascular measures and exag-
gerated visit-to-visit BPV remains to be investigated.144,145

Prognostic value of noninvasive measurement
of arterial stiffness and central pulsatile
hemodynamics in exaggerated BP variability

The definition and measurement of BPV have certain
complexity, such as BPV with different time intervals and
the difference in data recording methods and the analytic
methods. Therefore, in patients with exaggerated BPV,
whether the measures of arterial stiffness and central he-
modynamics can be used to predict these patients’ out-
comes remains to be determined.69 Nevertheless, short-term
BPV including all indices of SBP variability with 24-h
measurements has been associated with aortic stiffness as
measured by CFPWV.70 Future studies are required to
demonstrate whether such associations can be used to
predict outcomes of these patients with exaggerated BPV.

Beat-to-
beat BPV 

Second-to-
second 

BPV 

Minute-to-
minute 

BPV 

Hour-to-hour 
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Day-to-day 
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Visit-to-visit 
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monitoring
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FIGURE 54.3 Various measures of blood pressure variability derived from different blood pressure measuring techniques. ABPM, ambulatory BP
monitoring; BP, blood pressure; BPV, BP variability.
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Summary and conclusion

In personalized medicine, understanding patients’ unique
personal profiles is important to inform clinical decisions.
In this chapter, we present available evidence relating to
several important hypertension phenotypes, including ISH,
IDH, ICH, IBH, white coat hypertension, masked hyper-
tension, INH, and exaggerated BPV. Despite using the
mechanical biomarkers of arterial stiffness and central
pulsatile hemodynamics might be beneficial in the detec-
tion, evaluation, treatment, and prevention of hypertension,
evidence for these hypertension phenotypes is not yet
widely available. However, emerging evidence has sug-
gested the vital role of CFPWV and central pulsatile he-
modynamics especially in predicting the prognosis of
hypertensive patients.

In the process of vascular aging, the increase in arterial
stiffness and wave reflections causes a corresponding in-
crease in SBP and PP.9 As the possible cause and the
consequence of hypertension, it can be anticipated that
arterial stiffness and adverse central pulsatile hemody-
namics should play a critical role in the management of
hypertension and its diverse and distinct phenotypes,
including diagnosis, prognosis, and treatment monitoring.
More efforts are encouraged to study the usefulness of
these mechanical biomarkers in personalized medicine in
hypertension.
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Introduction

The pulmonary circulation can be described in much the
same way as the systemic circulation, with static measures
such as mean pressure, cardiac output (CO), and vascular
resistance, and with pulsatile hemodynamics, such as sys-
tolic and diastolic pressures, pressure wave reflection, and
frequency-domain analysis. That being said, many differ-
ences between the systemic and pulmonary circulations can
be identified. Structure and function may differ, but similar
approaches can be taken for its characterization.

Physiologically, the properties of the right ventricle
(RV) and the arterial load can be described in two ways1:
(1) by the intrinsic characteristics (for example, pulmonary
vascular resistance (PVR) and pulmonary arterial compli-
ance (PAC), and RV contractility and RV diastolic stiff-
ness) and (2) by the system characteristics, determined by
the interaction between the RV and arterial load (for
example, pulmonary artery pressure (PAP), CO, and RV
ejection fraction, EF). In clinical practice, the latter pa-
rameters are commonly used; however, correct interpreta-
tion of data requires an adequate understanding of the
former parameters.

In this chapter, we will describe measurements in the
pulmonary cardiovascular system (the system characteris-
tics) which assess the combined effect of heart and vascular
load.2 Based on the measurements, the RV and the vascula-
ture can be characterized (the intrinsic characteristics),
from the pressure-flow relation, and the pressure-volume
relation, respectively.1

Measurements in the pulmonary
circulation

Pressures in the pulmonary system

Noninvasive measurement of pressures in the pulmonary
circulation is not possible. Right heart catheterization
(RHC) is highly invasive; however, it provides a wealth of
data.3 Care must be taken though to obtain reliable mea-
surements.4,5 RHC is the recommended method to assess
pulmonary hypertension.6

For RHC, a pulmonary artery (PA) catheter, sometimes
called a Swan-Ganz catheter eponymous of its inventors,7

is used. After being inserted in the jugular (sometimes
femoral, antecubital or brachial) vein, the balloon at the tip
of the catheter allows it to “go with the flow,” floating to-
ward the heart, entering through the right atrium (RA),
continuing to the RV, and finally into the PA. A Wiggers
diagram of pressures and volumes in the pulmonary cir-
culation is given in Fig. 55.1.8 With multiple lumen cath-
eters, it is possible to measure pressures at these sites
simultaneously providing detailed information on the right
side of the heart and its load.

Right atrial pressure as a function of time

In right atrial pressure (RAP) and in central venous pressure
(CVP, which is similar since the connection between cen-
tral veins and the RA is open), characteristic features can be
distinguished, comparable to left atrial pressure (LAP).9

With RA contraction (P-top in the ECG), an a-wave
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appears in RAP, which drops (the x-descent) with an
interruption caused by the closing of the tricuspid valve
when the RV starts to contract (just after the R-top in the
ECG). Some of the RV pressure (RVP) may be transmitted
to the RA by the bulging of the tricuspid valve (between the
RA and the RV) into the RA, visible as the c-wave in the x-
descent of RAP. The contraction of the RV stretches the
RA, causing RAP decrease to its minimum value, after
which the passive filling of the RA starts accompanied by
an increasing RAP. When the RV relaxes further and RVP
drops below RAP, the tricuspid valve opens, causing a
decline of RAP, visible as the y-descent of the v-peak.9 As
long as the tricuspid valve is open, RAP and RVP are
essentially equal. RAP is an important risk factor in PH.6,10

Right ventricular pressure as a function of
time

The RVP shows a gradual increase during ventricular
diastole, with a final increase in pressure at end-diastole
caused by contraction of the RA. RVP systole is charac-
terized by a steep increase, and a steep fall at the end of RV
contraction. RVP is an important determinant of RV wall
stress (or wall tension) together with volume (radius) and
wall thickness according to Laplace’s law.11 The shape of
the RV complicates the calculation of RV wall stress and
tension, however, can be approximated.12 RV wall stress
and tension (see also Chapter 56 Pulmonary arterial load

and ventricularearterial coupling in pulmonary hyperten-
sion”) are relevant in the understanding of progression of
RV adaptation in PH.13

Pulmonary artery pressure as a function of
time

PAP starts to increase when the pulmonary valves open,
after which RVP and PAP increase and then fall together.9

When the pulmonary valves close, RVP continues to drop
quickly, while PAP falls much slower because of the
Windkessel function of the pulmonary circulation. Systolic
and diastolic PAP are referred to as sPAP and dPAP.

Pulmonary artery wedge pressure

By wedging the PA catheter into a branch of the PAs, or by
inflating the balloon at the tip, flow in the trajectory
downstream is stopped.14 In this manner, the vasculature
forms an extension of the catheter, allowing to determine
the pressure at the outflow of the pulmonary system, i.e.,
LAP.15 Thus, pulmonary artery wedge pressure (PAWP) or
pulmonary artery occlusion pressure provides valuable in-
formation over the pressure drop over the pulmonary
vasculature, called transpulmonary pressure gradient. This
transpulmonary pressure gradient is usually quantified by
mean PAP (mPAP) minus PAWP (determined at end-
expiration when intrathoracic pressure is closest to atmo-
spheric pressure). A historical name is pulmonary capillary
wedge pressure (PCWP) which suggested that capillary
pressure was measured by occlusion or catheter wedging.
Now it is generally accepted that LAP is assessed15 and
PCWP is no longer used.16 The estimation of capillary
pressure is described in the next section.

Pulmonary capillary pressure

It has been suggested that pulmonary capillary pressure
PCP may be estimated from the decay of the pressure after
inflating the catheter-tip balloon. Several methods have
been proposed, involving fitting of exponential functions,
looking for an inflection point in the decay, or extrapolating
part of the decay.17e19 PCP is relevant in the pathophysi-
ology of pulmonary edema.20,21

Flow measurements in the pulmonary system

Cardiac output

A Swan-Ganz catheter has a thermistor some 3 cm behind the
tip, which is placed in the PA. Through a proximal port of the
catheter, cold saline can be injected into the RA, where it is
mixed.Downstream in the PA, the temperature change caused
by the cold saline represents an indicator dilution (“thermo-
dilution”) curve, from which CO can be estimated22e24 with
the Stewart (1893)eHamilton (1932) equation.25,26
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FIGURE 55.1 Wiggers diagram of pulmonary hemodynamics, based on
simulations with the Aplysia CardioVascular Lab 2020 (Aplysia Medical
AB, Stockholm, Sweden).8 Top: pulmonary artery pressure (PAP), right
atrial pressure (RAP), and right ventricular pressure (RVP). Middle: pul-
monary artery flow (PAF). Bottom: right atrial volume (RAV) and right
ventricular volume (RVV). For detailed descriptions, see the text.
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Pulmonary artery flow

The pulsatile flow velocity (Fig. 55.1) into the PA can be
measured by echocardiography or by through-plane phase-
contrast MRI. With the former technique, the area of the
outflow tract is needed so that flow velocity (cm/s) can be
transformed to volume flow (cm3/s, corresponding to mL/
s). With through-plane phase-contrast MRI, the volume
flow is obtained (usually at the main PA) by summing the
flow across all pixels in a cross-sectional anatomic repre-
sentation (each pixel representing a three-dimensional
voxel); for each voxel, the volume flow is computed as
their cross-sectional area (i.e., pixel size) times their flow
velocity. Stroke volume (SV) can then be obtained by time
integration of volume flow, the area under the flow curve
giving volume in ml. Velocity measurement with Doppler
echocardiography is sensitive to the insonation angle.
Conversion of velocity to volume flow is sensitive to errors
in the quantification of the outflow area, particularly when
area is determined from a squared radius. For a detailed
discussion regarding technical aspects of flow measure-
ments using Doppler echocardiography and phase-contrast
MRI, the reader is referred to Chapters 2 and 4.

Volume measurements of the right heart

Echocardiography

Many relevant measures can be obtained from volume
measurements of the RV, such as chamber sizes, SV, and
EF. Several length related quantifications can be obtained
as well, like RV fractional area change, longitudinal strain,
and tricuspid annular plane systolic excursion.6 Measuring
the volume of the RV with echocardiography is difficult
because of its complicated shape; therefore, results should
be interpreted carefully.27 A great advantage of echocar-
diography is its wide availability at the bedside.

Cardiac MRI

If available, volumes of the RV are ideally measured with
cardiac MRI (CMRI).28e30 Recently it has been proposed
that CMRI-derived volume measurements are not inferior
to invasive pressure measurements for the risk assessment
of PH patients.31

Conductance catheter

The conductance catheter measures changes in ventricular
volume with a series of ring-shaped electrodes. A small
high frequency current is injected by the outer electrodes,
and the voltage that is sensed over the inner electrodes is a
measure of conductance, which in turn is related to blood
volume.32

The SV determined by the conductance catheter needs
to be calibrated with separate (e.g., thermodilution)

measurements. Although developed for the LV, with the
assumption that the shape of the ventricle can be described
by a sphere or an ellipse,33 it has been used for the RV as
well.

Right atrial volume as a function of time

With the contraction of the RA at the end of ventricular
diastole, volume decreases (Fig. 55.1); after the start of
ventricular systole, and closing of the tricuspid valve,
volume increases again. When ventricular systole ends and
the tricuspid valve opens again, the volume stored in the
RA translocates to the RV.

Right ventricular volume as a function of
time

The volume of the RV is increased to its maximal value by
the contraction of the RA just before ventricular systole
(Fig. 55.1). With opening of the pulmonary valves and
ejection, RV volume rapidly decreases. After closing of the
tricuspid valve, and opening of the tricuspid valve, the
volume in the RA is distributed to the RV.

The pulmonary vasculature

Anatomy and function of the pulmonary
vasculature

The requirements for the geometry of the pulmonary
vasculature are optimal gas exchange, thus maximum of
contract area between blood and air, in a minimum of
space. These requirements are met by a network with
branching in rapid succession.34,35 Typically, each mother
vessel (except for the pulmonary trunk) branches into three
daughter vessels. This is unlike the arrangement in the
systemic circulation, that is optimized for the transport of
blood, with limited loss of pressure, over relatively large
distances, to the branches that supply specific tissues or
organs. The arrangement of the pulmonary vasculature re-
sults in unique characteristics which will be discussed later
(see “Arterial time constant”).

The pulmonary system is connected in series with the
systemic circulation. This layout allows the pulmonary
circulation to operate at much lower pressures, while
transporting the same flow as the systemic tree. To make
this possible, the PVR is much lower than systemic
vascular resistance.

mPAP is built up by the pressure resulting from PVR
times CO, plus the outflow pressure of the pulmonary
vasculature, i.e., LAP. LAP contributes a large proportion
to mPAP when compared to the systemic counterpart.
While RAP (the outflow pressure of the systemic tree) is
around 2e6 mmHg, LAP is some 5e15 mmHg, quite
considerable since a normal mPAP is 10e20 mmHg36
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(see “Normal values in the pulmonary circulation” in this
chapter). When calculating PVR from (mPAPeLAP)/CO it
is clear that LAP contributes substantially and cannot be
neglected in the calculation. For instance, if mPAP were
15 mmHg and LAP 5 mmHg, not taking the latter into
account could result in an error of some 50%. In compar-
ison, systemic mean arterial pressure is around 95 mmHg,
thus neglecting an RAP of 2e6 mmHg in the calculation of
systemic vascular resistance (SVR) results in an error close
to 5%, which is negligible compared to the errors associ-
ated with the determination of CO (order of 30%).22,37

Resistance in the pulmonary circulation is not pre-
dominantly located in the arteries as in the systemic cir-
culation, but is distributed over the system, resulting in a
more gradual pressure drop (Fig. 55.2).38e40

While in the systemic circulation the pressure has
decreased to approximately CVP beyond the capillaries, in
the pulmonary circulation some pressure drop occurs
behind the capillaries, suggesting that part of the PVR is
located on the venous side.41 Indeed, some 40% of PVR
was reported to be contributed by the veins in an animal
study.39 Data reported by Chazova et al.42 in health and PH
suggest that indeed changes in the veins may increase PVR.
In that sense, the term “pre-capillary PH,” indicating PH
related to vascular changes (as opposed to “post-capillary
PH,” which implicates elevated LA pressure as the cause
(see Chapter 56)) could be considered confusing.

In the pulmonary circulation, compliance is more
evenly spread over arteries and veins when compared to the
systemic circulation. In the former the compliance in the
veins is only 2 times larger compared to arterial compli-
ance.43 In the latter, compliance in the veins is some 20
times larger than in the arteries.9

Pressure and flow in the pulmonary capillaries are
pulsatile,44,45 and pulsatility was proposed to play a role in
capillary recruitment46 and in gas exchange.47 Modeling
studies confirm the pulsatility of pressure and flow,48 and

further suggested flow pulsatility passes more or less un-
changed through the microcirculation, while pressure pul-
satility is reduced.48 The effect of left atrial contraction on
pressure and flow pulsatility was confirmed but considered
secondary.48 The pulsatility relative to mean capillary flow
is reduced in advanced pulmonary hypertension.49 Pulmo-
nary endothelial dysfunction has been related to a lack of
pulsatility.50

Descriptions of the pulmonary vascular load

Frequency domain

The vascular load can be fully described by calculating the
input impedance. This is done in the frequency domain,
pressure and flow as a function of time can be transformed
to functions of frequency by the Fourier transform.11 This
transform yields a static term (also called DC term, from
“direct current”) and pulsatile terms (AC terms, from
“alternating current”) at the “harmonics” of the signal. The
first harmonic is heart rate (HR), higher harmonics are
multiples. Hemodynamic signals are adequately described
by harmonics up to 10 times the heart rate. The static
components of pressure and flow are mPAP and CO,
respectively.

By using Ohm’s law in the frequency domain, the input
impedance (Fig. 55.3) is calculated by dividing the Fourier
transforms of pressure and flow.51e53

The DC term (or zeroth harmonic) of the input imped-
ance gives PVR. The steep drop in the modulus (magni-
tude) of the impedance and the negative phase after the
zeroth harmonic are caused by the effect of the PAC on the
pulsatile pressureeflow relation. For higher frequencies,
the impedance levels out, and the phase returns to zero,
indicating that the impedance behaves like a resistance.
This is the characteristic impedance (Zc), which is deter-
mined by the characteristics of the proximal PA and
describing the interaction of acceleration and deceleration
of blood with a compliant vessel. To obtain Zc from the
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In the pulmonary system the decrease in pressure is more distributed over
all vessels, even over the veins, while in the systemic circulation the largest
pressure drop is seen in the arterioles.11,38e40

0.20
0.15
0.10
0.05

90
45

0
-45
-90

5 10

5 10

M
od

ul
us

[m
m

H
g 

s/
m

l]
Ph

as
e

[d
eg

re
es

]

Frequency  (Hz)
FIGURE 55.3 The input impedance of the pulmonary vascular load. The
aspect is similar to the input impedance of the systemic vasculature, but the
magnitude is lower.

886 Textbook of Arterial Stiffness and Pulsatile Hemodynamics in Health and Disease



input impedance spectrum (the “frequency method,” see
also Chapter 56), the average of the moduli of the higher
frequencies (for example, 4th to 10th harmonics) is calcu-
lated. For lower harmonics, the phase is not (close to) zero,
thus the impedance is not “real” (it has an “imaginary”
part); for higher frequencies, the power of the signals is
low, thus the signal-to-noise ratio becomes insufficient. A
detailed review of the input impedance of the pulmonary
circulation was written by Lammers et al.54

Windkessel description

The Windkessel model provides a useful simplification of
the pulmonary arterial system.55e57 The three-element
Windkessel follows the frequency-domain description the
input impedance well, thereby providing the values of
PVR, PAC and Zc. The two-element follows the input
impedance less well but can still be used for the estimation
of compliance and of the arterial time constant, both dis-
cussed later.56e58 Since the Windkessel model are “lum-
ped” (or 0-dimensional) models, wave travel is not
incorporated.

Pulmonary vascular resistance

As mentioned, PVR represents the “0th harmonic” of the
input impedance; in practice it is calculated by using Ohm’s
law for hemodynamics

PVR ¼ mPAP� PAWP
CO

(55.1)

where mPAPePAWP is the transpulmonary pressure
gradient. In the field of pulmonology, often CO is
expressed in l/min, together with the pressure gradient
in mmHg, the units of PVR are mmHg$min/L or Wood
units. When PAWP is not known or neglected, an approx-
imation of PVR can be made which is called total pulmo-
nary resistance (TPR):

TPR ¼ mPAP
CO

(55.2)

Note that in both calculations mean values are used, so
oscillatory effects are not included. PVR is about a factor
1059�61 lower than the systemic vascular resistance (see
sections “Differences between the systemic and pulmonary
circulation” and “Normal values in the pulmonary circu-
lation” of this chapter).

Pulmonary arterial compliance

PAC is defined as a change in volume (DV) for a given
change in pressure (DP) in an experimentally isolated
arterial segment filled with liquid.59 In clinical practice, the
most accurate PAC would be estimated using a 2-element
Windkessel model,58 which consists of resistance and

compliance.60 Using measured flow waveform and resis-
tance, arterial compliance that best predicts pulse pressure
(PP) is obtained. A simpler method to estimate PAC is SV/
PP,61 assuming that there is no peripheral outflow
(1-element Windkessel). In the hypothetical system to
mimic an isolated arterial segment, SV is a change in
volume and PP is a change in pressure. However, the end of
the system is open, and therefore blood leaves the vascular
bed during ejection, reducing the increase in vascular
volume. SV/PP overestimates the true PAC derived from a
2-Windkessel model by 60%e80%.56,57 Compared to the
systemic circulation, accurately determining compliance in
the pulmonary circulation may be even more difficult
because resistive and compliant vessels overlap.62

PAC is 3 (or more) times higher63e65 than systemic
arterial compliance (see sections “Differences between the
systemic and pulmonary circulation” and “Normal values
in the pulmonary circulation” of this chapter).

Characteristic impedance

Zc is defined as input impedance in the absence of wave
reflection.59 While input impedance is represented by both
moduli and phase, Zc is usually considered in terms of
modulus only because the phase of Zc is close to zero. In
the clinical setting, Zc can be obtained by the following two
methods: (1) averaged moduli of input impedance at the
higher frequencies (for example, the 4th to 10th harmonics,
see the “Frequency domain” section) where fluctuations
induced by reflections have settled (so-called the
“frequency-domain method”)59 and 2) the slope of
pressureeflow relationship in the early systole when wave
reflection effects are minimal (so-called the “time-domain
method”)66 (see also Chapter 56). The time-domain
method avoids the complex mathematical processes such
as the Fourier transform required for the frequency-domain
method. On the other hand, the time-domain method needs
the identification of a linear segment in the pressureeflow
loops, which may carry some arbitrariness.67 Nonetheless,
if pertinently carried out, the two methods mostly show
only small differences.67

Zc is dependent on the geometrical and mechanical
properties of elastic arteries and blood viscosity,11,59 which
can be given as

Zc ¼
ffiffiffiffiffiffiffiffiffiffiffi
rEh
2p2r5

r
(55.3)

where r: the density of blood, E: elastic modulus of prox-
imal arteries, h: wall thickness, r: luminal radius.11,59,68

Therefore, Zc is larger when the proximal arteries are stiffer
(increasing elastic modulus), but smaller when the arteries
dilate (increasing radius or cross-sectional area). The effect
of Zc on the wave shape is explained in Chapter 56.
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Wave reflection

In the very compliant arterial vasculature of the pulmonary
circulation, wave reflection is much less pronounced than in
the systemic circulation.69 As a result, the pressure wave
shape approaches a flow wave shape in appearance.70 The
differences in the pressure wave shape of the PAP and
aortic pressure can be explained by wave reflection. When
nitroprusside (a systemic vasodilator) is given (less wave
reflection), the aortic pressure wave takes on a flowlike
shape similar to PAP in the normal state, while the PAP
becomes more like aortic pressure when serotonin is
administered (which induces pulmonary vasoconstriction
and more wave reflection) as shown in Fig. 55.4.

In Chapter 56, the increased relevance of pulse wave
reflection in PH is discussed.

Relation of pressure levels

In the pulmonary circulation, sPAP and dPAP are propor-
tional to mPAP in normal subjects and patients with several
types of PH.74e76

sPAP ¼ 1.61�mPAP (55.4)

dPAP ¼ 0.62�mPAP (55.5)

The relations are shown in Fig. 55.5.76

The proportionality approximates the golden ratio which
could be the connecting factor.77 If, for two numbers a and b,
it holds that (a þ b)/a ¼ a/b, then a and b are related by the
golden ratio 4. From this relation it follows that
4¼ (1 þ O5)/2: 4 z 1.618, 1/4 z 0.618. The golden ratio
is found in many instances in nature, e.g., describing the
arrangement of flower petals and the shape of the nautilus
shell. Since antiquity the golden ratio, also called “the divine
proportion,” has been used in art and architecture.

From the golden ratio it follows that PP ¼ sPAPe
dPAP ¼ 1.618$mPAPe0.618$mPAP ¼ 1.0$mPAP. The
proportionality allows clinical physicians to estimate mPAP
and dPAP from echocardiography measured sPAP (i.e., RV
systolic pressure)76,78 (Fig. 55.5). Since the pressure levels

are closely related, in pulmonary hypertension there is no
“isolated systolic hypertension” as known from the sys-
temic circulation.

Arterial time constant

The “time constant (s)” is a term that is perhaps more
common in the fields of physics and engineering. In car-
diovascular physiology, the time constant explains the
elapsed time for the pressure in the vascular system to
decay to 37% (z1/e, e being the Euler’s number,
approximately equal to 2.718; the base of the natural log-
arithm) of its initial value when the arterial inflow is zero.
Both a large resistance and a large compliance result in a
long s: a high compliance means a large storage of volume;
a high resistance limits the outflow. Both are associated
with a slow drop in pressure. The time constant in pul-
monary vasculature can be determined in two ways: (1)
from the diastolic PA pressure decay and (2) as the product
of PVR and PAC (PVR � PAC).

Diastolic PA pressure decay can provide the time con-
stant as follows.

PAPðtÞ ¼ PAPes� e�t=s þ PAWP (55.6)

where PAPes is PA end-systolic pressure when the pulmo-
nary valve closes, and s is the time constant. As time elap-
ses after the valve closes (t / N), PA pressure declines
asymptotically to PAWP. In this method, pressure waves
are required for obtaining the time constant.

Alternatively, a simpler method to derive time constant
is the product of PVR and PAC (i.e., PVR � PAC). This
method is based on a 2-element Windkessel model, where
PVR and PAC are connected in a parallel configuration
(called RC-circuit in electrical terms, in this case a first-
order low pass filter system; the time constant is often
called RC-time).

A remarkable finding is that the RC-time is constant in
the pulmonary circulation, that was established by Lank-
haar et al. in patients with pulmonary arterial hypertension
as well as chronic thromboembolic pulmonary
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was modeled to represent the pul-
monary (left) and systemic vascular
load (right). In the pulmonary model
PVR was increased and PAC
decreased to represent the adminis-
tration of serotonin; in systemic
model, vascular resistance was
decreased and compliance increased
to model the effects of nitroprusside.
The pressure in the pulmonary cir-
culation under serotonin looks like
aortic pressure in the control situation. Conversely, the aortic pressure under nitroprusside seems like a control state pulmonary pressure. The wave shapes
and the changes can be explained by wave reflection. Drawn lines represent measured pressure and flow, dashed lines are forward waves, dotted lines are
reflected waves.

888 Textbook of Arterial Stiffness and Pulsatile Hemodynamics in Health and Disease



hypertension (Fig. 55.6).57,79 Reuben had already reported
an inverse relation between PVR and PAC in 1971.49 It is
probably brought about by the unique structure of the
pulmonary circulation, where resistance (Fig. 55.2) and
compliance are evenly distributed over the vasculature.80

Only 20% of PAC is found in the proximal PAs, while 80%
distributed in the peripheral PAs.81 In comparison, in the
systemic circulation 60% located in the aorta.58 Also, when
one lung was removed, the RC-time remained the same,
while R doubled but C halved.81 Thus, PVR and PAC have
a tight inverse relationship in the form of a hyperbola
(Fig. 55.6).57,79 These unique vascular properties in the
pulmonary circulation have been suggested to explain the
fixed pressure relations (see “Relation of pressure
levels”).82

The right ventricle

Anatomy and function of the right ventricle

Ventricular anatomy

The RV is the most anterior part of the heart, located behind
the sternum. It shares muscle layers with the LV, around
which it is wrapped, giving the RV a crescent shape in
transaction.83 Seen from the side it has a triangular shape.
Besides muscle layers, the RV and LV also share the
pericardium and the septum. These anatomical features
have as a consequence that the RV and LV continually
interact (discussed in “Ventricular interaction”).

Ventricular function

Although the function of the RV has been known since
Harvey,83 its relevance has been underestimated for a long
time. Partly this is related to animal experiments that
showed that circulation could be maintained by the LV
alone. However, the lefteright cooperation between the
ventricles was disrupted when the pericardium was
opened.83 Moreover, the importance of the RV emerges
from the astonishing way in which it is able to adapt to
elevated pressure. Before birth, the RV contributes impor-
tantly to pressure and CO in the systemic circulation (while
the pulmonary circulation is largely bypassed).9,84,85 Dur-
ing exercise,86,87 and also in the presence of continuously
elevated afterload as in PH (see Chapter 56), the RV is able
to cope with large increases in pressure.78

Descriptions of the right ventricular function

Ventricular pressureevolume relation

The ventricular pressureevolume relation (PV-relation, or
PV-diagram/loop) has become the standard tool to describe
the function of the RV,88 and to obtain load-independent
quantifications of systolic chamber function and diastolic
stiffness, as well as insights about the energetic efficiency
of the RV. The pump function graph gives some of the
same information in a different representation, with the
advantage that ventricular volume is not required, but CO
or SV.11,89e91

To construct a PV-diagram, RVP and volume as a
function of time are needed (see “Measurements in the
pulmonary circulation”). When pressure is plotted against
volume, time aspects are no longer evident; however, the
loop runs in a counterclockwise manner, demonstrating that
energy is generated by the RV (chamber volume decreases,
while the RV generates pressure as a result muscle
contraction, and receives volume while muscles are
relaxed).

The area of the PV-loop is called stroke work and
represents the external work of the ventricle. For further
information on the pressure volume plane, we refer the
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reader to Chapter 15; for further information regarding the
work and energy consumption of the RV, we refer the
reader to Chapter 56.

When looking at the PV-loop (Fig. 55.7), filling of the
ventricle commences at the lowest left point, with the co-
ordinates volume at the beginning of diastole (Vbd, which is
the same as the end-systolic volume, Ves, when valves are
competent) and pressure at the beginning of diastole (Pbd).
With the increase of volume, the pressure increases slightly,
until maximal volume is reached: end-diastolic volume
(Ved) and end-diastolic pressure (Ped). When the RV starts
to contract, pressure increases rapidly, first without a change
in volume (the isovolumic contraction phase), until pressure
at the beginning of systole is reached (Pbs) and the pulmo-
nary valve opens. Pressure increases further and then de-
clines, while the heart is ejecting, thus RV volume decreases.
When RVP falls below PAP, the pulmonary valve closes:
end-systolic pressure (Pes), and volume is at its lowest: end-
systolic volume (Ves, which is the same as Vbd). Pressure in
the RV drops rapidly (without changes in volume: the iso-
volumic relaxation phase) until Pbd and the cycle repeats.
The difference between maximal and minimal RV volume
(VedeVes) equals SV.

Pressure divided by volume has the units of elastance, and
several elastances can be quantified and be made visible in
the PV-diagram. The elastance of the ventricle varies over the
cardiac cycle, elastance is low (compliance is high) in dias-
tole (allowing filling of the ventricle with little increase in
pressure) and elastance is high in systole (causing a pressure
increase and ventricular ejection). The changes in elastance
can be represented by the slope of a line that hinges around a
point on the volume axis, called V0 (or Vd for dead volume),
which is the theoretical volume of the ventricle with zero
pressure. During the cardiac cycle, the slope of the line in-
creases little during diastolic filling, increases steeply with
systole, is maximal at end-systole, then rapidly decreases.
The elastance as a function of time has been described by
Senzaki et al. for the LV.94

End-systolic elastance

Themaximal slope of the elastance line is of great interest, as
it is a load-independent measure of chamber contractility.
This maximal slope is called end-systolic elastance (Ees,
Fig. 55.7). Since V0 is not known in practice, other points on
this line should be found so to determine its slope. This can be
approached by changing the preload of the RV, e.g., by vena
cava occlusion. With less preload available to the RV, Ved,
and Ped will decrease (Fig. 55.7), and with that, SV will be
reduced, and Ves and Pes will descend along the line that
describes the contractility of the RV.92,93 The slope of the
line, however, remains the same independent of the preload
changes. Several loops can be obtained during the preload
reduction and connecting the end-systolic pressureevolume
points allows for constructing the end-systolic pressuree
volume relation (ESPVR), the slope of which is, as
mentioned, Ees. The assumption that the ESPVR is a straight
line is a simplification that can cause errors depending on the
amount and direction of the preload changes. This has con-
sequences for the determination of Ees and of V0,

95 as was
demonstrated in the systemic circulation95 and discussed in
the pulmonary circulation.96

The construction of the ESPVR requires simultaneous
measurement of ventricular pressure and volume (e.g., with
the conductance catheter), and an intervention to change
preload, which is usually not feasible, although a Valsalva
maneuver has been used.97 As an alternative to the multiple-
loop method, a single beat method has been proposed by
Sunagawa et al.,98 extended by Senzaki et al.94 and validated
for the RV by Brimioulle et al.99 Nonetheless, many caveats
known from studies on the systemic circulation100 and
recently discussed for the pulmonary circulation101 should be
kept in mind. The single beat method assumes that the
maximal pressure that can be reached by the RV, without
ejecting, can the approximated by extrapolating the iso-
volumic contraction phase and isovolumic relaxation phase
with a sine curve (Fig. 55.8). Themaximal pressure of the sine
is called Pmax, or Pisovol, since an isovolumic contraction is
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FIGURE 55.7 (A) The pressureevolume diagram of
the RV. Filling commences at the point labeled Ves,
Pbd: end-systolic volume and pressure at the beginning
of diastole. Maximal volume is reached at Ved, Ped:
end-diastolic volume and end-diastolic pressure. The
isovolumic contraction phase ends in Ved, Pbs: same
volume, pressure at the beginning of systole. Ejection
starts and continues to Ves, Pes: end-systolic volume,
as mentioned, and end-systolic pressure. Pressure falls
with no change in volume, the isovolumic relaxation
phase. When pressure turns Pbd again, the loop is
closed. (B) When the preload of the RV changes,
differing loops are generated. The end-systolic pres-
sureevolume relation (ESPVR) is the line that can be
drawn through the end-systolic pressureevolume
points. The slope of the ESPVR is called end-systolic
elastance (Ees), a measure of the contractility of the
RV.92,93

890 Textbook of Arterial Stiffness and Pulsatile Hemodynamics in Health and Disease



mimicked. An isovolumic contraction in the PV-diagram
would be represented by an increase to Pmax without a
change in volume (volume remains equal to Ved) (Fig. 55.8,
left panel, right dashed line). Together with the end-systolic
pressureevolume point of one PV-loop, the slope of the
ESPVR can be determined and thus contractility:

Ees ¼ (Pmax e Pes)/(Ved e Ves) ¼ (Pmax e Pes)/SV.
Instead of Pes, often mPAP is used since it can be more
readily and reliably obtained.

Arterial elastance

A convenient heart-independent description of load that can
be plotted in the PV-diagram is arterial elastance (Ea).102 It
is the slope of a line that is defined by the ratio Pes/SV
(Fig. 55.7). Although Ea has the units of elastance, it has
nothing to do with the elastance (or its reciprocal value
PAC) of the pulmonary vasculature.102 In fact, it is related
to the heart-independent load description TPR, but without
HR (which is absent in the PV-diagram). After all, TPR is
mPAP/CO; since CO ¼ SV$HR, TPR ¼ mPAP/(SV$HR),
and as we have seen that instead of Pes, mPAP can be
used,87,103e105 Ea ¼ Pes/SV z mPAP/SV. Thus,
Ea ¼ TPR$HR. That Ea is a nonpulsatile description of
load can also be appreciated from the fact that a steady

pressure is used (Ees or mPAP) and not a DP such as PP
which is used for the calculation of PAC from SV/PP (see
section “Pulmonary arterial compliance”). Besides this
theoretical demonstration that Ea is a representation of
nonpulsatile load, modeling approaches106 and cohort
studies demonstrate the same.107 From the strong de-
pendency on heart rate it follows that it (as well as diastolic
and systolic duration) is required to remain constant.100 As
discussed, the contribution of downstream pressure
(PAWP) to mPAP is relatively important compared to the
role of CVP in the systemic circulation. Therefore,
neglecting PAWP in the calculation of Ea is a point of
concern, that has not yet been resolved.

End-diastolic elastance

Like systolic function, diastolic function of the RV can be
determined from the PV-diagram, by assessing the lower
part of the loop (Fig. 55.9, left panel). Ideally, again preload
changes are imposed, resulting in several different loops.
From the end-diastolic points, an end-diastolic pressuree
volume relation (EDPVR) can be constructed. The slope of
the EDPVR at the end-diastolic pressureevolume point
represents the stiffness, called end-diastolic elastance (Eed)
of the RV. Eed the reveals much pressure is needed to fill
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FIGURE 55.9 Multiple loops in the pressureevolume
plane (A) give insight in the end-diastolic elastance of
the RV.93 Multiple loops however are difficult to obtain.
The single beat method to determine Eed uses an
exponential function (giving pressure as function of
volume) to approximate the EDPVR. The following
pressureevolume points are used: 0, 0; Ves, Pbd (end-
systolic volume equaling begin-diastolic volume, and
begin-diastolic pressure); and Ved, Ped (end-diastolic
volume, and end-diastolic pressure, see also Fig. 55.7).
In (B), these points and the fit are shown on an expanded
scale. In the end-diastolic point, the tangent to the
exponential curve is drawn (A: dotted; B: dashed). The
slope in (Eed, Ped) can be calculated as measure of end-
diastolic elastance Eed from the derivative of the expo-
nential function.103,104
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the RV to the Ved. The relation between pressure and
volume of the passive RV is highly nonlinear, steeply
increasing for high volumes. Eed can be affected by dis-
ease103 (see Chapter 56).

Calculating Eed from multiple loops93 gives the most
reliable results, however, these are difficult to obtain.
Therefore, also a single beat method to determine Eed is
being used103,104 (Fig. 55.9). Fitting an exponential func-
tion through the points (0,0), (Ees, Pes), and (Eed, Ped), the
EDPVR can be approximated, and from the derivative of
the function the slope in (Eed, Ped) can be calculated. The
exponential used to describe the pressureevolume relation
is P ¼ a[exp(bV) e 1], with P and V being pressure and
volume, and a and b curve-fitting constants, b represents a
diastolic stiffness constant. The derivative of the function is
dP/dV ¼ ab�exp(bV); filling in Ved gives the slope in that
point, thus Eed ¼ ab�exp(bVed).103,104 Both b as well as
Eed are used to describe diastolic RV stiffness, Eed spe-
cifically when the RV is maximally filled.

Ventricular interaction

The interaction between the RV and the LV108 is deter-
mined by the circuitry (being connected in series, “series
interaction”) and by the shared anatomy109 (“parallel
interaction,” also called “direct interdependence” or “direct
interaction”). In series interaction, the contribution of
(elevated) LAP to PAP “passive backward transmission of
left-sided filling pressures”)110 is of relevance, particularly
in left-sided failure. In addition, the (reduction of) CO of
the one ventricle is important since it determines the CO of
the other ventricle.111

In normal physiology, the effect of the LV on the RV is
much greater than vice versa. In PH (see Chapter 56),
leftward septal bowing caused by a prolonged RV
contraction time of the RV112 hampers LV filling.111

Ventriculoarterial coupling

Maximal power or efficiency: energetic
coupling

Ventriculoarterial coupling is a term that is often used broadly
to describe interactions between the RV and its vascular load.
Here we intend RV coupling to relate to the concept that the
RV is working in a way such that maximal external power is
produced, or in away that efficiency is highest. These need not
be identical but are close in practice.11 Mean output power is
calculated from mPAP times CO. Input power can be calcu-
lated from oxygen consumption.113 The ratio of output power
and input power is efficiency.11

As mentioned earlier in this chapter (“Ventricular
pressure-volume relation”), the area of the PV-loop repre-
sents the external work of the ventricle. The pressuree

volume area enclosed by the ESPVR, the EDPVR, and the
isovolumic contraction limb (dashed vertical line in
Fig. 55.8) is related to cardiac oxygen consumption.114 In
PH, higher RV contractility and ventricular dilatation will
thus increase pressureevolume area, see Chapter 56.

Ventriculoarterial coupling determined from
the pressureevolume relation

For the LV it has been shown that external work to the
arterial load is maximized when the ventricular and arterial
elastances are equal, thus the ratio Ees/Ea ¼ 1; while for
Ees/Ea ¼ 2, maximal efficiency is reached.115 It has been
proposed that the ventricle adapts to its load, in pulmonary
hypertension Ea increases and Ees follows suit by
increasing contractility and ventricular wall thickness.78 As
long as coupling is preserved, SV can be maintained. In the
end stage of pulmonary hypertension, the ventricle un-
couples, and SV is reduced. Uncoupling is associated with
increased ventricular volumes and increased wall stress.13

Surrogate measures of ventriculoarterial
coupling in the pressureevolume plane

Since Ees ¼ (Pmax e Pes)/SV, and since Ea ¼ Pes/SV, the
Ees/Ea ratio is a pressure-only relation: Ees/
Ea ¼ (Pmax e Pes)/Pes. A volume-only approach would
be of interest since it could be obtained noninvasively. As
described earlier in this chapter, Ees can also be calculated
from Pes/(Ves e V0); together with Ea the ratio is then Ees/
Ea ¼ [Pes/(Ves e V0)]/[Pes/SV] ¼ SV/(Ves e V0). It has
been suggested to neglect V0, giving Ees/Ea z SV/
Ves.116,117 However, V0 is not negligible, particularly not
in patients with a dilated RV.118 Moreover, SV/Ves is
inversely related to RV EF. After all, EF ¼ SV/Ved, and
Ves ¼ Ved e SV thus, SV/Ves ¼ SV/(Ved e SV).
Dividing numerator and denominator by Ved, we get [SV/
Ved]/(Ved/Ved e SV/Ved) ¼ EF/(1 e EF). This simplified
volume-only approach gives no information over and above
EF; furthermore, it has not been shown to represent
coupling. See also Chapter 56.

Differences between the systemic and
pulmonary circulation

Here we list some marked differences between the systemic
and pulmonary circulations (Table 55.1).

Normal values in the pulmonary
circulation

Normal values for pressures of pulmonary circulation and
volumes and intrinsic characteristics of the pulmonary
cardiovascular system are collected in Table 55.2.
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TABLE 55.1 Differences between the systemic and pulmonary circulations.

Systemic Pulmonary

Aorta forms a central reservoir: Most of the compliance is situated
in the aorta

Arteries form a distributed reservoir: compliance is distributed
over the arteries

Venous compliance 20 times larger than arterial compliance
(much storage in veins)

Venous compliance 2 times larger than arterial compliance (little
storage in veins)

One main artery with branching according to organ site and need
(wide or narrow, long or short: e.g., kidneys receive 20%e25%
of CO which is accommodated by short wide arteries, while the
bronchial arteries are relatively long and narrow, only some 1e2%
of CO needs to be transported)

From two main pulmonary arteries, branching into three daughter
vessels (each of comparable diameter)

Many arteries are accompanied by 2 veins: the approximate ratio
of veins:arteries ¼ 2:1 (except for the largest vessels, where the
ratio ¼ 1:1, e.g., descending aorta and inferior vena cava)

Most of the arteries have 1 accompanying vein: overall the ratio
of veins:arteries ¼ 1:1 (except for the largest vessels, where the
ratio ¼ 2:1, e.g., two left and two right pulmonary veins and one
left and one right pulmonary artery)

Little resistance in supplying arteries and collecting veins. Main
pressure-drop over arterioles of organ/tissue

Resistance is more gradually increasing in the supplying arteries
toward the arterioles, and more gradually decreasing in collect-
ing veins. Little pressure-drop over arterioles

Hypoxic vasodilatation Hypoxic vasoconstriction

TABLE 55.2 Normal values.

Pressures Middle Min Max

Systolic pulmonary pressure (sPAP, mmHg) 22 16 32

Diastolic pulmonary pressure (dPAP, mmHg) 9 6 13

Mean pulmonary pressure (mPAP, mmHg) 14 10 20

Pulmonary artery wedge pressure (PAWP, mmHg) 10 5 15

Systolic right ventricular pressure (sRVP, mmHg) 22 16 32

(End) Diastolic right ventricular pressure (dRVP, mmHg) 7 2 10

Right atrial pressure (RAP, mmHg) 4 2 6

Volumes

Right ventricular end-systolic volume (Ves, mL) 55 10 100

Right ventricular end-diastolic volume (Ved, mL) 140 60 220

Right ventricular ejection fraction (EF, %) 60 45 75

Intrinsic characteristics

Pulmonary vascular resistance (PVR, mmHg$s/mL) 0.1 0.055 0.18

Pulmonary arterial compliance (PAC, mL/mmHg) 4 e 12

Characteristic impedance (Zc, mmHg$s/mL) 0.017 e e

End-systolic elastance (Ees, mmHg/ml) 1.3 e e

End-diastolic elastance (Eed, mmHg/mL) 0.2 e e

The values in the table are based on several studies.3,51,63,80,83,103,119e123
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Summary

In this chapter, we described physiologic concepts to un-
derstand the pulmonary circulation. Based on measure-
ments, we looked at pulsatile and static hemodynamics, and
derived descriptions of the cardiovascular system and
ventricularearterial interaction.

It is useful to distinguish between system characteris-
tics, determined by the interaction between the RV and
arterial load, which can typically be obtained by measure-
ment of pressure, flow, or volume, e.g., PAP, CO, or EF.
Intrinsic characteristics can be obtained by combining
measurements, e.g., PVR and input impedance from PA
pressure and flow, or Ees and Eed from RVP and volume.

Therefore, we started by describing measurements
relevant to the pulmonary circulation (system characteris-
tics). These measurements allowed us to determine intrinsic
characteristics, the heart-independent vascular load, and the
load-independent RV function. Finally, by combining
intrinsic characteristics of the heart (Ees) and its vascular
load (Ea), coupling could be defined: the condition in
which ventricularearterial interaction is optimally efficient.

Several features unique to the pulmonary circulation
were discussed, such as the golden ratio relation between
pressure levels and the constant RC-time and ended with a
listing of differences between pulmonary and systemic
circulation, and a collection of normal values of the pul-
monary hemodynamics and the cardiovascular system.
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Introduction

Definition of pulmonary hypertension

Pulmonary hypertension (PH) is a pathophysiological
disorder that is characterized as increased pulmonary ar-
tery (PA) pressure. In the 2015 European Society of
Cardiology (ESC)/the European Respiratory Society
(ERS) guidelines for the diagnosis and treatment of PH,
PH is defined by a mean pulmonary artery pressure
(mPAP) �25 mmHg at rest, measured via right heart
catheterization (RHC),1 although a new lower threshold
(mPAP >20 mmHg) has been recently proposed at the
sixth World Symposium on PH.2 Based on the “down-
stream” pressure (left atrial pressure, represented by
pulmonary artery wedge pressure, PAWP), PH is hemo-
dynamically classified into precapillary PH and post-
capillary PH. In the current guidelines, precapillary PH
describes PH with PAWP �15 mmHg, and postcapillary
PH is PH with PAWP >15 mmHg.1

The pathophysiological process behind the development
of PH can depend on several underlying etiologies. From
the viewpoint of pathophysiological characteristics, the
clinical classification distinguishes PH into the following
five groups (Table 56.1), group-1: pulmonary arterial hy-
pertension (PAH); group-2: PH due to left heart diseases
(LHDs); group-3: PH due to lung diseases and/or hypoxia;
group-4: chronic thromboembolic PH (CTEPH) and other
PA obstruction; group-5: PH with unclear and/or multi-
factorial mechanisms.1 Although these five groups have
pathologically distinct etiologies, all of the groups can
induce severe PH, where the right ventricle (RV) function
deteriorates as a consequence of increased arterial

loading.3,4 Most importantly, right-sided heart failure is the
main cause of death in patients with PH.3e6 Consequently,
it is essential to establish the pathophysiological mecha-
nisms by which the pulmonary arterial load compromises
RV function in PH.

TABLE 56.1 Clinical classification of pulmonary

hypertension from 2015 European Society of

Cardiology/European Respiratory Society guideline.

1. Pulmonary arterial hypertension
1.1. Idiopathic
1.2. Heritable
1.3. Drug and toxins induced
1.4 Associated with

1.4.1. Connective tissue disease
1.4.2. Human immunodeficiency virus (HIV) infection
1.4.3. Portal hypertension
1.4.4. Congenital heart disease
1.4.5. Schistosomiasis

1’ Pulmonary veno-occlusive disease and/or pulmonary
capillary hemangiomatosis

1” Persistent pulmonary hypertension of the newborn

2. Pulmonary hypertension due to left heart disease

3. Pulmonary hypertension due to lung disease and/or hypoxia

4. Chronic thromboembolic pulmonary hypertension and other
pulmonary artery obstructions

5. Pulmonary hypertension with unclear and/or multifactorial
mechanisms
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The properties of pulmonary arterial load and
right ventricular function

To understand the pulmonary arterial load and RV function,
the terms should be described correctly. The properties of
arterial load and RV function can be described in two ways
(Fig. 56.1), using (1) the intrinsic characteristics and (2) the
system characteristics.7 The intrinsic characteristics of the
arterial load and the RV function are “independent,” and
insensitive to each other. The intrinsic characteristics of arte-
rial load (vascular properties) can be determined from the PA
pressure-flow relationship, and those ofRV function are given
by RV pressure-volume relationship. Interaction between the
intrinsic characteristics of arterial load and RV function yields
the system characteristics, for example, cardiac output (CO)
and RV ejection fraction (RVEF) (Fig. 56.1).

The intrinsic characteristics of arterial load (vascular
properties) are called “heart-independent,” and the system
characteristics of arterial load are called “heart-dependent”
(further referred to as heart-independent or heart-
dependent arterial load). The heart-independent arterial
load includes pulmonary vascular resistance (PVR), total
pulmonary arterial compliance (PAC), characteristic
impedance of the proximal arteries (Zc), and effective
arterial elastance (Ea), implicitly assuming that heart rate
(a ventricular variable) is constant. On the other hand, the
heart-dependent arterial load is provided by pressure
(mean, systolic and diastolic pressure, and pulse pressure),

wave reflection (magnitude and timing of reflected
waves), and RV wall stress/tension (Fig. 56.1).

The intrinsic characteristics of RV function are also
called “load-independent,” and the system characteristics
are called “load-dependent” (further referred to as load-
independent or load-dependent RV function). The
load-independent RV function is represented by RV
contractility (represented by end-systolic RV pressure-
volume relationship) and diastolic stiffness (represented
by end-diastolic RV pressure-volume relationship). Load-
dependent RV function includes CO, stroke volume (SV),
RV volumes (RV end-diastolic volume [RVEDV] and RV
end-systolic volume [RVESV]), and RVEF.

In clinical practice, the heart-dependent load (PA pres-
sure) and the load-dependent RV function (CO and RVEF)
are more commonly used; however, we have to be careful
when interpreting these parameters because a change in PA
pressure or in CO cannot always be attributed to a change
in pulmonary vasculature or the RV. For example, whereas
the RV is in a hyper-contractile state, decreased RVEF and
CO are present in patients with PAH.8 The exact interpre-
tation requires a sufficient understanding of the heart-
independent load and the load-independent RV function.
This chapter explains (1) properties of pulmonary arterial
load and (2) properties of the RV function in terms of
intrinsic and system characteristics, and describes (3) the
mechanisms of how the RV adapts to increased pulmonary
arterial load in PH.

FIGURE 56.1 The properties of pulmonary arterial load and right ventricular function. The pulmonary arterial load and right ventricular functions are
characterized by their intrinsic characteristics. System characteristics are derived from cardiopulmonary interaction. Ea, pulmonary effective arterial
elastance; RV, right ventricle; Ees, end-systolic right ventricular elastance; Eed, end-diastolic right ventricular elastance; RVEF, right ventricular ejection
fraction.
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Pulmonary arterial load in pulmonary
hypertension

Heart-independent arterial load

The heart-independent load describes the intrinsic charac-
teristic of the arterial load, represented by PVR, total PAC,
characteristic impedance of the proximal arteries (Zc), and
effective arterial elastance (Ea). In the human body, the
ventricle ejects blood into the vascular bed beat-by-beat,
which generates arterial pressure and flow waves. Since
waves are the signals which vary in time, the description of
vascular properties should include not only the nonpulsatile
(steady) but also pulsatile (dynamic) state. Thus, the heart-
independent arterial load is further classified into non-
pulsatile load and pulsatile load.

Nonpulsatile arterial load: pulmonary vascular
resistance

The nonpulsatile arterial load is a vascular property in a
nonpulsatile state without the emergence of waves, which is
given by resistance at 0 Hz. In clinical practice, physicians
can assess nonpulsatile load using PVR or total pulmonary
resistance (TPR), calculated by mean values of pressure
and flow. PVR is calculated as (mPAPePAWP)/CO, where
mPAP is mean pulmonary arterial pressure. CO corre-
sponds to mean flow per one minute. TPR is calculated as
mPAP/CO.

PVR represents hydraulic resistance which covers the
whole pulmonary vasculature: the main trunk of pulmonary
arteries, small arteries, capillaries, and veins. In PH, PVR
increases as a consequence of vascular remodeling. While a
50% increase in vascular resistance in systemic hyperten-
sion is considered exceptional, PVR increases by four times
or more in PH.9 Although PVR is undoubtedly the simplest
and most widely used description of arterial load, it cap-
tures only nonpulsatile load and thus ignores pulsatile load.
Indeed, a reduction in PVR is not associated with improved
RV function and clinical prognosis in patients with PH.5

Thus, PVR does not provide a complete description of RV
loading in PH.

Pulsatile arterial load

Pulmonary arterial input impedance

The pulsatile arterial load is nonnegligible when we treat
patients with PH. Assessment of pulsatile arterial load re-
quires an adequate understanding of pressure and flow
“waves,” which are generated by the heartbeat. As dis-
cussed in detail in Chapters 1 and 3, based on the magni-
tude and cycle length of these waves, pressure and flow
waveforms can be converted to pressure and flow spectrum
in the frequency domain. Physiologically, pulsatile loading

can be described most completely by pulmonary arterial
input impedance, which is calculated as P(f)/F(f) at each
frequency, where P(f): pressure spectrum at each fre-
quency, F(f): flow spectrum at each frequency. PA input
impedance describes the vascular properties at each fre-
quency, which consists of magnitude and phase (Fig. 56.2).
Assessment of PA input impedance is feasible in clinical
settings;10,11 however, the interpretation is not straightfor-
ward for most clinicians. In this regard, the derivatives of
pulmonary arterial input impedance, for example, total
PAC, Ea (heart-independent load, heart rate remaining
constant), and wave reflection and wall stress (heart-
dependent load) may be more practical and more intuitive
to understand pulsatile loading in PH. In Chapter 55, the
derivation of PAC was described; here we focus on its
pathological changes in PH.

Pulmonary arterial compliance

PAC is the most used parameter to evaluate pulsatile load
for patients with PH. When PAC is estimated from SV/PP,
PAC is 4.0 mmHg/mL in control subjects;12 however, PAC
decreases to 30e40% (1.2e1.6 mmHg/mL) in patients
with precapillary PH.13e15 While in the systemic circula-
tion, 60% of arterial compliance resides in the proximal
aorta,16 PAC is distributed mainly to small peripheral
pulmonary vessels rather than proximal large arteries.
Proximal arterial compliance estimated by magnetic reso-
nance imaging (MRI) accounts for only 20% of total PAC
for the whole pulmonary vascular bed.14

In patients with postcapillary PH, PAC derived from
SV/PP can be altered by PAWP. When PVR is given as 3.0
Wood units, PAC decreases from 3.34 mmHg/mL to
1.65 mmHg/mL (50% decrease) and to 0.82 mmHg/mL
(25% decrease), if PAWP increases from 0 to
25 mmHge50 mmHg, respectively.17 Since PAC has an
inverse relationship with PVR18 (see Chapter 55, and the
section below: “Time constant of the pulmonary circula-
tion”), PAC is reduced with increasing PVR.12,13

Decreased PAC changes PA pressure waveform and in-
creases systolic PAP (sPAP) independently of PVR
(Fig. 56.3). Increased PA (or RV) pressure elevates RV
wall stress (see section “Right ventricle wall stress/ten-
sion”). Decreased PAC is associated with exercise intoler-
ance and clinical adverse events in patients with PH.19e22

PAC is the key pulsatile load for the management of pa-
tients with PH.

Time constant of the pulmonary circulation

The time constant of the pulmonary circulation (which
equals PVR�PAC, as discussed in detail in Chapter 55) is
similar in healthy individuals and patients with PAH and
CTEPH, and even after treatment.12,13 PVR�PAC for the
single lung equals to that of both lungs together.14
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FIGURE 56.2 Pulmonary artery flow and pressure waveforms and pulmonary arterial input impedance. Pulmonary artery input impedance represents
the pulmonary pressure-flow relationship at each frequency (or harmonic). Pulmonary artery input impedance consists of modulus and phase. Charac-
teristic impedance is obtained by (1) averaged modulus in the range of high frequencies or harmonics (for example: 4th to 10th harmonics) (frequency-
method) or (2) a slope of pressure-flow relationship in the early systole (time-domain method).

FIGURE 56.3 Effect of (A) pulmonary arterial compliance (PAC) and (B) characteristic impedance of the proximal arteries (Zc) on pulmonary artery
pressure waveform. Data are simulation data using three-element Windkessel arterial model, which is constructed from a preclinical study of Fukumitsu.
et al.108 (A) When only PAC is decreased, PA pressure is increased, with its peak occurring in later systole. (B) When only Zc is increased from normal to
pathological value of pulmonary hypertension, PA pressure is elevated steeply with its peak remaining in early systole. Both Zc and PAC alter PA pressure
waves independently. Since resistance is unchanged, mean PA pressure remains a normal value in this simulation.



Although there is still a debate whether PVR�PAC is un-
changed in patients with proximal obstruction of the pul-
monary arteries,23,24 a larger cohort study shows the
inverse relationship of PVR and PAC in a wide range of
severity of PH.17 Of note, PVR�PAC is sensitive to pul-
monary venous pressure (mean PAWP)17: in the calculation
of PVR, PAWP is taken into account, but in the estimation
of PAC from SV/PP, it is not (see Chapter 55, the SV/PP
method to estimate PAC assumes that there is no outflow
from the system). Therefore, the PVR�PAC product is
influenced by PAWP. A more direct measurement of the
time constant by analyses of the diastolic PA pressure
decay (Fig. 56.4) would give an answer and reveal the ef-
fect of PAWP on the time constant in PH.25

The inverse relationship of PVR and PAC provides
practically important insights to physicians. The change in
PAC is more noticeable than the change in PVR in patients
with early-stage of PH,12 while in the more advanced-stage
of PH, change in PVR is greater than that of PAC
(Fig. 56.4). Therefore, PAC may be more suitable to detect
the early stage of PH before an increase in PVR is marked.

Characteristic impedance of the proximal
arteries

Characteristic impedance of the proximal arteries (an
abbreviation is Zc) is not commonly used in clinical prac-
tice. However, Zc is important to describe the pulsatile
arterial load, because Zc has the two relevant clinical im-
plications: (1) Zc represents the vascular properties of the
proximal PA, and (2) Zc plays a central role in wave
reflection (see “wave reflection: wave separation analysis
and wave intensity analysis”).

Zc is defined as input impedance in the absence of wave
reflection and can be determined in the frequency-domain
(from the higher frequency range, see Chapter 55) or in

the time domain from the slope of the early systolic part of
the pressure-flow relationship (Figure 56.2)26,27; see
Chapters 1, 3 and 55. For large vessels, the Zc is a real
number (whereas for smaller vessels, Zc should be
described in the frequency domain with a modulus and
phase).

Zc is determined by the geometry and mechanical
properties of elastic arteries,27,28 and is larger for stiffer
arteries, but smaller when the arteries dilate. In clinical
measurements, Zc increases 2.5- to sixfold with the
development of various types of PH.10,12,29,30

When only Zc is increased experimentally in the sys-
temic circulation, peak aortic pressure (systolic aortic
pressure) reaches larger values and occurs earlier in the
ejection period.31 When we extrapolate this to the pulmo-
nary circulation, increasing Zc augments pulsatile loading
with an elevation in sPAP, even if PVR or PAC remains
unchanged (Fig. 56.3). Given the fact that sPAP determines
RV wall stress during systole (see section “Right ventric-
ular wall stress/tension”), increased Zc would impact the
RV function in PH.

Effective arterial elastance

Effective arterial elastance (an abbreviation is Ea) is a
ventricle-independent measure of arterial function in the
ventricular pressure-volume diagram.32 One should bear in
mind that in this pressure-volume plane description, heart
rate is assumed constant. As shown in Chapter 55, heart
rate is a major determinant of Ea.33,34 Suga et al. described
the ventricular contractility independent of arterial loading
as the slope of the ventricular end-systolic pressure-volume
relationship (ESPVR) (see section “Right ventricular
contractility”).35 To understand how well the ventricle is
coupled with the arterial load, the function of the arterial
system is represented as “effective” arterial elastance in

FIGURE 56.4 Time constant of pulmonary circulation. (A) Calculation of time constant using diastolic pulmonary artery pressure decay. Time constant
(s) can be estimated by fitting measured pulmonary artery (PA) pressure during diastole to PAP(t) ¼ PAPes � exp(�t/s) þ PAWP, where PAPes is end-
systole PA pressure and PAWP is mean PA wedge pressure. (B) The pulmonary vascular resistance (resistance)dpulmonary arterial compliance (PAC)
relationship. In early stage pulmonary hypertension (PH), the change of PAC is more readily noticed than that in resistance. In advanced-stage PH, the
change of resistance is more easily detectable, while that of PAC is small.
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terms of its end-systolic pressure-SV relationship as
follows.32

Ea ¼ Pes
SV

(56.1)

where Pes: end-systolic ventricular pressure, SV: stroke
volume (Fig. 56.5A). The slope of the arterial Pes-SV
relationship is neither the physical elastance nor arterial
compliance, but functions as “effective” arterial ela-
stance.32 For the systemic circulation, it was shown by
mathematical modeling34 as well as in a large cohort33 that
Ea is insensitive to the pulsatile load, but tightly related to
vascular resistance. In this Chapter 56, Ea is introduced in
the section of “pulsatile load”, because Ea is given using
arterial input impedance approximated by a three-element
Windkessel model, as follows.

Ea ¼ Zcþ R
tsþ s½1� expð�td=sÞ� (56.2)

where Zc: characteristic impedance, R: peripheral
resistance, ts: duration of ejection, td: duration of diastole,
s: time constant of the diastolic pressure artery decay.32

Thus, increased arterial compliance decreases Ea only
mildly, and since Ea increases markedly with increases in
peripheral resistance,32 resistance is the major determinant
of Ea. In most clinical studies on pulmonary circulation, Ea
is examined as (1) mPAP/SV8,36e38 or (2) sPAP/SV.39

Both are based on the assumption that Pes can be
approximated to mPAP or sPAP. However, these approx-
imations should be used carefully because Pes is under-
estimated by mPAP in higher pressure ranges.40

FIGURE 56.5 The concept of the pressure-volume loop (PV-loop). (A) The slope of ventricular end-systole pressure-volume relationship (ESPVR) is
Ees, and the volume axis intercept of ESPVR line is V0. The slope of the arterial end-systole pressure-volume relationship is Ea. End-systolic ventricular
volume is given by the interaction between these two lines. Stroke volume is the difference between end-diastole ventricular volume (Ved, the x-axis value
of the lower right corner of the PV loop) and end-systole ventricular volume (Ves, the x-axis value of the higher left corner of the PV loop). The
ventricular end-diastole pressure-volume relationship is given as EDPVR curve. (B) Pressure-volume area (PVA) is the area circumscribed by (1) the
EDPVR line, (2) the PDPVR curve, and (3) the systolic segment of the pressure-volume trajectory in the PV-loop (colored pink). PVR is one of the
determinants of oxygen myocardial consumption. (C) (left) When Ea increases in pulmonary hypertension (PH), the intersection of the two lines shifts
upward (Ves increases and Pes is elevated). If Ees is unchanged, stroke volume decreases (right). To maintain stoke volume, the RV increases Ees so that
x-axis of the intersection remains unchanged (blue line and loop).
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Ea may increase by four- to fivefold in patients with
precapillary PH,8,36 and also by two- to fivefold in patients
with LHD.38,39,41 Since Ea determines SV by interacting
with Ees, increased Ea reduces SV if Ees does not increase
in parallel (Fig. 56.5C). Thus, the RV needs to increase Ees
to maintain SV. Both Ea and Ees are given in terms of their
Pes-SV relationships (with the same unit of mmHg/ml), and
therefore the ratio of Ees to Ea represents how well the RV
remains coupled with increased arterial load in PH (see
section “the right ventricular-pulmonary artery coupling:
Ees/Ea”). Increased Ea is associated with clinical adverse
outcomes in patients with postcapillary PH.39

As described, Ea is a concept proposed initially in the
systemic circulation where down-stream pressure (i.e., cen-
tral venous pressure) is negligible. On the other hand, in
pulmonary circulation, down-stream pressure (PAWP) is not
negligible relative to Pes even in normal conditions. It is not
yet established whether or not PAWP can be ignored to
calculate Ea in the pulmonary circulation. A new approach to
estimate Ea by subtracting PAWP was proposed by the re-
searchers who have originally developed Ea in systemic
circulation.42 They noted that their proposal does not
diminish prior findings of Ea in PH, but this approach may
provide additional insight regarding the role of PAWP on the
load to the RV. Further investigations would be expected.

Heart-dependent arterial load

Pulmonary artery pressure (mean, systolic,
and diastolic pressure)

PA pressure is a heart-dependent description of arterial
load. Owing to Ohm’s law, mPAP is simply determined by
the product of PVR and CO (mean flow per one minute).
mPAP can increase fourfold in PH, while systemic hyper-
tension is considered severe with a 25% increase in mean
arterial pressure.26 Just as mPAP, pressure waves are
determined by not only the arterial properties (resistance,
arterial compliance, and characteristic impedance) but also
the ventricular function (ventricular contractility and dia-
stolic stiffness).43 For example, sPAP is augmented when
PVR and characteristic impedance are increased, PAC is
reduced, and RV contractility is enhanced. All these
changes are involved in the development of PH.

As described in Chapter 55, in the pulmonary circula-
tion, sPAP and diastolic PAP are proportional to mPAP in
normal subjects and patients with several types of PH.44e46

According to these relations, RV systolic pressure of
40 mmHg would best estimate mPAP of 25 mmHg as an
indication of the presence of PH by the current guidelines.1

Wave reflection: wave separation analysis
and wave intensity analysis

As discussed in detail in Chapters 1, 3 and 11, pressure and
flow waves are generated by the cardiac ejection and are
transmitted over the elastic arteries into the vasculature with

a certain wave speed toward. These waves reflect at all
discontinuities in the arterial trees and then return to the
ventricle. The discontinuities include pathological sites; for
example, where vessels are disrupted or abruptly narrow-
ing. Physiologically (or functionally), the discontinuities
can be explained by the mismatch of input impedance.
Namely, wave reflections occur at the vascular sites where
input impedance increases from a lower value (at normal or
large vessels) to a higher value (at disrupted or narrowing
vessels). Or, vice versa: when vessels widen (input
impedance decreases from a higher to a lower value),
negative wave reflections appear (“open reflections”).

The normal pulmonary circulation is characterized by a
low resistance and high compliance with little wave reflec-
tion.47 When reflections are absent, pressure and flow waves
would have the same wave shape. Indeed, PA pressure and
flow are quite similar in normal physiological conditions.47

In patients with PH, however, shapes of pressure and flow
waves are different from each other. PA flow waves show a
steep deceleration during systole, which coincides with
pressure augmentation.12 The deceleration offlowwaves and
augmentation of pressure waves is indicative of exaggerated
wave reflection returning to the RV during systole.

Measured pressure and flow waves consist of forward
and backward (reflected) waves. Clinically, there are two
approaches to derive forward and backward waves: (1)
wave separation analysis (WSA) and (2) wave intensity
analysis (WIA). Both WSA and WIA methods can
accomplish wave separation, using characteristic imped-
ance. A difference is that the WSA method uses measured
pressure and flow, while the WIA method is applied for
time derivatives of pressure and flow.

In WSA, forward and backward pressure can be derived
as:

Pf ¼ Pmþ Fm� Zc
2

(56.3)

Pb ¼ Pm� Fm� Zc
2

(56.4)

where P: pressure, F: flow, and f: forward, b: backward, and
m: measured, respectively.48

In WIA, forward and backward pressure are introduced
as:

dPf ¼ dPmþ dFm� Zc
2

(56.5)

dPb ¼ dPm� dFm� Zc
2

(56.6)

where dP: time derivative of pressure, dF: time derivative
of flow, and f: forward, b: backward, and m: measured,
respectively.49,50 Integration of WIA-obtained forward
and backward waves yields WSA-obtained waves.51,52

With the use of the WSA or WIA, we can investigate
wave reflection, in terms of (1) the magnitude and timing
of backward waves, and (2) wave speed (pulse wave
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velocity: PWV). The magnitude of forward and backward
waves depends on both the heart and arterial load. On the
other hand, the timing of backward waves and PWV are
less affected by the RV function because of the relation:

PWV ¼ Zc� A
r

(56.7)

where A: area of elastic arteries and r is blood density. This
means that PWV depends on the properties of elastic ar-
teries, but less on the heart. This section of heart-
dependent loading includes the timing of backward waves
and PWV for the convenience of explanation of wave
reflection. Please be reminded that the return time of the re-
flected wave, which can be found by WSA or WIA, is
determined by the vasculature. When looking at inflection
points of measured pressure or flow, timing as well as the
shapes of forward and reflected waves (which are the re-
sults of the interaction of heart and vessels) have an influ-
ence. Inflection points may thus be not directly related to
timing aspects.53,54

In PH, backward waves five to six times larger than
normal return to the RV.55e58 A preclinical study using a
PH animal model indicates that, as the peripheral

pulmonary arteries are narrowed, the magnitude of back-
ward waves becomes larger.59

Furthermore, backward waves return earlier in PH.57,58

In a PH animal model, wave transmission time from the RV
to the reflection point was smaller than normal animals.59

Early return of backward waves in PH can be explained by
(1) increased wave speed or (2) a location of a reflection
point close to the RV.47 Since stiffer proximal arteries can
increase PWV (see Eq. 56.11), the PWV is accelerated by
two to four times in patients with PH compared with con-
trols.55,57 In addition, proximal site of reflection is also a
cause for early return of backward waves. In CTEPH pa-
tients with proximal pathological lesions, the RV is
exposed to earlier backward waves than in patients with
distal lesions.60

The early return of backward waves may increase me-
chanical stress on the RV (Fig. 56.6). RV wall stress/tension
over the cardiac cycle depends on the RV volume (radius)
and pressure, which means that wall stress is large when
pressure and volume are large (see “Right ventricular wall
stress/tension”). Early return of backward waves increases
wall stress/tension considerably, and compromises RV
function (RV dilatation and hypertrophy).60 Since the time

FIGURE 56.6 Early return of
backward waves increases right
ventricular (RV) mechanical stress.
Backward waves return sooner in
chronic thromboembolic pulmonary
hypertension (CTEPH) patients
with proximal obstructive lesions,
than those with distal lesions.
Backward waves add pressure to
the forward wave (orange, middle)
and elevate RV mechanical stress
(orange, bottom) according to RV
volume when backward waves
arrive back to the RV.
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of wave transmission is not taken into account by lumped-
parameter models such as a three-element Windkessel
model,61 early return of wave reflection might become a
relevant addition to complement a description of arterial
load in PH. Owing to the complexity of applying the WSA
and WIA methods, simpler methods are used in clinical
practice based on the analysis of: (1) pressure waves:
increased augmentation index62,63 and (2) flow waves: a
notch of flow velocity.64,65 Both are based on the concept
that backward pressure waves add to forward pressure
waves, while backward flow waves subtract from forward
flow waves.26 The shape of the pressure waves may
differentiate PAH from CTEPH: CTEPH is characterized by
a larger augmentation index and shorter reflection time than
PAH.62,63 An abnormal shape of flow waves is also useful
to estimate an incidence of backward waves in PH.64,65 In
particular, a mid-systolic notch of flow waves is associated
with poor RV function assessed by echocardiography
(e.g., tricuspid annular plane systolic excursion [TAPSE]
and RV fractional area change [RVFAC]).65

Right ventricular wall stress/tension

RV wall stress (tension) is a time-varying load imposed on
the cardiac muscle.66 RV wall stress (tension) is an
important load parameter determined by an interaction of
the RV and pulmonary arterial system. Increased wall stress
(tension) induces oxygen inefficiency, resulting in loss of
pump function.67,68 Wall stress (tension) cannot be
measured directly, but can be estimated by pressure, vol-
ume (radius), and wall thickness, based on Laplace’s law:27

wall stress ¼ ðpressure� radiusÞ
wall thickness

(56.8)

wall tension ¼ pressure� radius (56.9)

which means that wall stress is directly proportional to
pressure and volume, and inversely to wall thickness. In
the presence of elevated pressure, the RV increases wall
thickness in an attempt to attenuate increased wall stress.
Ultimately, loss of pump function with a decrease in CO
occurs as a consequence of increased wall stress. While
the RV dilates to maintain CO, larger RV volume further
increases wall stress (tension). Wall stress (tension) plays
a central role in the vicious cycle of development of RV
failure in PH (Fig. 56.7).67 RV wall stress was increased
by approximately fourfold in patients with precapillary
PH.69,70 Increased RV wall stress was associated with mor-
tality in a cohort combined with pre- and postcapillary
PH.71 The foremost way to break this vicious cycle is to
reduce wall stress. Lowering pressure is crucial, and also
targeting volume overload by diuretics is effective in
decreasing wall stress. Although wall stress might not be
used for routine monitoring for PH treatment, N-terminal
B-type natriuretic peptide (NT-proBNP) may become a sur-
rogate marker to assess wall stress in clinical practice.69,72

The right ventricular function in
pulmonary hypertension

Load-independent right ventricular function

Right ventricular contractility: end-systolic
elastance

Increased RV contractility is an essential adaptation of the
RV to cope with increased arterial loading in PH.25 The gold
standard measure of ventricular contractility is end-systolic
elastance of the ventricle (Ees), which represents the
maximum elastance of the ventricle during a cardiac cycle.
Ees is determined as the slope of theESPVR in the diagramof

FIGURE 56.7 Right ventricular (RV)
response to increased wall stress. Increased RV
pressure elevates RV wall stress, which induces
RV dilatation. RV dilatation increases
pressure-volume area (PVA) (see Fig. 56.5). As
a consequence, the RV results in oxygen con-
sumption and loss of pump function. To
maintain stroke volume, according to the
Starling’s law, the RV further dilates, however,
increased RV volume (radius) further increases
RV wall stress.
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PV-loops,35 requiring both ventricular pressure and volume
over cardiac cycles at different loading conditions (see
Chapter 55). Clinical studies of PH have applied the
conductance catheter technique into the RV for investigation
of PV loops.15,73e75 Preload interventions, for example, vena
cava obstruction35,76 or a Valsalva maneuver,15 are required
for this so-called “multiple-beat method” (Fig. 56.8). In
clinical studies, therefore, a simpler method (so-called
“single-beat method”), not requiring PV-loops analysis or
preload interventions, is applied to estimate Ees.77 Of the
measured ventricular pressure curves, the isovolumic phases
are extrapolated to a hypothetical isovolumic contraction
curve if the pulmonary valve would not open. This extrap-
olation gives the peak isovolumic pressure (Pmax), and
thereby Ees can be calculated by (PmaxePes)/SV
(Fig. 56.8). The single-beatmethodwas originally developed
for the LV, but this concept was validated into the RV by an
animal model with PH,78 and thereafter applied to the pa-
tients with PAH.79 Although it has been discussed whether
single-beat method gives a precise estimation of Pmax even
in patients with severe PH,25 it was found that the single-beat
method accurately estimates an Ees-related factor (Ees/Ea)
derived from the multiple-beat method in patients with
moderate to severe PH.80

Pes/ESV was proposed as the possible simplest esti-
mation of Ees, assuming that hypothetical volume at zero
pressure (V0) on the PV-loops diagram is negligible.81e83 It
might be a convenient measure in daily clinical practice,
not requiring RV pressure curves. However, it should be
noted that Pes/ESV differs from true Ees derived from the
single-beat method because V0 is not equal to zero.84

Particularly, V0 becomes larger as RV dilates. Thus, Pes/
ESV gives much lower values than true Ees in patients with
moderate to severe PH, not reflecting RV contractility.84

When Ea is elevated, the RV increases Ees to preserve
the Ees/Ea ratio and maintain the SV (see “Cardiac output
and stroke volume”). Ees is increased fourfold in

precapillary PH,8,36 and two- to threefold in PH due to
LHD,38,41 both reflecting that the RV is in a hyper-
contractile state in PH. Interestingly, the response of Ees
may differ depending on the etiologies of PH even if these
are categorized into the same group. In group-1, both
idiopathic PAH and systemic sclerosis-associated PH (SSc-
PH) Ees increases against the augmented Ea; however, the
increase in Ees is relatively modest in SSc-PH. Ees in SSc-
PH remains at only one-third of that seen in idiopathic PAH
though the RV is exposed to the same loading (Ea, PVR,
and PAC).15 The insufficient increase of Ees results in
poorer RV-PA coupling (given as Ees/Ea) in SSc-PH than
idiopathic PAH.15

While the RV may properly adapt to increased load at
rest in PH, the RV may have no exertional contractile
reserve to deal with the further increase in arterial load.85

Exercise increases pulmonary arterial load (Ea), but the RV
cannot sufficiently augment Ees during exercise in PH,
resulting in deterioration of RV-PA coupling.85 Conse-
quently, PH is characterized as a poor increase in SV during
exercise than that in normal subjects.

Several limitations should be kept in mind when
analyzing coupling in the pressure-volume plane, for which
we refer to excellent reviews by, e.g., Chirinos et al.86,87

For Ees, the crossing with the volume axis of the ESPVR,
V0 should not be neglected.25 Moreover, the ESPVR is
assumed to be a straight line which is a simplification.88,89

When determining Ea, it is assumed that heart rate (and
diastolic and systolic duration) remains constant.86 Further,
it should be remembered that Ea is a measure of non-
pulsatile load and is hardly related to PAC.33,34,86

Right ventricular diastolic stiffness: end-
diastolic elastance

RV diastolic stiffness gives an important load-independent
description of RV function. The RV is stiffened with

FIGURE 56.8 Calculation of right ventricular (RV) end-systolic pressure-volume relationship (ESPVR). Multiple-beat method (left): the ESPVR line is
estimated using multiple pressure-volume loops with different preload conditions. Single-beat method (right): peak isovolumic pressure is estimated by an
extrapolated sine curve (dash line) from the isovolumic phase (blue zone). Using the estimated Pmax and measured end-systolic RV volume and pressure
(Ves, Pes), the slope of ESPVR can be calculated.
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hypertrophy, fibrosis, and specific biological alterations,
such as reduced titin phosphorylation.90 RV diastolic
stiffness is determined by the end-diastolic pressure-
volume relationship (EDPVR) curve in the diagram of
PV-loops, so-called end-diastolic elastance, Eed36

(Fig. 56.5A). While Ees is the maximum elastance of the
ventricle (see “Right ventricular contractility”), Eed is the
minimum elastance, which corresponds to the mechanical
properties of a fully relaxed ventricle at end-diastole.

Eed is calculated using multiple PV-loops with preload
intervention.76 Alternatively, Eed can be estimated by
fitting an exponential curve to the diastolic portion of PV-
loops, with the formula P ¼ a[exp(bV) e 1], where P: RV
pressure, a: curve-fitting constant, b: diastolic stiffness
constant, V: RV volume. a and b are estimated based on
the following three pressure points, (1) pressure at the
beginning of diastole, (2) pressure at end-diastole, and (3)
the origin (0,0).36,37 Using a and b, Eed is given as
Eed ¼ ab�exp(bVed), where Ved: end-diastolic volume
(Fig. 56.5A).

Eed is increased two- to fourfold in several types of
PH,36,76 which means that the RV is stiffened in PH more
than normal subjects. The stiffness of the RV during ex-
ercise is similar to resting values in normal subjects, but in
PH due to LHD, the RV becomes stiffer during exercise.76

Increased Eed, but not Ees or Ea, deteriorates right atrial
function, which in turns contributes to backward central
venous flow and systemic congestion.91,92 Higher RV
stiffness (increased Eed) is closely correlated with disease
severity90 and clinical adverse events.36

Load-dependent right ventricular function

Cardiac output and stroke volume

CO is determined by SV�HR. Since SV depends on the
interaction of the heart and vascular systems, the diagram
of PV loops may help understanding how SV or CO is
determined when the RV is exposed to increased arterial
load in PH. In the PV-loops diagram, SV is determined by
the ratio of Ees to the sum of Ees and Ea as:

SV ¼ Ees
Eesþ Ea

ðVed�V0Þ (56.10)

where Ved is end-diastolic volume, and V0 is volume at
zero pressure determined as the volume axis intercept of
the ventricular ESPVR (Fig. 56.5A).93 This equation shows
that when Ea is increased, the RV needs to enhance its
contractility Ees, otherwise SV is not maintained
(Fig. 56.5C). When Ees is not enhanced sufficiently, the
RV needs to dilate to maintain SV (a dilated RV, with
similar shortening of the muscle fibers, produces a some-
what larger output). When SV is maintained, but V0 and
EDV increase in tandem, thus the entire loop shifting to
the right, EF will be lower, since the SV is a smaller

proportion of the EDV. The time course of decreasing
SV with RV dilatation reflects the progress of PH since pro-
gressive PH is characterized by more dilated RV with lower
RVEF and SV over time, compared with stable PH.94

The hemodynamic parameter which best reflects treat-
ment efficacy is SV: an increase in SV indicates a better
coupling of the RV to its load and is associated with a
favorable outcome.95e97 Note that higher CO or SV is not
equal to more exaggerated RV contractility after treatment.
A sufficient reduction in arterial load (Ea) can increase SV,
releasing the RV from the hypercontractile status, as shown
in Eq. (56.10).

Right ventricular volume and ejection
fraction

Functional imaging parameters derived by cardiac MRI or
echocardiography are categorized as load-dependent func-
tion.7 RV volume, i.e., EDV and ESV, provide anatomical
information of the RV itself; however, these are determined
by not only RV function but also by preload and pulmonary
arterial properties (afterload). For example: when the RV
contractility (Ees) does not change, increased Ea can
augment ESV because ESV is determined by the point of
intersection of Ea with Ees (Fig. 56.5C). Likewise, RVEF
is also a load-dependent RV function, which is calculated
as SV/RVEDV or (RVEDVeRVESV)/RVEDV. As
already indicated in the section of “Cardiac output and
stroke volume,” the RV adapts to PH by dilatation such that
the SV is maintained.94 In other words, even if SV is
maintained adequately, severe PH is accompanied by a
larger RVEDV, resulting into lower RVEF. Lower RVEF
at diagnosis is associated with adverse clinical outcomes in
PH, irrespective of PVR.5 In addition, insufficient increase
in RVEF after treatment but, interestingly, not a reduction
in PVR, is related to adverse clinical events.5 Undoubtedly,
RVEF is a key tool to assess the progression of PH;
however, RVEF should be interpreted carefully because
RVEF is neither an accurate parameter of “RV contrac-
tility” nor “RVePA coupling.” Since RVEF ¼ SV/EDV,
RVEF is determined by several parameters as follows:

RVEF ¼ Pes
ESV

� 1
Ea

� ESV
EDV

(56.11)

where Ea is defined by Pes/SV. Since Ees should not be
approximated as Pes/ESV84 (see “Right ventricular
contractility”), RVEF is not a direct measure of contractility
or coupling.

Echocardiographic measures

Echocardiography is one of the most widely used tools in
daily practice. Whereas the diagnosis of PH should be
conducted based on RHC,1 echocardiography is useful to
assess disease severity and improvement after treatment.
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The ESC/ERS guidelines proposed several echocardio-
graphic measures; for example, RV chamber sizes, RVFAC
(%FAC), the magnitude of tricuspid regurgitation, the LV
eccentricity index, the RV longitudinal systolic strain/strain
rate, and TAPSE.1 Owing to the unusual and complex
shape of the RV, the echocardiographic measurements are
mostly angle-dependent and qualitative.98 Both RV func-
tion and arterial load affect these echocardiographic mea-
sures.98 In the same way as RV volume and RVEF,
echocardiographic measures are improved by a reduction in
arterial load after treatment.

The cardiovascular interaction in
pulmonary hypertension

The right ventricleepulmonary artery coupling:
Ees/Ea

Most of the clinical parameters (for example, CO and
RVEF) are determined by the interaction between the RV
and the arterial load. To interpret these parameters pre-
cisely, the “intrinsic” properties of the RV and arterial
loading (for example, RV contractility and diastolic stiff-
ness and arterial elastance) should be understood correctly.
We define coupling of the RV with arterial loading as the

ratio of RV contractility to arterial elastance (Ees/Ea).
While “coupling” is often used in a much broader sense to
describe the interaction between heart and vasculature, in
the context of this chapter we use coupling in the narrow
sense of the Ees/Ea ratio (see also section “The properties
of pulmonary arterial load and right ventricular function”
where we defined intrinsic characteristics and system
characteristics).7 Cardiac performance depends on Ees/Ea,
and this ratio is a measure of energy transfer from the heart
to the arteries. Based on animal experiments investigating
the LV,93,99 an Ees/Ea ratio between 1 and 2 is considered
to be in the normal range. This range reflects the maximum
stroke work with minimizing myocardial oxygen con-
sumption,99 as explained in more detail in Chapters 15 and
55. Further discussions of the advantages and limitations of
the use of coupling and efficiency can be found in the
literature.86

In the relatively early stage of PH, the RV enhances its
contractility by four- to fivefold to adapt to increased
arterial loading. During this phase (so-called “coupling
phase”), Ees/Ea is maintained above 1, and SV is preserved
(Fig. 56.9). Since increased contractility is attributed to
increased RV mass (hypertrophy), increased RV diastolic
stiffness is also observed during the coupling phase.36

However, when PH further advances, the hypertrophic

FIGURE 56.9 Right ventricular (RV) pressure-volume (PV) loops in control (blue), pulmonary hypertension (PH) with maintained RV-pulmonary
artery (PA) coupling (early stage, red) and PH with RV-PA uncoupling (late stage, gray). Ees, the slope of end-systolic RV pressure-volume loop;
Ea, arterial elastance; V0, hypothetical RV volume at zero pressure.

910 Textbook of Arterial Stiffness and Pulsatile Hemodynamics in Health and Disease



process is insufficient for enhancing Ees in proportion to
further increases in Ea, resulting in a decline in Ees/Ea.36

During this phase (so-called “uncoupling phase”), the RV
dilates to maintain SV (Fig. 56.9). HR also increases to
compensate for the reduced SV, since CO¼HR�SV. The
“uncoupling” is critical for patients with PH. Decreased
Ees/Ea, particularly lower than 0.7e0.8, is associated with
adverse events in patients with PH.36,80

The framework of PV-loops provides insight not only in
RV-PA coupling but also in myocardial oxygen con-
sumption. Myocardial oxygen consumption per one heart-
beat (VO2) is described as:

VO2 ¼ a� PVA þ b� Eesþ c (56.12)

where PVA: systolic pressure-volume area, a, b, c: constant
value.100 PVA is the area circumscribed by the ESPVR
line, the EDPVR curve, and the systolic limb of the PV-
loops trajectory (Fig. 56.5B). Thus, hyper RV contractility
and ventricular dilatation will increase PVA, resulting in
increased myocardial oxygen consumption (Fig. 56.9).
When the PH treatment decreases PA pressure and RV vol-
ume and attenuates the enhanced Ees, it contributes to an
attenuation of the increased myocardial oxygen consump-
tion and to a more effective RV function.

Right ventricle volumetric adaptation and wall
stress

Wall stress/tension is a concept different from Ea to
describe the ventricular loading. While Ea is an “effective”
arterial elastance with a unit of mmHg/mL,32 wall stress
represents mechanical force imposed on a unit area of
cardiac muscle, whose unit is dyne/cm2 (dyne/cm for wall
tension). As indicated in the section of “Right ventricular
wall stress/tension,” wall stress will increase when ven-
tricular pressure and/or volume are large, both of which
increase oxygen consumption. While myocardial oxygen
consumption is increased as a consequence of increased
wall stress in PH, oxygen supply is limited in PH.68,101,102

Oxygen inefficiency induces loss of pump function, and
ultimately RV failure. In an attempt to maintain CO, the
RV needs to dilate particularly during the uncoupling
phase; however, the ventricular dilatation further increases
wall stress67 (Fig. 56.7). Once wall stress augments and RV
dilatation occurs, the RV is in a vicious cycle of increased
wall stress (Fig. 56.7). Lowering pressure is the most
reasonable approach to release the RV from the vicious
cycle of wall stress, and guarantees long-term survival in
PH.

Left ventricleeright ventricle interaction

The RV has little impact on the LV under normal physio-
logical conditions; however, the interaction between the

RV and the LV should not be ignored in PH. In PH,
increased RV wall stress/tension prolongs RV contraction,
resulting in asynchrony between the RV and LV contrac-
tion. The RV continues to contract while the LV is already
in the diastolic phase. Therefore, the peak of the RV
shortening occurs later than that of the LV shortening.103

As a consequence, the ventricular septum bows leftward,
impairing LV filling.104 The importance of this hampering
of LV filling is illustrated by the fact that in PH, SV does
not correlate to RVEDV, but correlates positively to
LVEDV.104 Furthermore, the LV EDV provides prognostic
information in addition to RV volume.5,105 In PH, LV
cardiomyocytes are atrophic, and cardiomyocyte contractile
function is impaired.106 As a result, severe LV dysfunction
becomes apparent when RV afterload is largely reduced,
for example, by lung transplantation.107

Summary

This chapter shows the adaptation of the RV to increased
arterial load in PH. The pathological changes in arterial
load and the RV function, and the adaptation of the RV to
increased arterial load in PH are summarized as below.

l The heart-independent arterial load is increased in PH:
PVR increases to fourfold, PAC decreases to 30%
e40% of controls, Zc increases to 2.5- to sixfold, and
Ea increases to four- to fivefold. As a result, the
heart-dependent load (for example, pressure and wall
stress/tension) is also elevated by the interaction of
the load-independent heart function (Ees and Eed).

l Load-independent heart function is altered in PH. Ees
(contractility) is increased to two- to fourfold, and
Eed (diastolic stiffness) is also increased to 2 w four-
fold. When interpreting load-dependent heart function
(for example, RV volume, RVEF, and CO), we should
keep in mind that these parameters are determined by
not only the RV but also the arterial load. Since the
RV is under hyper-contractile state in PH, reduced
RVEF and CO are not always equal to impaired
contractility of the RV.

l The RV couples to increased arterial load (Ea) by
increasing Ees. During the “coupling phase,” the ratio
of Ees to Ea is maintained between 1 and 2; here we
use coupling only in this strict sense, although the
term may be used in different manners. Since increased
Ees largely depends on RV hypertrophy, if the hypertro-
phic process is not successful, Ees/Ea is below 1
(“uncoupling phase”). During the uncoupling phase,
the RV needs to dilate to maintain SV. However, the
dilatation increases myocardial oxygen consumption
and further elevates wall stress/tension. In the advanced
stage of PH, the RV is exposed to higher wall stress
with oxygen inefficiency.
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Pulmonary vascular stiffening and
mechanobiological feedback in PH
pathogenesis

Pulmonary hypertension

Pulmonary hypertension (PH), defined as an elevated mean
arterial pressure in the pulmonary arterial (PA) circulation,
is a serious and potentially life-threatening condition
arising pathologically as a consequence of pulmonary
vascular remodeling.1 Common pathological features of
this condition include endothelial dysfunction, inflamma-
tion, matrix deposition, increased smooth muscle cell
(SMC) contractility, altered cellular metabolism, and
amplified vascular cell proliferation, all resulting in both
increased pulmonary vascular stiffening and elevated pul-
monary vascular resistance (PVR).2 Although these
changes are initially spread heterogeneously throughout the
pulmonary circulation and remain clinically silent, pro-
gressive disease manifests as exertional dyspnea, hypox-
emia, and increased workload on the right ventricle (RV).3

Severe disease leads to right heart failure and death. At
present, treatment options are limited to pulmonary vaso-
dilator therapies, and even these agents have not been
found to be helpful for many common etiologies of PH.4

These limitations have elicited extensive clinical research
into potential targets to disrupt and reverse the vascular
remodeling process.

Pulmonary vascular stiffening in clinical studies

PA stiffness has become increasingly appreciated as an
important disease marker that correlates with disease
severity, functional status, and PH mortality.2 Noninvasive
measures of proximal pulmonary vascular stiffness or
global PA capacitance have been associated with mortality
in pediatric pulmonary arterial hypertension (PAH) pa-
tients, idiopathic PAH (iPAH) cohorts, scleroderma-
associated PH, and PH in the setting of heart failure.5e10

Many of these studies showed that pulmonary vascular
stiffness measures were better predictors of mortality than
typically measured resistance indices,6,9,10 with particular
prognostic utility in patients with normal PVR.5,9,10

It is not surprising that PA stiffness measures provide
prognostic information, as arterial stiffening is the primary
determinant of pulsatile afterload in the RV (as discussed in
detail in Chapters 55 and 56), contributing approximately
23% of the RV workload.11 In contrast with the systemic
circulation, vessels throughout the pulmonary vascular tree
contribute to vascular capacitance and pulsatile after-
load,12,13 with proximal large arteries contributing only
15%e25% of the total oscillatory load.14 Global measures
of vascular stiffness thus carry information about the status
of vessels throughout the pulmonary tree, unlike resistance
measures that are primarily impacted by changes in small
arteries.

These clinical data and physiologic principles suggest
that typical clinical evaluation of PH without assessment of
pulmonary vascular stiffness will yield an incomplete
portrait of the disease. Several investigators have therefore
examined stiffness as a determinant of functional status,

a These authors contributed equally to this work.
b These authors contributed equally to this work.
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particularly in early PH. Hunter and colleagues examined
pulmonary vascular input impedance during right heart
catheterization in a PAH cohort and found that increased
input impedance was a better predictor of clinical wors-
ening than PVR index alone.15 MRI-derived measures of
proximal PA stiffness have been shown to be better pre-
dictors of poor functional status on 6-minute walk test than
standard resistive measures16 and are also altered early in
disease.17 During cardiopulmonary exercise testing,
decreased global PA distensibility predicts patients with
known or subsequently diagnosed PH at a time when they
had normal resting hemodynamics.18 In a different cohort
of patients with mixed etiologies of PH, PA distensibility
was a good independent predictor of peak oxygen con-
sumption in multivariable analysis.19 These clinical obser-
vations offer strong supportive evidence that pulmonary
vascular stiffening is an important early marker of disease
activity and a clinically important contributor to PH
morbidity and mortality.

Pathophysiology of pulmonary vascular
stiffening in disease progression

Pathophysiologic data from humans and animal PH models
have steadily accumulated in favor of a critical role for PA
stiffening as an early driver of disease. Stiffening of the
proximal pulmonary vasculature amplifies pulse-wave
transmission to the distal pulmonary arteries, and can
result in inflammation, shear stress, endothelial injury, and
smooth muscle remodeling.20,21 Distal pulmonary vascular
stiffening and muscularization increase the mean vascular
pressures and result in large vessel remodeling including
wall thickening, dilation, and alterations in extracellular
matrix (ECM).13,22 On a cellular level, changes in pulmo-
nary vascular stiffness in either location can alter gene
expression and cellular behaviors to promote proliferation
and metabolic changes, increased cytoskeletal tension, and
matrix alterations that reinforces local cell-matrix stiffness,
a process that has been termed mechanobiological
feedback.23e25 The net result of these macroscopic and
microscopic reinforcing feedback loops is pathologic pro-
gression from early pulmonary vascular stiffening toward
increasingly severe vascular remodeling, increased RV
afterload, and development of clinical disease.

Although often explained as a later response to changes
in the resistance vessels, seminal work in PH models has
demonstrated changes in the stiffness and structure of
proximal pulmonary vessels at early stages of PH patho-
genesis. Foundational work by Meyrick and Reid in the rat
hypoxia model noted increased PA diameter and doubling
of the elastic lamina thickness at 3e10 days post-
exposure.26 Further work in this model found increased
collagen and hydroxyproline synthesis within 3e5 days
that correlated with a doubling in stiffness throughout the

PA tree by pressureevolume loop analysis.27,28 Ex vivo
testing of mouse PAs after 1e2 weeks of hypoxia exposure
also showed an increase in elastic modulus and thickening
of collagen and elastin in the PA wall.29 In the mono-
crotaline (MCT) rat model, the Rabinovitch laboratory
found early disruption in the internal elastic lamina and
high elastase activity within days after injection, weeks
before hemodynamic changes.30 Hints of distal pulmonary
vascular stiffening were also seen by Meyrick and Reid,
who noted muscularization of intraacinar PAs at day 3 after
hypoxia or Crotolaria exposure.31 This neomuscularization
has more recently been found to arise from distal migration
and proliferation of SMC progenitor cells.32 Using atomic
force microscopy to directly measure passive mechanical
properties of frozen tissues, Liu et al. found a 1.5-2-fold
increase in PA stiffness in the media of small vessels
within 1 week of pathologic stimuli in both the MCT and
sugen/hypoxia rat PH models.24 Direct flow and pressure
measurements from the main PA in vivo in the MCT model
also demonstrate this early stiffening, indicating an early
and linear decrease in compliance throughout the disease
process before the development of a nonlinear change in
resistance properties.33

Stiffness of the proximal pulmonary vasculature is
determined in large part by the composition of the ECM
proteins in the laminae of the vessel wall. The most
prominent of these proteins are elastin, allowing flexibility,
and collagen, providing strength.27,28 Studies have shown
that vascular remodeling occurring from PH correlates with
inflammatory cell accumulation, elastin breakdown,
collagen production, and vessel dilation.34 The findings of
elastin degradation and collagen accumulation correlate
well with ex vivo biaxial strain testing of human PH tissue,
which demonstrate collagen-predominant mechanics
regardless of strain conditions.35 Proximal pulmonary
vasculature stiffening affects distal vessels by augmenting
pulse wave transmission and generating high pulsatile flow
distally (Fig. 57.1).20,21,36 Studies on the effects of flow
pulsatility on the endothelium and underlying smooth
muscle have demonstrated alterations in nitric oxide (NO),
prostaglandin-F1a, and endothelin production, increased
expression of leukocyte adhesion molecules, and alterations
in smooth muscle contractile proteins,20,21,36 all of which
contribute to distal remodeling. At the same time, early
distal vessel stiffening and muscularization from these and
other pathogenic processes will increase circumferential
stress in the proximal pulmonary vessels due to pulse wave
reflections and pressure-induced dilation.13 Locally, the
change in pulmonary vascular stiffness at the cellular level
activates mechanotransduction pathways including integ-
rins, cytoskeleton-associated kinases, mechanosensitive
calcium channels, and nuclear transducers to increase
expression of matrix proteins and cross-linking en-
zymes,24,25 alter metabolism,37 downregulate vasodilatory
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prostanoids,24,25 and drive proliferation, all reinforcing
vascular remodeling through mechanobiological feedback
(Fig. 57.2).2 In the remainder of this chapter, we will focus
on these molecular pathways that drive stiffness-mediated
signaling, and how targeting these pathways may offer
the potential to disrupt mechanobiological feedback and
pathologic pulmonary vascular remodeling in PH.

Regulation of smooth muscle
contractility and tone

In the absence of disease, contractility of arterial smooth
muscle regulates PA luminal diameter, thereby maintaining
normal pressures and adequate blood flow throughout the
pulmonary vasculature. In the setting of PH, several path-
ogenic stimuli, including PA stiffening, can lead to dysre-
gulation of pulmonary artery smooth muscle cell (PASMC)
contractile function, including increased tone and impaired
relaxation, through a variety of mechanisms. PH leads to
well-described dysregulation of the endothelial-derived
mediators of arterial stiffness, NO and endothelin-1
(ET-1), which induce smooth muscle vasodilation and
vasoconstriction, respectively.38,39 Throughout the vascular
tree, high pulsatility flow (HPF) increases ET-1 expression
and decreases endothelial nitric oxide synthase (eNOS)-
derived NO production, which enhance PA tone and lead to
increased vascular resistance and stiffness. Increased
proximal PA stiffness leads to further pulsatile flow and
propagates the dysfunction deeper into the pulmonary

vascular tree. Additionally, HPF upregulates expression of
contractile proteins such as a-smooth-muscle actin
(a-SMA) and smooth muscle myosin heavy chain.21,40,41

This may lead to hyperactive pulmonary vascular smooth
muscle contractility leading to sustained abnormal vaso-
constriction and thereby contributing to PH progression.42

During PH pathogenesis, several molecular pathways
are activated to enhance vasoconstriction via increased
phosphorylation of myosin light chain (MLC). Canonically,
adrenergic stimulation activates myosin light chain kinase
(MLCK) and induces PASMC contraction by activating
calcium-dependent channels in the endoplasmic reticulum
to increase cytosolic Ca2þ concentration ([Ca2þ]).41

Several mechanosensitive calcium channels have been
shown to play a role in enhancing MLCK activation and
vasoconstriction in response to mechanical signals. In
particular, the channels TRPV4, TRPM7, and TRPC6 have
been shown to be significantly upregulated in iPAH
PASMC compared with control cells,43 and correlate with
increased cytoplasmic calcium in response to shear stress.
In animal models, hypoxia-induced TRPV4 expression
correlates with increased vascular tone and TRPV4 defi-
ciency attenuates hypoxia-induced pulmonary vascular
remodeling in mice, indicating a significant role for these
stiffness-dependent ion channels in PH pathobiology.44

An alternative regulatory mechanism that enhances SMC
tone includes inhibition of MLC phosphatase (MLCP),
which counteracts the effects of MLCK. The most
well-studied mechanism of MLCP inhibition is the

FIGURE 57.1 Pulmonary arterial stiffening in the pathogenesis of pulmonary hypertension. Proximal and distal pulmonary arterial (PA) stiffening
and stiffness-dependent mechanobiological feedback loops, which propagate pulmonary vascular remodeling, play a key role in the pathobiology of
pulmonary hypertension (PH). Proximal PA stiffening may amplify pulse wave transmission to the distal pulmonary vasculature resulting in increased
shear stress and injury to pulmonary artery endothelial cells (PAEC), inflammation, and vascular cell remodeling behaviors that drive distal PA stiffening.
Distal PA stiffening can promote increased mean PA pressures (mPAP), leading to large PA vessel wall thickening, dilation, and extracellular matrix
(ECM) alterations which drive proximal PA stiffening. Together, this crosstalk between proximal and distal PA stiffening leads to increased pulse pressure
(PP) and impedance and elevated pulmonary vascular resistance (PVR) which increase right ventricular (RV) workload and ultimately may lead to RV
failure in PH. Modified from Dieffenbach PB, Maracle M, Tschumperlin DJ, Fredenburgh LE. Mechanobiological feedback in pulmonary vascular
disease. Front Physiol. 2018; 9:951.
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RhoA/ROCK pathway, which plays an important role in the
development of vascular diseases.45 RhoA GTPase is
activated by FAK and Src downstream of matrix stiffness-
induced activation of integrin signaling (Fig. 57.2)
(discussed in more detail below), as well as vasoconstriction-
activated G-protein coupled receptors. RhoA GTPase then
activates its downstream target RhoA-associated protein ki-
nase (ROCK), which inhibits MLCP and leads to enhanced
SMC contraction. RhoA is particularly important for sus-
taining enhanced tone and SMC contractility in the setting of
decreasing cytosolic [Ca2þ], and disruption of this process
with Rho kinase inhibitors has been shown to be highly
effective at decreasing vasoconstriction and contraction.41,46

Treatment with the ROCK inhibitor fasudil has been found
to suppress both MCT-induced PH and hypoxia-induced PH
in rodents,47,48 and has had modest success in early clinical
trials in PAH.49

Myocardin-related transcription factors (MRTFs) are
emerging as a key link between gene expression changes
and stiffness-driven cellular activation in PH and fibrotic
lung disease. These stiffness-dependent transcription fac-
tors are fundamental constituents of a profibrotic mecha-
nobiological feedback loop downstream of ECM stiffness
and RhoA/ROCK (Fig. 57.2).50,51 MRTFs form complexes

with monomeric soluble G-actin, sequestering them in the
cytoplasm. With increased mechanical stress or migration,
G-actin becomes polymerized into F-actin filaments and
forms stress fibers, releasing MRTFs from cytoplasmic
complexes and allowing for their nuclear translocation.
There, MRTFs act as cofactors for serum response factor to
modulate expression of a transcriptional program central to
SMC contractile machinery50,52,53 including a-SMA,54

which may drive pulmonary vascular remodeling in PH.
MRTFs have also been linked to activation of inflammatory
responses in SMCs, endothelial cells, and myofibroblasts,
and are known to be downstream effectors of profibrotic
signaling.2 Inhibition of MRTF-A using shRNA reduced
collagen deposition and significantly attenuated the devel-
opment of PH in hypoxia-exposed rats.55

Proliferation

At the cellular level, one of the most striking effects of
ECM stiffness is the development of a hyperproliferative
phenotype in PASMC and pulmonary artery endothelial
cells (PAEC), which may contribute to the medial hyper-
trophy, neointimal formation, and plexiform lesions
observed in PAH. This is nicely illustrated in vitro, where

FIGURE 57.2 Molecular mechanisms of mechanobiological feedback in pulmonary hypertension. Increased extracellular matrix stiffness activates
mechanotransduction pathways, which promote vascular cell proliferation and pulmonary vascular remodeling and amplify pulmonary vascular stiffening
in a mechanobiological feedback loop in pulmonary hypertension (PH). Key molecular pathways include integrins, cytoskeleton-associated kinases,
mechanosensitive calcium channels, and nuclear transducers such as myocardin-related transcription factors (MRTF) and the Hippo pathway downstream
effectors Yes-associated protein (YAP) and transcriptional coactivator with PDZ-binding motif (TAZ). Matrix stiffness regulates activation of integrin
signaling and key intracellular mechanosensors, focal adhesion kinase (FAK) and steroid receptor coactivator (Src), which can activate Rho GTPase and
its downstream target Rho-associated protein kinase (ROCK) and increase pulmonary artery smooth muscle cell contraction. FAK and Src also regulate
the Hippo pathway and when activated may suppress Merlin, leading to inactivation of MST1/2 and LATS1/2 and promoting nuclear translocation of
YAP/TAZ. When activated, nuclear YAP/TAZ bind to transcription factors to drive mechanical signaling leading to enhanced proliferation and apoptosis
resistance in pulmonary vascular cells. Stiffness-induced F-actin polymerization and stress fiber formation also liberates MRTF from G-actin cytoplasmic
complexes allowing it to translocate to the nucleus where it regulates smooth muscle cell contractile genes which contribute to vascular remodeling in PH.
Modified from Dieffenbach PB, Maracle M, Tschumperlin DJ, Fredenburgh LE. Mechanobiological feedback in pulmonary vascular disease. Front
Physiol. 2018; 9:951.
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human PASMC and PAEC demonstrate exaggerated pro-
liferation and enhanced matrix production when grown on
stiff matrices (mimicking remodeled PAs) compared with
soft matrices mimicking physiologic PA stiffness.24 This is
accompanied by transcriptional changes in mechanosensi-
tive genes which serve to further amplify proliferation and
pulmonary vascular remodeling in a self-sustaining
mechanobiological feedback loop.24,25 The feed-forward
loop initiated by stiffness-induced pulmonary vascular
cell activation has led to investigation of matrix alterations
and proproliferative mechanotransduction pathways as
potential early contributors to PH pathogenesis.

Under homeostatic conditions, the ECM is regulated by
a balance of proteolytic enzymes and their endogenous
tissue inhibitors. In PAH, this balance becomes disrupted,
leading to increased collagen production, deposition, and
cross linkage. Increased deposition of type I, III, and IV
collagen is observed in animal models of PH, and type III
collagen levels correlate with severity and rapidity of dis-
ease progression in PAH.56,57 Following increases in
collagen deposition, ECM components such as tenascin-C
(Tn-C), fibronectin, and serine elastases may accumulate
in pulmonary arteries of PAH patients.58,59 Tn-C is an
ECM glycoprotein that is known to play a pivotal role in
regulating cell adhesion, and whose expression correlates
with PASMC proliferation in PAH.58 Fibronectin, a key
integrin ligand, is upregulated in intimal lesions and plays a
role in medial smooth muscle remodeling in PAH.60 These
matrix alterations lead to increased stiffness in the intra-
vascular and perivascular regions, particularly in smaller
pulmonary vascular beds.34 In proximal PAs and small
arteries that contain an elastic lamina, serine elastases,
which are upregulated in PAH and colocalize with
pathological neointimal lesions, play a key role in vascular
mechanics.61 This accumulation of collagen and degrada-
tion of elastin by serine elastases result in lower arterial
compliance and increased PA stiffness.62 On a cellular
level, elastin fragmentation promotes PASMC remodeling
through liberation of matrix-bound mitogens and exposure
of novel integrin binding sites.63e65 Inhibition of serine
elastases can lead to regression of progressive medial PA
hypertrophy in culture ex vivo66 and has been shown to
attenuate pulmonary vascular remodeling in PH
models.67e70

Alterations in levels of matrix metalloproteinases
(MMPs) and their endogenous inhibitors, tissue inhibitors
of metalloproteinases (TIMPs), can also increase extracel-
lular stiffness in PAH.71 MMPs are a family of zinc-
dependent endopeptidases that reduce matrix stiffness by
degrading ECM proteins including collagen and elastin.72

MMPs also influence endothelial and SMC migration,
proliferation, and contraction, and thus play an important
role in vascular tissue remodeling in PAH. Under normal
conditions, MMP levels are regulated by TIMPs, and the

MMP/TIMP ratio is essential for maintaining ECM ho-
meostasis.73 In PAH, this normal MMP/TIMP balance
becomes disrupted, leading to changes in ECM environ-
ments (Fig. 57.2). MMP-2 and MMP-9, the most efficient
MMPs at degrading collagen, have been associated with
vascular SMC activation and neointimal formation in
arterial tissue remodeling in PAH,74e76 and are increased in
PASMC from iPAH patients.63 MMP-9 levels have also
been to found to correlate with disease severity in
PAH.14,57 In addition, MMP-3, which is likely to be a
critical regulator of arterial stiffness due to its interactions
with most major matrix components, is significantly
reduced in human iPAH cells.71,77 TIMP-1 and TIMP-2 are
also increased in iPAH71 and may be indicative of active
vascular remodeling and reflect clinically relevant markers
of disease and outcome in PAH.57 While several animal
models of PH suggest roles for MMP-2, MMP-9, and
MMP-3 in disease pathogenesis,78,79 studies of other MMP
subtypes differ across animal models used, making it
difficult to determine their roles in PAH from animal
models alone.14 Further work is needed to precisely
delineate the roles of different MMP and TIMP subtypes in
regulating ECM stiffness and PH pathogenesis.

Changes in ECM stiffness are transmitted intracellularly
by integrins (Fig. 57.2), which act as both signaling re-
ceptors and physically connect the ECM to the cytoskel-
eton.80 Upon binding to the ECM, most notably fibronectin,
integrins connect to the intracellular actomyosin system via
linking proteins such as talin and vinculin, initiating
downstream mechanosignaling.81 In animal models,
increased expression of a1-, a8-, and av-integrins and
decreased expression of a5- and b1-integrins has been
observed in PAs from hypoxia-exposed and MCT-treated
rats.82 Activation of MMPs also leads to accumulation of
avb3 integrin, which interacts with many ECM ligands
including fibronectin, collagen, and several MMP sub-
strates.63 Several studies have demonstrated that avb3
integrin is associated with increased SMC proliferation and
migration as well as decreased SMC apoptosis,83,84 sug-
gesting an important role for avb3 integrin in mediating
stiffness-induced vascular cell activation and remodeling in
PH.

When integrins are activated, their cytoplasmic domains
associate with focal adhesions (FAs), which directly
transmit forces between the ECM and the cytoskeleton.
These forces are also translated into signaling pathways via
mechanotransduction. The steroid receptor coactivator
(Src) family of tyrosine kinases and focal adhesion kinase
(FAK) are two important proteins that are activated and
recruited by ligand-bound integrins to FAs and modulate
cytoskeletal proteins via mechanotransduction
(Fig. 57.2).14,85,86 Increased activation of FAK and Src has
been observed in PAH PASMC and are associated with
enhanced proliferation and migration.87e90 Inhibition of
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either FAK and Src activation has been shown to attenuate
experimental PH in rodent models,87,88 suggesting potential
roles for FAK and Src in driving stiffness-dependent pul-
monary vascular remodeling in PAH.

The Hippo pathway has emerged as playing a critical
role in mediating the effects of ECM stiffness on vascular
remodeling phenotypes in PAH, particularly via the
homologous transcriptional coactivators, Yes-associated
protein (YAP) and transcriptional coactivator with PDZ-
binding motif (TAZ) (Fig. 57.2). Canonically, Hippo
signaling suppresses cell proliferation by inactivating YAP/
TAZ, which promote downstream proproliferative and
antiapoptotic signaling pathways. Hippo pathway compo-
nent FERM domain-containing tumor suppressor NF2
(neurofibromatosis type 2)/Merlin activates MST1/2 and
serine-threonine kinases LATS1/2 which leads to seques-
tration of YAP/TAZ in the cytoplasm for degradation.91e93

Increased ECM stiffness and enhanced integrin signaling
through FAK and Src may downregulate the Hippo
pathway by suppressing Merlin, leading to inactivation of
MST1/2 and LATS1/2, and nuclear translocation of YAP/
TAZ. Nuclear accumulation of YAP/TAZ activates a
transcriptional program that may promote a hyper-
proliferative and apoptosis-resistant phenotype in PASMC
and PAEC in PAH. While the Hippo pathway is the ca-
nonical YAP/TAZ regulator, there may also be relevant
YAP/TAZ phosphorylation-independent modifiers of YAP/
TAZ localization, including ECM rigidity, strain, and shear
stress.94

Nuclear YAP/TAZ target a number of promoter-specific
transcription factors to drive mechanical signaling,
including the transcriptional enhancer activator domain
(TEAD) family, which promote cellular proliferation and
survival.93 Upregulation of YAP/TAZ activity in response
to matrix stiffness promotes collagen deposition and
cross-linking, and is necessary for the development of
stiffness-dependent vascular remodeling in PH.23,25 This
demonstrates the potential for a pathological positive
feedback loop between YAP/TAZ upregulation and ECM
stiffness. Promising in vivo studies have shown that phar-
macological inhibition of YAP/TAZ leads to significant
reductions in pulmonary vascular stiffness, RV pressures,
and RVH in animal models of PH.95

In addition to the Hippo pathway, the transforming
growth factor-b (TGF-b)/bone morphogenetic protein
(BMP) pathway contributes to proliferative phenotypes in
PAH. Bone morphogenetic protein type 2 receptor
(BMPR2), a TGF-b receptor, is particularly relevant as
mutations in the BMPR2 gene are present in 70% of heri-
table PAH cases and underly many cases of iPAH.96 Loss
of BMPR2 function promotes PASMC proliferation via
altered TGF-b1 signaling. In addition to enhancing
PASMC proliferation, exaggerated TGF-b1 signaling may
regulate many cellular responses including inflammation,

angiogenesis, and migration, many of which are altered in
PAH.97 Recent studies have sought to understand the role
of BMPR2 mutations in PAH development, particularly as
the penetrance of PAH in families with BMPR2 mutations
is only around 20%. While loss of BMP signaling induces
PASMC hyperproliferation, disruption of BMPR2 in-
creases apoptosis in PAEC in PAH.98 PAEC transfected
with mutant BMPR2 demonstrate enhanced apoptosis and
release more TGF-b compared with control cells.99

Disruption of normal TGF-b signaling is communicated via
paracrine signaling from PAEC and leads to increased
PASMC proliferation.99,100 Similarly, HPF that mimics
PAH environments in vitro has been found to increase
PAEC apoptosis and TGF-b release (Fig. 57.3) and induce
PASMC proliferation.99

Matrix stiffness has also been shown to alter endothelial
responses to vascular endothelial growth factor
(VEGF).101,102 VEGF and its receptor 2 (VEGFR-2) regu-
late proper endothelial cell (EC) differentiation and function,
and their signaling may be affected by ECM stiffness in
PAH. Inhibition of VEGFR-2 with SU5416 initially causes
PAEC apoptosis, but is followed by hyperproliferation of the
remaining apoptosis-resistant PAEC in the setting of
increased shear stress103 and hypoxia leading to develop-
ment of plexiform lesions in vivo.104 Further studies are
required to elucidate the effects of PA stiffness on BMP/
TGF-b and VEGF signaling, as well as crosstalk between
BMP/TGF-b, VEGF, and the Hippo pathway in driving
stiffness-induced vascular remodeling in PAH.

Inflammation and endothelial
dysfunction

Ongoing investigation into PAH pathogenesis has
frequently highlighted a role for inflammatory signaling.
Both innate immune cells and adaptive immune lympho-
cytes are found in the interstitium and tertiary lymphoid
tissue around remodeled vessels in human PAH and rodent
PH models.105 Furthermore, many inflammatory cytokines,
such as IL-1b, IL-2, IL-4, IL-6, IL-8, IL-10, IL-12, p70,
and tumor necrosis factor-a (TNF-a), are more highly
expressed in PAH patients compared to controls.106 Not
surprisingly, there is extensive crosstalk between inflam-
mation, endothelial dysfunction, and vascular stiffness.
Inflammation-induced vascular leak and edema can lead to
arterial stiffening and increased tone prior to collagen
deposition and fibrosis, while altered blood flow and matrix
characteristics due to vessel stiffening can enhance in-
flammatory cell migration and inflammatory signaling.107

Matrix stiffness is a critical mediator of endothelial
barrier characteristics due to its impact on cellecell and
cell-matrix adhesion properties. In stiff ECM environments,
ECs have punctate expression of VE cadherin, a principle
cellecell junction protein, as compared to on softer matrix,
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where VEecadherin junctions are continuous between
ECs.108 Stiffness also increases EC permeability through
Rho force transmission via enhancing EC actomyosin-
mediated contractility.109 Increased intracellular contrac-
tile function leads to cell edge retraction and disruption of
tight junctions, which subsequently allows for infiltration of
circulating immune cells (Fig. 57.3).110 Consequently, ECs
grown on stiff matrix have enhanced leukocyte trans-
migration, increased expression of inflammatory cytokines,
and higher induction of leukocyte adhesion molecules in
response to inflammatory stimuli such as TNF-a or lipo-
polysaccharide.111,112 The synergistic effects of inflamma-
tion on vascular remodeling are also demonstrated by the
induction of fibronectin, collagen 1, and lysyl oxidase,112

which contribute to progressive matrix stiffening.

Early pulmonary vascular stiffening in PH also induces
inflammation through alterations in vascular flow charac-
teristics and subsequent endothelial injury (Fig. 57.3). Like
most endothelial stressors, HPF and shear-induced injury
can lead to expression of endothelial adhesion molecules
and induction of cytokines that enhance inflammatory cell
recruitment.105 Nuclear factor-kappa B (NF-kB) is a tran-
scription factor known to be involved in flow-mediated
inflammatory responses in endothelial cells,113e115 and
has been found to be strongly activated early and contin-
uously by high-pulsatility flow36 and mechanical stretch.116

In vivo, NF-kB contributes to vascular inflammation by
recruiting leukocytes to perivascular regions of PAs during
vascular remodeling.117 Inhibition of NF-kB attenuates
peri-vascular inflammation, development of PH, and RVH

FIGURE 57.3 Biological mechanisms and effects of pulmonary arterial stiffening in endothelial cells in pulmonary hypertension. Proximal
pulmonary arterial (PA) stiffening increases flow pulsatility in the distal vasculature which may cause endothelial injury leading to pulmonary artery
endothelial cell (PAEC) apoptosis, vascular leak, and hyperproliferative repair in pulmonary hypertension (PH). Stiffness-induced endothelial barrier
disruption allows for immune cell infiltration and increased expression of inflammatory cytokines including tumor necrosis factor (TNF)-a, transforming
growth factor (TGF)-b, and interleukin (IL)-1b, which may promote endothelial to mesenchymal transition (EndoMT). Bone morphogenetic protein
(BMP) and vascular endothelial growth factor (VEGF) signaling may modulate endothelial cell responses to PA stiffness-induced alterations in flow and
endothelial injury and may promote hyperproliferative repair in PH. Metabolic reprogramming and mitochondrial dysfunction may also occur in PAEC in
PH with a shift from oxidative phosphorylation to glycolysis, which is dependent on hypoxia-induced factor (HIF)-1a. Matrix stiffness activates YAP/
TAZ which may promote HIF-1a stabilization as has been observed in cancer cells, although further study is necessary in PH. Stiffness-induced YAP/
TAZ activation upregulates glutaminase 1 (GLS1), which promotes glutaminolysis and drives hyperproliferation in pulmonary vascular cells. Together,
these stiffness-induced endothelial responses drive pulmonary vascular remodeling and propagate distal and proximal PA stiffening in a mechanobio-
logical feedback loop.
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in rodent models.117,118 One of the key proinflammatory
cytokines regulated by NF-kB is IL-6, which has been
found to be increased and associated with mortality in
PAH.106 Overexpression of IL-6 in the lung leads to
spontaneous PH and RVH development in mice, which is
exacerbated by hypoxia and leads to occlusive neointimal
angioproliferative lesions composed of T cells and endo-
thelial cells.119 IL-6 and other inflammatory cytokines have
also been shown to drive PASMC proliferation120 and
contribute to endothelial to mesenchymal transition
(EndoMT),121 likely further enhancing vascular stiffening
in PH (Fig. 57.3). This crosstalk between inflammation and
pulmonary vascular stiffening is an important contributor to
PH pathophysiology that would benefit from further
investigation.

Endothelial to mesenchymal transition

EndoMT is emerging as another phenotype which may
contribute to endothelial dysfunction and vascular remod-
eling in PAH,121,122 and may be dependent on ECM stiff-
ness. ECs in the pulmonary vasculature normally act as a
barrier between blood components such as inflammatory
cells and tissues and remain in a monolayer comprising the
vessel wall. In PAH, inflammatory processes and altered
TGF-b/BMPR2 signaling have been shown to compromise
this barrier and contribute to the induction of mesenchymal
markers, intimal thickening, and medial migration of
endothelial cells, a process known as EndoMT
(Fig. 57.3).121 In vitro, EndoMT is stimulated by increased
TGF-b receptor signaling from TGF-b and cytokines
leading to migration and further decreased barrier integrity
in PAEC.121,123

During EndoMT, PAEC become elongated and lose
EC-specific adhesion proteins that help maintain barrier
integrity such as CD31/PECAM-1 and VE-cadherin.124,125

These PAEC then detach from the endothelial layer and
change their morphologic characteristics. They take on a
more mesenchymal-like phenotype with increased collagen
deposition and a-SMA expression. BMPR2 signaling has
been shown to attenuate EndoMT phenotypes, and cells
with BMPR2 mutations have enhanced EndoMT induc-
tion.97,126 In animal models of PH, hypoxia has been shown
to increase expression of transcriptional drivers of
EndoMT.122,127 In vitro, inflammatory cytokines IL-1b, IL-
6, TNF-a, and reactive oxygen species (ROS) induce
EndoMT through TGF-b pathway activation, indicating
that inflammatory signaling promotes EndoMT. ET-1 has
synergistic effects with TGF-b and cytokines in inducing
EndoMT, which is of interest given the role of ET-1 in
proximal pulmonary artery stiffening.128 In addition, HPF
has been shown to induce EndoMT and activate adventitial
fibroblasts.129

YAP/TAZ signaling has been implicated in EndoMT in
the cardiovascular system, with downregulation of YAP
disrupting EndoMT in vitro and in vivo, leading to cardiac
cushion defects in EC-specific YAP knockout mice.130

EndoMT can also be induced by canonical Wnt signaling.
In a myocardial infarction model and using lineage tracing,
one group demonstrated that the Wnt pathway was acti-
vated in a-SMA-positive mesenchymal cells derived from
ECs.131 In vitro, activation of canonical Wnt signaling was
associated with induction of mesenchymal markers and
reduction in endothelial markers in endothelial cells.131

Furthermore, TGF-b1-induced EndoMT in aortic valvular
endothelial cells was enhanced in cells grown on stiff
substrates and was accompanied by increased nuclear
localization of b-catenin.132 Further research is needed to
determine the role of ECM stiffness and the Hippo
pathway, as well as crosstalk with Wnt signaling, in driving
EndoMT in PAH.

Angiogenesis

Vascular stiffness may also contribute to PH pathogenesis
via upregulation of proangiogenic signaling.108,133 Circu-
lating levels of VEGF are elevated in PAH patients and
VEGF and VEGFR-2 are both robustly expressed in pul-
monary vascular neointimal lesions.134 Leukocyte recruit-
ment in PAH may lead to release of many proangiogenic
factors that induce resident vascular cells to initiate new
vessel growth.135e137

Several groups have demonstrated that MMPs, in
addition to modulating ECM, regulate angiogenesis.
MMP-9, which is increased in PAH patients, regulates the
bioavailability of VEGF and has been shown to increase
angiogenesis in metastatic cancer.138,139 MMP-13 also
stimulates VEGF secretion and promotes tumor angiogen-
esis through FAK signaling.140 Membrane-bound MMP-14
regulates localization of VEGFR-2 on the cell surface and
is required for increased angiogenesis in cancer.108,141

MMP-2 is also localized at the cell surface during angio-
genesis by interactions with integrin avb3, which, along
with other av integrins, are known to be overexpressed on
the EC surface of newly forming vessels.142 Studies in solid
tumors have also found that increased Rho/ROCK-
dependent cytoskeletal tension in ECs allow for capillary
network formation.143

Hippo pathway mechanotransduction has also been
associated with angiogenesis downstream of VEGF
signaling. VEGFR activation inhibits MST1/MST2 and
LATS1/LATS2, thus indirectly upregulating YAP/TAZ.144

YAP/TAZ likely play a critical role in vascular sprouting,
branching, and angiogenesis, as EC-specific YAP/TAZ
knockout mice are embryonically lethal with heart and
vascular malformations.145 In addition, YAP knockdown
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results in defective EC tubular network formation.146 One
of the key transcriptional regulatory targets of YAP in ECs
is angiopoietin-2 (Ang-2), a vascular growth factor secreted
by ECs at active remodeling sites that demonstrates
context-specific regulation of angiogenesis.144,146 The
interactions between YAP/TAZ, VEGF, and Ang-2 and
their in vivo consequences suggest an important role for
stiffness and YAP/TAZ signaling in the regulation of
angiogenesis; however, the crosstalk and effects on
vascular remodeling in PAH has not yet been clearly
established. While many studies demonstrate the role of
stiffness-associated signaling and angiogenesis in the field
of oncology, further work is needed to determine how

mechanotransduction contributes to regulation of angio-
genesis in PAH pathobiology.

Metabolic reprogramming and
mitochondrial dysregulation

Metabolic reprogramming, also called the Warburg effect,
refers to the shift from oxidative phosphorylation to aerobic
glycolysis in order to meet cellular energy requirements
(Fig. 57.4).147 Abnormalities in metabolic reprogramming
have been increasingly recognized as pathologic contribu-
tors to many diseases including asthma, obesity, diabetes,
chronic obstructive pulmonary disease, PAH, and
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FIGURE 57.4 Vascular stiffness and mitochondrial dysfunction in pulmonary arterial hypertension. Metabolic reprogramming and mitochondrial
dysfunction are increasingly recognized as contributing to the pathobiology of pulmonary arterial hypertension (PAH) with a shift from glucose oxidation
to glycolysis (Warburg effect). Stabilization of the transcription factor HIF-1a leads to upregulation of PDK, PDH inactivation, and inhibition of pyruvate
conversion to acetyl-CoA. Stiffness-induced YAP/TAZ activation may play a role in HIF-1a stabilization in PAH, as has been observed in malignant cells.
Stiffness-mediated YAP/TAZ activation also enhances GLS1-dependent glutaminolysis, replenishing the TCA cycle metabolite a-ketoglutarate which
may contribute to amino acid and nucleic acid biosynthesis in hyperproliferative pulmonary vascular cells. Other mitochondrial abnormalities in PAH
include an increase in the mitochondrial membrane potential (Jm), alteration in mitochondrial-derived ROS generation, reduced mitochondrial biogenesis
(decreased PGC-1a), and enhanced mitochondrial fission/fragmentation (increased Drp1, decreased Mfn2). Much less is known about mitophagy, the
process of removing damaged mitochondria, in PAH and whether it may contribute to reduced mitochondrial mass and pulmonary vascular remodeling
phenotypes. While it is unknown whether vascular stiffness regulates mitochondrial dynamics in PAH, YAP has been shown to modulate expression of
Drp1 and regulate mitochondrial fission and mitochondrial membrane potential during myofibroblast differentiation. Further study is needed to elucidate
the effects of pulmonary vascular stiffening on mitochondrial quality control and metabolic dysfunction in PAH. Acetyl-CoA, acetyl coenzyme A; a-KG,
a-ketoglutarate; Drp1, dynamin-related protein 1; GLS1, glutaminase 1; HIF-1a, hypoxia-induced factor-1a; IMM, inner mitochondrial membrane; LC3B,
microtubule-associated protein 1 light chain-3B; Mfn2, mitofusin 2; OMM, outer mitochondrial membrane; P, phosphoryl group; PDH, pyruvate
dehydrogenase; PDK, pyruvate dehydrogenase kinase; PGC-1a, Peroxisome proliferator-activated receptor-g coactivator 1a; PINK1, PTEN-induced
kinase 1; ROS, reactive oxygen species; SOD2, superoxide dismutase 2; TAZ, transcriptional co-activator with PDZ-binding motif; TCA, tricarboxylic
acid; TOM, translocase of the outer membrane; Ub, ubiquitin; YAP, Yes-associated protein; Jm, mitochondrial membrane potential. Red text denotes
pathways that are increased in PAH, while green text indicates pathways that are downregulated in PAH.
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particularly malignancies.148,149 Given the known changes
in proliferative capacity and dedifferentiation that occur
during PAH pathogenesis, it is perhaps unsurprising that
the Warburg effect has been consistently found in arterial
vascular cells in PAH patients and rodent PH models.150

Endothelial cells engineered to overexpress BMPR2
mutations found in patients with hereditary PAH also
demonstrate increased glycolysis and the Warburg effect in
culture, indicating that this reprogramming may be an
important “first hit” in PAH pathogenesis.151

Enhanced glycolysis is well-established downstream of
hypoxia-induced factor-1a (HIF-1a) activation in the
setting of hypoxia, but the mechanism of Warburg activa-
tion under normoxic conditions in pulmonary vascular cells
during PAH pathogenesis has been less understood until
recently. An early clue was the effectiveness of the pyru-
vate dehydrogenase kinase (PDK) inhibitor dichloroacetate
(DCA) in driving PAH-derived PASMC apoptosis and
partially reversing PH in animal models.152 PDK is a direct
target of HIF-1a (Fig. 57.4), and implied likely HIF-1a
stabilization during normoxic pulmonary vascular remod-
eling, a finding that was subsequently verified.152 There is
some evidence that superoxide dismutase 2 (SOD2) defi-
ciency, which has been seen in human PAH and pulmonary
vascular cells, may be a key underlying contributor to HIF-
1a stabilization, and likely underlies spontaneous PH
observed in fawn-hooded rats.153 Although understudied in
PH, TAZ forms a complex with HIF-1a in the
nucleus,154e156 and HIF-1a and TAZ act synergistically as
reciprocal coactivators in breast cancer cells.154 YAP has
also been found to be essential for HIF-1a stabilization in
the setting of malignancy.157 It is therefore highly plausible
that HIF-1a stabilization in the absence of hypoxia is, in
some part, promoted by stiffness-dependent YAP/TAZ
activation, but further study is needed to confirm this
hypothesis.

Enhanced glycolysis has a profound effect on cellular
metabolic activity, most directly via decreased flux through
the electron transport chain, generating high membrane
potentials and decreased mitochondrial ROS production
that alter multiple mitochondrial functions (Fig. 57.4).
Mitochondrial dynamics, including biogenesis, fission/
fusion, and turnover (mitophagy), remain understudied in
PH. One intriguing line of research from the Archer group
has demonstrated fragmentation of mitochondria associated
with an increase in one of the major proteins controlling
mitochondrial fission, dynamin-related protein 1 (Drp1).
Inhibition of Drp1 using a small molecule inhibitor or
siDrp1 leads to antiproliferative, proapoptotic effects
in vitro and partially ameliorates PH in murine models.158

Intriguingly, the mechanism of Drp1 activation in this
setting is unknown, but YAP activity at least appears to
indirectly regulate Drp1 in developing myoblasts,159 again
suggesting a possible connection to stiffness-dependent

mechanotransduction. Further study on mitochondrial
dynamics in the setting of pulmonary vascular stiffening
and early PH pathogenesis will hopefully provide a clearer
sense of how these two pathogenic phenotypes intersect.

In proliferating cells with enhanced glycolysis, mito-
chondrial activity via the tricarboxylic acid (TCA) cycle is
still required to facilitate production of amino acids and
nucleic acids. Increased TCA activity, which has been
observed in human PAH lungs,160 leads to upregulation of
metabolic pathways for TCA intermediates. One such
pathway is glutaminolysis, which converts glutamine into
the TCA cycle metabolite a-ketoglutarate. Recent work has
shown that the key enzyme in this process, glutaminase 1
(GLS1), is activated by increased vascular stiffness via a
YAP/TAZ-mediated pathway in pulmonary vascular cells
(Fig. 57.4).37 Pharmacological inhibition of either YAP or
GLS1 attenuates increases in right ventricular systolic
pressure (RVSP) and pulmonary vascular remodeling in the
MCT-induced PH model in rats.37 Enhanced gluta-
minolysis has also been observed in the RV in experimental
PH, and inhibition of glutaminolysis has been shown to
attenuate RV cardiomyocyte hypertrophy and restore
normal glucose oxidation.161 This evidence strongly
suggests that targeting mechanical signaling may have a
significant impact on metabolic derangements observed in
PAH. These intriguing links between mitochondrial
dynamics, metabolic reprogramming, and mechano-
transduction are summarized in Fig. 57.4.

Targeting PA stiffness and
mechanotransduction in PH

Accumulating evidence has demonstrated that early PA
stiffening is a major driver of vascular remodeling in PH by
promoting mechanical signaling in pulmonary vascular
cells. Inhibition of early ECM remodeling, pulmonary
vascular stiffening, and mechanotransduction attenuates
vascular remodeling and development of PH in preclinical
models. Therapeutic targeting of ECM remodeling and
mechanotransduction pathways has the potential to inter-
cept mechanobiological feedback and arrest or reverse PA
stiffness-induced vascular remodeling in PH (Table 57.1).

Inhibition of serine elastase with elafin reduces ECM
accumulation and has shown promising results in preclin-
ical PH models69,162; it is currently being evaluated in
early-phase clinical trials. In addition to increased collagen
deposition, enhanced collagen cross-linking, which con-
tributes to ECM remodeling and pulmonary vascular stiff-
ening, may be a potential novel mechanobiological target in
PH. Lysyl oxidases (LOX) are key collagen cross-linking
enzymes upregulated in PAH and experimental PH,163 and
inhibition of their activity with BAPN prevents ECM
remodeling and attenuates PH in rodent models.23,37,163

While no studies to date have evaluated LOX inhibitors in
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TABLE 57.1 Potential mechanobiological therapeutic targets in pulmonary hypertension.

Mechanosensitive

target Drug/Molecular target Preclinical Clinical trial

ECM remodeling

Serine elastase
inhibitor

SC-39026, SC-37698,
M249314, ZD0892

Attenuates/reverses hypoxia- and
MCT-induced PH in rats67,68,70

Elafin Reverses sugen/hypoxia-induced PH in
rats; elafin transgenic mice protected
from hypoxia-induced PH69,162

Phase 1 (NCT03522935)

Lysyl oxidase (LOX)
inhibitor

b-aminopropionitrile
(BAPN)

Prevents/rescues hypoxia-induced PH in
mice23,163; attenuates MCT-induced PH
in rats37

PXS-5505 (Pharmaxis) Phase 2 (myelofibrosis)

Lysyl oxidase-like 2
(LOXL2) inhibitor

LOXL2 small molecule
inhibitor (Pharmaxis)

Phase 2 planned (NASH, cardiac
fibrosis, idiopathic pulmonary
fibrosis [IPF])

Simtuzumab (LOXL2
monoclonal antibody)

Negative phase 2 in IPF164

Transglutaminase-2
(TG2)

ERW1041E (TG2
inhibitor)

Attenuates ECM remodeling and RVSP
but not RVH in mouse sugen/hypoxia
model165,166; hypoxia-induced PH
attenuated in VSMC-specific TG2
knockout micea

ZED1227 Phase 2 (celiac disease)

TGF-b signaling TGF-b receptor I (ALK5)
inhibitor SD-208, TGF-b
antibody T9429

Attenuates MCT-induced PH in
rats167,168

TGFBRII-Fc (TGF-b1/3
ligand trap)

Attenuates MCT-induced PH and sugen/
hypoxia- induced PH in rats and sugen/
hypoxia-induced PH in mice, improves
established PH in rats induced by MCT
and sugen/hypoxia169

ACTRIIA-Fc (GDF8/11
and activin ligand trap)

Attenuates PH development and
improves established PH induced by
MCT and sugen/hypoxia in rats170

Sotatercept (GDF8/11
and activin ligand trap)

Phase 2 trial showed improvement
in PVR and
6-minute walk distance at 24 weeks
in PAH patients (NCT03496207,
NCT03738150)171,172; phase 3 in
PAH (NCT04576988)

Mechanosensors

FAK PF-573228, FAK siRNA Inhibits MCT-induced PH in rats88

GSK-2256098 Phase 2 in pancreatic cancer
(NCT02428270)

Defactinib (VS-6063) Phase 1 in advanced pancreatic
cancer (NCT02546531), phase 1/2a
in advanced solid malignancies
(NCT02758587)

Continued
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patients with PH, a Phase 2 trial of simtuzumab, a mono-
clonal antibody against lysyl oxidase-like 2 (LOXL2),
showed no significant improvement in progression-free
survival in patients with idiopathic pulmonary fibrosis
(IPF).164 A LOX inhibitor PXS-5505 is in Phase 2 trials for
myelofibrosis and a small molecule inhibitor of LOXL2 is
currently being developed for study in nonalcoholic stea-
tohepatitis (NASH), cardiac fibrosis, and IPF. Tissue
transglutaminase (TG2), which promotes cross-linking of
ECM proteins with serotonin and leads to increased ECM
stability and tissue rigidity,175 is emerging as another po-
tential mechanobiological target in PH. TG2 expression and
activity are upregulated in rodent models of PH165,176 and
TG2 inhibition with ERW1041E reduces ECM production
and attenuates RVSP in the sugen hypoxia model in
mice.165,166 While a Phase 2 trial of the oral TG2 inhibitor
ZED1227 is underway in celiac disease, TG2 inhibitors
have yet to be studied in PH or fibrotic diseases.

Integrins relay critical mechanical information from the
ECM to key intracellular mechanosensors such as FAK,

Src, and Rho/ROCK, and downstream transcriptional
mechanotransducers such as YAP/TAZ and MRTF-A, all
of which may be potential mechanobiological targets in PH.
Integrin signaling also activates latent TGF-b,177 which
drives EndoMT and leads to further matrix stiffening and
amplification of pulmonary vascular remodeling in PH.
Small molecule inhibitors of different integrins are under
investigation in fibrotic diseases with an ongoing Phase 2a
trial of a dual selective avb6/avb1 integrin inhibitor, PLN-
74809, in IPF (NCT04072315). While integrins have been
less well-studied in PH, small molecular inhibitors of TGF-
b signaling have been shown to be beneficial in animal PH
models.167,168 Most recently, a selective TGF-b 1/3 ligand
trap has been shown to attenuate and reverse established
PH in experimental models.169 Furthermore, treatment with
a ligand trap targeting ACTRIIA ligands activin and GDF8/
11 attenuated established PH and inhibited pulmonary
vascular cell proliferation via inhibition of Smad 2/3
activation.170 Preliminary results from a Phase 2 trial
(PULSAR) of the human ACTRIIA-Fc analog sotatercept

TABLE 57.1 Potential mechanobiological therapeutic targets in pulmonary hypertension.dcont’d

Mechanosensitive

target Drug/Molecular target Preclinical Clinical trial

Rho/ROCK Fasudil Attenuates MCT-induced PH in rats and
hypoxia-induced PH in mice47,48;
reduced hypoxia-induced PH in
VSMC-specific ROCK2þ/� miceb

Short-term IV use reduces PVR and
mPAP, may improve outcomes in
right heart failure and severe PH49;
improves hemodynamics in PH-
HFpEF173; oral extended formulation
(AT-877ER) use for 12 wks improved
cardiac index from baseline, no
difference in 6-minute walk
distance174

Transcriptional mechanotransducers

YAP/TAZ Verteporfin Attenuates MCT-induced PH in rats37 FDA-approved for IV use in photo-
dynamic therapy of age-related mac-
ular degeneration

MRTF-A MRTF-A shRNA Attenuates hypoxia-induced PH in rats55

miRNA-130/301 miR-130/301 inhibition
(Short-130)

Reduces ECM expression, YAP activity,
RVSP, and RVH in MCT-treated rats;
attenuates vascular stiffening in sugen/
hypoxia model in mice23

Metabolism mediators

Glutaminase
inhibitors

C968, CB-839 Prevents/reverses MCT-induced PH in
rats37

Telaglenastat (CB-839) in phase 1/2
clinical trials in advanced lung
cancer (NCT03831932,
NCT04250545, NCT04265534) and
other solid malignancies
(NCT02071862)

aLiu B, Wang D, Luo E, Hou J, Qiao Y, Yan G, Wang Q, Tang C. Role of TG2-mediated SERCA2 serotonylation on hypoxic pulmonary vein remodeling.
Front Pharmacol. 2019; 10:1611.
bShimizu T, Fukumoto Y, Tanaka S, Satoh K, Ikeda S, Shimokawa H. Crucial role of ROCK2 in vascular smooth muscle cells for hypoxia-induced pulmo-
nary hypertension in mice. Arterioscler Thromb Vasc Biol. 2013; 33:2780e2791.

928 Textbook of Arterial Stiffness and Pulsatile Hemodynamics in Health and Disease



in PAH were recently reported,171,172 showing improve-
ment in PVR and 6-minute walk distance at 24 weeks. A
Phase 3 trial of sotatercept in PAH (NCT04576988) is
planned.

Inhibition of the downstream mechanosensor FAK with
pharmacological inhibitors or siRNA has been shown to
attenuate MCT-induced PH88 and preclinical lung
fibrosis.178 While no clinical studies have evaluated FAK
inhibition in PAH, several Phase 2 trials evaluating small
molecule inhibitors of FAK are underway in pancreatic
cancer and other advanced solid malignancies. Inhibition of
the Rho/ROCK pathway with fasudil has also shown
promise in experimental PH models47,48 and clinical trials
evaluating its short-term use.49,173,174 Intravenous (IV)
fasudil has been shown to acutely reduce PVR and mean
pulmonary arterial pressures (mPAP) in patients with
PAH49 and PH due to left ventricular heart failure with
preserved ejection fraction (PH-HFpEF),173 although the
effects of long-term fasudil use remain understudied. A
small trial of an oral extended release formulation of fasudil
(AT-877ER) in PAH patients for 12 weeks showed modest
improvement in cardiac index, although did not signifi-
cantly improve 6-minute walk distance.174

Stiffness-dependent activation of transcriptional regu-
lators, such as YAP/TAZ and MRTF, play a key role in
driving transcriptional programs that promote vascular
cellular remodeling and have therefore emerged as potential
mechanobiological targets in PAH. Knockdown of MRTF-
A has been shown to attenuate hypoxia-induced increases
in RVSP, pulmonary vascular remodeling, ECM expres-
sion, and RVH in rats.55 MRTFs are also of interest as
potential targets in fibrosis and pancreatic cancer; however,
studies remain preclinical to date. YAP/TAZ are powerful
effectors of mechanical signaling in pulmonary vascular
cells and have recently shown promise in experimental PH.
Pharmacological inhibition of YAP with verteporfin, an
FDA-approved photosensitizer for treatment of age-related
macular degeneration, reduced PA stiffening, RVSP, and
RVH in MCT-treated rats.37 In addition, inhibition of
miRNA 130/301 reduced ECM deposition, YAP activation,
and attenuated PH in MCT-treated rats in a YAP/TAZ-
miRNA 130/301-ECM feedback loop.23 Furthermore,
treatment with a GLS1 inhibitor prevented YAP/TAZ-
dependent activation of GLS1 and in doing so, both
attenuated PH development and reversed established PH in
MCT-treated rats.37 The glutaminase inhibitor telaglenastat
is currently being studied in Phase 1/2 trials in advanced
lung cancer and other solid malignancies, and may be a
promising therapeutic in human PAH. In addition to agents
which inhibit YAP/TAZ-TEAD interactions such as ver-
teporfin, a number of small molecules have been found to
inhibit upstream activation of YAP/TAZ, including sta-
tins,179 and dopamine receptor D1 agonists such as dihy-
drexidine, which selectively inhibits YAP/TAZ activation

in fibroblasts and reverses experimental lung and liver
fibrosis.180 Development of small molecule inhibitors of
YAP/TAZ activity is an active area of research, particularly
in the oncology field,181 with significant potential for
therapeutic applications in fibrosis and PAH.

Conclusion

Accumulating evidence demonstrates that early PA stiff-
ening drives vascular cell activation via upregulation of
mechanosensitive molecular pathways that promote further
vascular remodeling, matrix stiffening, and progression of
disease in PAH. Recent studies have begun to elucidate the
mechanisms by which pulmonary vascular cells sense and
transduce signals from the micromechanical environment to
drive transcriptional responses which promote pathologic
vascular remodeling in PAH. Therapeutics that intercept
this mechanobiological feedback loop, whether directed at
ECM remodeling or the downstream signaling pathways
that are activated in response to alterations in the matrix
microenvironment, may have potential to halt or reverse
vascular remodeling in PAH (Table 57.1). Further research
is needed to more thoroughly delineate the key mechano-
transduction pathways activated in pulmonary vascular
cells in response to PA stiffening in order to identify
optimal targets for mechanotherapeutic targeting in PAH.
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Introduction

The prevalence of heart failure continues to remain an
epidemic on a global scale, especially throughout the United
States, contributing to an elevated mortality and morbidity
within the healthcare system. Significant advancements
have been made that resulted in an improvement in mor-
tality and reduction of hospitalizations for patients with
heart failure with reduced ejection fraction (HFrEF) since
the implementation of guideline directed medical therapy
(GDMT).1 Furthermore, research has continued to produce
trials that support the use of newer agents that provide in-
cremental benefit in this specific patient population,
including SGLT-2 inhibitors and oral guanylate cyclase
stimulators.2,3 However, less success has been made with
right ventricular (RV) failure, despite the increasing recog-
nition of importance as the presence of RV dysfunction or
failure is among the strongest predictors of outcome for
patients with precapillary pulmonary hypertension (PH) as
well as in left-sided heart failure.4,5 While several expla-
nations are possible including numerous etiologies with
different pathophysiologic mechanisms, another reason is
likely due to the physiology of the pulmonary circulation
and the unique loading forces that the RV encounters.

This chapter will first review the pathophysiology of
RV dysfunction and eventual failure, and then will briefly
expand upon RV afterload. A current approach to man-
aging RV dysfunction and failure will be presented,
focusing on strategies to improve RV performance by
reducing afterload. The most common conditions that
contribute to an increase in RV afterload will be reviewed,

including PH due to pulmonary arterial hypertension
(PAH) and heart failure with preserved ejection fraction
(HFpEF) while emphasizing the available treatment options
and novel therapies under current investigation.

Right ventricular dysfunction and
failure

Response to normal loading conditions

Due to the inherent differences between the structure and
anatomy of the RV and left ventricle (LV), the response to
alterations in preload and afterload are dramatically dis-
similar. The LV can tolerate abrupt increases in afterload,
but has difficulty handling abrupt increases in preload. In
contrast, the thin-walled, highly compliant nature of the RV
can accommodate changes in preload but cannot tolerate
abrupt increases in afterload.6 Therefore, the highly
compliant RV allows for significant increases in end-
diastolic volume (EDV) without significant increases in
the end-diastolic pressure (EDP) (Fig. 58.1).6e8

According to the law of LaPlace, wall tension (s) is
proportional to the pressure (P) times the radius (r), divided
by the wall thickness (h).

s f
P � r
h

Thus, wall tension is greater in the RV during condi-
tions that raise afterload or preload given that the RV has a
thinner wall (h) and dilates easily, resulting in an increased
cavity radius (r) during contraction.9
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Pathophysiology of acute right heart failure

Acute failure of the RV is either due to the result of an
abrupt increase in afterload, or a sudden decrease in
contractility/RV performance. A common cause of an
abrupt increase in afterload is pulmonary embolism (PE),
while RV infarction or acute, fulminant myocarditis of the
RV are the common etiologies of reduced contractility.10

As mentioned above, the RV is less equipped to tolerate an
abrupt rise in afterload and results in a decline in RV stroke
volume (SV) without a corresponding increase in RV
systolic pressure. Without adequate contractility, the RV
will not be able to generate a sufficient SV to maintain
cardiac output (CO) to the LV, which ultimately leads to
cardiogenic shock.

Pathophysiology of chronic right heart failure

There are a variety of clinical conditions, including
myocardial ischemia, PH, left-sided heart failure, valvular
heart disease, cardiomyopathies, and congenital heart dis-
ease, that can lead to RV dysfunction over time. Regardless
of the underlying etiology, RV dysfunction often starts with
myocyte hypertrophy and chamber dilation in response to
an increased wall stress which permits the RV to generate a
higher RV systolic pressure and EDV. RV hypertrophy
involves an increase in size via sarcomere synthesis and
extracellular matrix expansion via fibrosis that is mediated
by an overexpression of growth factors including angio-
tensin II, insulin-like growth factor I, natriuretic peptides,
and endothelin 1 that seem to be uniquely expressed in the
RV.11,12 Furthermore, there is growing evidence that these
biochemical signaling pathways that lead to RV remodeling
are unique when compared to the remodeling pathways

present in the LV. This is likely due to the unique physi-
ology of the RV and pulmonary vascular circulation, as
well as a distinct embryological origin in comparison to the
LV.13,14 While these pathways are initially a compensatory
adaptation of the RV in response to increase in wall stress,
continued tension will eventually lead to a decompensated
state in which RV contractility becomes uncoupled from
the pulmonary vascular circulation. In this phase, the RV is
unable to generate a high enough RV systolic pressure to
maintain CO.6,15e17

Interventricular interdependence also may contribute to
RV dysfunction. Normally, LV EDP is greater than the RV
EDP, and thus the septum shifts toward the RV during
diastole. However, in situations that cause an elevation in
RV afterload, the RV EDP can exceed the LV EDP and the
interventricular septum shifts toward the LV during dias-
tole, which results in a reduction in LV filling and a sub-
sequent decrease in CO.7,18,19 Fig. 58.2 is a diagram that
illustrates the complex pathways and mechanisms that
intersect to lead to RV failure.

The components of right ventricular
afterload

In order to understand the various treatment options
available to reduce RV afterload and improve RV
myocardial performance, a brief understanding of the
components that represent afterload must be described.
Afterload by definition represents the impedance to blood
flow that the ventricle encounters during systole. There are
two components to RV afterload: resistance which is the
steady-state opposition to flow, and forces related to the
pulsatile nature of blood flow. Pulmonary vascular

FIGURE 58.1 Left panel: Effects of an increase in preload on the left ventricle (LV) compared with the right ventricle (RV). RV is more compliant as
demonstrated by large changes in stroke work with little changes in atrial pressure. Right panel: Effect of an increase in afterload on the LV compared with
the RV. A small increase in afterload results in a large reduction RV stroke work which is in contrast to smaller reductions in LV stroke work. Reproduced
from Chan CM. Clin Chest Med. 2008; 29:661e76. Copyright 2008, with permission from Elsevier.
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resistance (PVR), which can be obtained invasively via
right heart catheterization (RHC), is defined as the change
in pressure from entry to exit of the pulmonary vasculature
(also known as the transpulmonary gradient [TPG]), and is
defined as the difference between the mean pulmonary
artery pressure [mPAP] and the pulmonary artery wedge
pressure [PAWP] divided by to CO:

PVR ¼ TPG
CO

¼ ðmPAP e PAWPÞ
CO

However, PVR is a steady-state measurement, rather
than representing the time-varying load during ventricular
systole, and thus ignores the pulsatile components of load.
The pulsatile component of RV afterload is substantial,
representing up to one-third to one-half of the total hy-
draulic load encountered by the RV.20

While PVR can be obtained via RHC, it is more difficult
to accurately measure the pulsatile components that
contribute to RV afterload. Several studies have shown a
correlation between the pulsatile load and pulmonary
arterial compliance (CPA) which is estimated as the RV SV
divided by the PA pulse pressure (PP), defined as the dif-
ference between systolic pulmonary artery pressure (sPAP)
and diastolic pulmonary artery pressure (dPAP). However,
this method does not take into account the presence of wave
reflections.21e23

CPA ¼ SV
PP

¼ SV
sPAP� dPAP

Considering PVR in isolation as a measure of load not
only neglects approximately one-third to one-half of the
RV afterload but also several recent trials that have found
an association between CPA and mortality or cardiac hos-
pitalizations in patients with PH due to heart failure with
preserved ejection fraction (PH-HFpEF). CPA has also been
shown to be an independent risk factor for mortality in
patients with idiopathic PAH (Fig. 58.3).22,24,25

The gold standard for assessing RV afterload is the
pulmonary vascular impedance (PVZ) which incorporates
the steady-state load and pulsatile load, including the wave
reflections that the RV encounters.20,26,27 PVZ is techni-
cally challenging to measure, which explains its limited use
clinically, as it represents the ratio of pressure to flow
waves in the frequency domain, and thus requires per-
forming a fast Fourier transform to obtain the sinusoidal
components of the pressure and flow waves via a method
that has been validated by several prior studies.28,29

Chapters 1 and 7 include detailed discussion regarding the
derivation and interpretation of input impedance spectra.

Approach to the management of right
ventricular failure

The approach to RV dysfunction and failure continues to
represent a challenging dilemma for physicians as man-
agement depends on the underlying etiology, yet the pres-
ence of RV failure is an independent risk factor for

FIGURE 58.2 Schematic illustrating the complex pathophysiology that results in a negative feedback loop and eventual RV failure. CO, cardiac output;
LVEDP, left ventricular end-diastolic pressure.
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mortality regardless of etiology. Despite this, several broad
themes exist that are common to management, including
optimization of preload and volume status, maintenance of
perfusion, improvement of contractility, and neurohor-
monal modulation. An additional approach revolves around
therapeutic agents that target reducing the afterload, which
will be the focus of the next section. While each of these
approaches to management will be presented separately, it
is important to remember that a combination of strategies is
often required for the optimal treatment of RV dysfunction/
failure, and applying one of these management strategies
will often impact the others. Fig. 58.4 illustrates each of
these themes in the pathway of RV failure and the corre-
sponding therapies that will be discussed.

Optimization of preload and volume status

The importance of optimizing volume status, or preload,
was illustrated in the CHAMPION trial which showed a
37% reduction in heart failureerelated hospitalizations
using CardioMEMS, an implantable hemodynamic monitor
placed in the distal pulmonary artery, to guide volume
management.30 However, this trial included patients with
HFrEF, and did not report on the degree of RV dysfunction/
failure present. Physiologically, this principle is illustrated
by the FrankeStarling curve which depicts how changes in
preload affect SV. The FrankeStarling curve for the RV
tends to be much flatter in comparison to the LV, owing to
the highly compliant nature of the RV, implying that RV
contractility changes less over a wide range of right atrial
filling pressures.6e8

RV afterload is usually increased in the vast majority of
cases where RV dysfunction/failure is present, and in the
presence of RV dysfunction is frequently accompanied by
volume overload (increased preload). Therefore, reducing
preload is important to reduce RV dilatation, free wall
tension, and septal shifting that can impair LV filling.31

Presentation of volume overload due to RV failure is often
an insidious process that eventually results in lower ex-
tremity and scrotal edema, hepatic congestion, and ascites.
Furthermore, an elevated right atrial pressure can lead to
renal congestion resulting in acute kidney injury and acti-
vation of the sympathetic nervous system and the renin-
angiotensin-aldosterone axis, with the degree of severity
linked to poorer outcomes.32e34

Given the consideration above, diuretics remain one of
the hallmark treatment options, with an estimated 75% of
patients with chronic RV dysfunction/failure requiring a
daily dosing regimen.35 While guidelines do not recom-
mend a specific diuretic, most clinicians use bumetanide
over furosemide, due its higher oral bioavailability, which
is often advantageous due to the presence of bowel wall
edema in these patients.36,37 Patients admitted to the hos-
pital often require large doses of intravenous diuretics, and
often require combination therapy with thiazide diuretics
for sequential nephron blockage of sodium reabsorption.38

Among patients that fail to respond to diuretic doses, renal
replacement therapies including intermittent hemodialysis
or continuous veno-venous ultrafiltration may be consid-
ered to remove intravascular volume. While there have not
been any trials examining the role of these therapies in
isolated RV failure, the CARRESS-HF trial included pa-
tients with left-sided or biventricular failure and compared
a stepwise approach of a diuretic regimen to ultrafiltration.
Ultrafiltration was associated with more adverse events,
worsening renal function, and no change in weight.39

However, a more recent meta-analysis suggested that ul-
trafiltration was safe and effective at reducing body weight
without increase risk of renal injury and may even reduce
admissions.40 Due to the conflicting evidence, early use of
renal-replacement is often not recommended at this time.

A concurrent strategy used to maintain an optimal
preload state is fluid and salt restriction. Current guidelines
recommend limiting sodium intake to <2 g/day and a fluid
restriction of 1.5e2 L/day.1

Maintaining myocardial perfusion

Decreased myocardial perfusion in RV failure is often due
to two separate mechanisms: RV myocardial oxygen
supply-demand mismatch causing an increase in oxygen
extraction or decreased systemic CO resulting from hypo-
tension. As discussed previously, wall tension increases in
response to either a decrease in contractility due to RV
infarction or increase in afterload which initially results in

FIGURE 58.3 KaplaneMeier survival curve in a population with idio-
pathic pulmonary arterial hypertension depicting higher percent survival
with time in the highest capacitance group, and the lowest percent survival
with time in the lowest capacitance group. Reproduced from Mahapatra S.
J Am Coll Cardiol. 2006; 47:793e803. Copyright 2006, with permission
from Elsevier.
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adaptive changes to the RV including dilation and eventual
hypertrophy. These changes require an increase in
myocardial oxygen delivery.6,41,42 While reperfusion with
percutaneous coronary interventions is the mainstay treat-
ment for restoring perfusion in patients with RV ischemia
or infarction, optimizing preload, afterload, and contrac-
tility will help reduce myocardial oxygen demand.

Systemic hypotension resulting from impaired RV CO
can be seen in severe cases of RV failure, which often
necessitates the use of inotropic support with addition of
vasopressor agents if hypotensive. The use of inotropes to
improve contractility will be discussed in the next section.
Norepinephrine, an alpha and beta receptor agonist, tends
to be the preferred vasopressor agent in patients with
cardiogenic shock, when compared to dopamine and
epinephrine.43,44 In a small analysis of patients with septic
shock, norepinephrine was associated with an improvement
in RV myocardial oxygen delivery, as well as an increase in
PVR, although there was no adverse effect on RV
contractility.45 Epinephrine was shown to improve RV

contractility in a different small analysis in patients with
septic shock, but its use was limited by arrhythmias.46

Therefore, norepinephrine seems to be the vasopressor
agent of choice, although some clinicians still favor the use
of epinephrine or dopamine due to their mild inotropic
properties. It is important to recognize that the major
drawback of all these vasopressor agents is that they will
further increase ventricular afterload. Therefore, these
agents should be used with the sole goal of maintaining a
mean arterial pressure to ensure adequate CO to vital or-
gans.6,10,17 Vasopressin, which binds to V1 receptors on
vascular smooth muscle cells, at low doses (0.01e0.03 U/
min) can cause pulmonary vasodilation via endothelial ni-
tric oxide stimulation, but its use clinically for this is
limited by a frequent need for higher doses.47,48

Improving contractility

Contractility is a measure of the strength of ventricular
contraction, or inotropy, and represents an intrinsic

FIGURE 58.4 Schematic revealing where available therapeutic agents act in the pathway that leads to right ventricular (RV) failure. ACE, angiotensin
converting enzyme; ARBs, angiotensin receptor blockers; CCBs, calcium-channel blockers; CO, cardiac output; ERA, endothelin-1 receptor antagonists;
LVEDP, left ventricular end-diastolic pressure; PDE5, phosphodiesterase-5.
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property of the ventricular myofibers. The gold standard
measurement of ventricular function is end-systolic ela-
stance (Ees) which is derived from the end-systolic
pressure-volume relationship on the pressure-volume (PV)
loop. Ees is a load-independent measure of myocardial
contractility, but clinically it is often interchanged with CO,
although they should not be equated as CO is a load
dependent measure of ejection.18,49 As mentioned in the
prior section, inotropic therapy should be considered for
known or suspected low CO states which manifests clini-
cally as signs of worsening end-organ perfusion and inad-
equate response to diuretics. The ultimate goal is to
augment myocardial contractility and RV SV while opti-
mizing EDV and EDP.

Milrinone, a phosphodiesterase 3 inhibitor, and dobut-
amine, a beta-receptor agonist, represent the two most
common inotropic agents used clinically. As a class, they
both have inotropic and vasodilator properties and thus can
worsen or precipitate hypotension which may necessitate
use of a vasopressor agent in conjunction, and direct
comparisons of these two drugs have shown similar out-
comes with a potential to induce arrhythmias.50,51 Milri-
none is generally not recommended in isolated RV failure
as the vasodilator properties may result in cardiovascular
collapse. In such cases, vasopressors with inotropic prop-
erties, such as norepinephrine, are preferred.6,52,53

Regardless of the agent selected, the goal should strictly be
for short-term administration as chronic use is associated
with increased mortality.54,55

Levosimendan is a myocardial calcium sensitizer and
vasodilator agent that is currently unavailable in the
United States. Several smaller studies in patients with
decompensated right-sided heart failure have shown
favorable improvements in hemodynamics via a dose-
dependent increase in CO and SV that is associated with
a reduction in PAWP. In addition, it appears to have some
effect on the pulmonary vascular circulation by reducing
PVR and TPG and is currently being investigated in pa-
tients with right-sided heart failure due to PH-HFpEF
(NCT03541603).56e59

Neurohormonal modulation

Dysregulated neurohormonal pathways are one of the main
mechanisms of heart failure that pharmacologic agents have
had success targeting. These agents include the use of
b-blockers, angiotensin-converting enzyme (ACE) in-
hibitors and angiotensin receptor blockers (ARBs), miner-
alocorticoid receptor antagonists (MRAs), and neprilysin
inhibitors. While these agents have been shown to reduce
the incidence of heart failure hospitalizations and improve
mortality with the administration of these agents in patients
with left-sided heart failure (HFrEF), the role of these
agents in right-sided heart failure is less clear.

b-blockers, such as metoprolol succinate, carvedilol,
and bisoprolol, remain the cornerstone in treatment of pa-
tients with HFrEF by improving LV ejection fraction and
mortality.1 In brief, the mechanisms are thought to be
secondary to inhibition of altered sympathetic stimulation
mediated by the renin-angiotensin-aldosterone system
(RAAS), decrease in preload, and decrease in myocardial
oxygen demand. There are preclinical data from several
studies that demonstrated direct benefit in RV function,
exercise capacity, mortality, and reduction in fibrosis in rat
models that had RV failure secondary to PH mediated by
monocrotaline and Sugen-hypoxia.60e62 However, these
results have yet to translate into human clinical trials with
most reporting no benefit or even potential harm including
one small RCT in PAH patients treated with bisoprolol
which demonstrated significant reductions in heart rate,
cardiac index, and 6-minute walk time.63 Not all b-blockers
are equivalent, however. For example, nebivolol was
shown to reduce PA smooth muscle cell proliferation and
proinflammatory cytokines while increasing nitric oxide
release in comparison to metoprolol.64 Currently,
b-blockers are not recommended for use in RV failure
unless indicated for a concurrent comorbidity, such as left-
sided HFrEF.

Similar to b-blockers, the use of ACE inhibitors and
ARBs for treatment of RV failure is controversial. By
suppressing the RAAS, these agents reduce sympathetic
stimulation and reduce the progression of myocardial hy-
pertrophy and fibrosis.65 To date, trials have shown that
ACE inhibitors increase RV filling time in patients with
concurrent HFrEF, ARBs have been shown to attenuate RV
dysfunction after myocardial infarction in animal models
and improve RV-arterial coupling in animals with PAH.
However, these trials were small and other trials have
shown no clear hemodynamic benefits and an increased risk
of hypotension.17,66e68 Therefore, ACE inhibitors and
ARBs are not recommended for use in RV failure unless
indicated for a concurrent comorbidity. MRAs such as
aldosterone have been shown to improve pulmonary
vascular remodeling and reduce PA pressure, but no effect
has been shown on RV function, which may suggest that its
beneficial effects are secondary to afterload reduction.69

Interestingly, retrospective analyses of the ARIES-1 and
ARIES-2 trials suggest that patients treated with combi-
nation of ambrisentan, an endothelin type-A receptor in-
hibitor, and spironolactone had improved 6-minute walk
times and a greater reduction in brain natriuretic peptide
levels when compared to ambrisentan alone.70 Thus, cur-
rent trials with spironolactone are being conducted in pa-
tients with PAH (NCT01712620) and with chronic right
heart failure (NCT03344159).

Sacubitril/valsartan is one of the newer agents available
for the treatment of left-sided heart failure. It acts by
combining the ARB mechanism of action of valsartan with
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sacubitril, which is a neprilysin inhibitor that prevents the
breakdown of natriuretic peptides. It was studied in patients
with HFrEF and shown to have a reduction in all-cause
mortality, cardiovascular mortality, and heart failure hos-
pitalizations when compared to the ACE inhibitor, ena-
lapril.71 While there are limited data for patients with RV
failure, a recently published trial suggests that this agent
may prevent maladaptive RV remodeling via reduction of
hypertrophy, afterload, prevention of RV-PA uncoupling,
and prevention of myocardial stiffness in SpragueeDawley
rat model that had main PA banded.72 Another preclinical
trial demonstrated a significant reduction in RV pressure,
RV hypertrophy, collagen content, PA pressures, and
decreased pulmonary vascular wall thickness compared to
valsartan alone and placebo in mice with PH.73 Therefore,
sacubitril/valsartan remains a promising agent for the
treatment of RV failure.

Therapies targeting right ventricular
afterload

This section will provide an overview of the different
therapeutic approaches that reduce RV afterload. To
accomplish this, a brief review of the relationship between
resistance and compliance in the pulmonary vascular sys-
tem (including resistance-compliance curves and
ventricularevascular coupling) will be provided, in order to
fully understand the mechanisms of action and some of the
current limitations of available therapeutic options. Other
chapters in this textbook provide a more detailed discussion
of pulsatile hemodynamics and ventricularearterial in-
teractions in the pulmonary circulation in general (Chapter
55), and in PH in particular (Chapter 56).

The most common cause of an increase in RV afterload
is PH, which includes a wide spectrum of disorders with a
common end result being an elevated PVR. PH is defined
by a mean PA pressure >20 mmHg with a PVR �3 Wood
units on RHC.74 Table 58.1 lists an updated clinical clas-
sification of PH accordingly.

The majority of this section will focus on the various
treatment agents available for Group 1 PAH, while the rest
will explore the challenges associated with managing
Group 2 PH.

Relationship between resistance and
compliance

We earlier outlined the two components of afterload as
PVR, which represents the steady-state load, and CPA,
which represents the pulsatile load. While these two com-
ponents are conceptually two separate entities, they are

dependent upon each other and changes in one factor will
impact the other; this is particularly true in the pulmonary
circulation. A dynamic, inverse relationship is present be-
tween these two factors that explains the treatment re-
sponses to pharmacologic agents that reduce afterload. The
product of resistance (R) and compliance (C) is closely
related to time constant (s), or RC time, of diastolic pres-
sure decay.75 An inverse, hyperbolic relationship between
the two has been shown to be relatively constant in patients
with PH regardless of etiology and treatment.76,77 The
hyperbolic resistanceecompliance relationship explains
why patients with severe PH will require a much larger
reduction in resistance when compared to patients with
mild PH to achieve the same reduction in RV afterload.
These patients with severe PH are on the right side of the
RC curve, and thus reducing PVR has minimal impact on
compliance. In contrast, patients with mild PH are located
on the left side of the RC curve, and the same net reduction
in PVR will have a more profound improvement in
compliance (Fig. 58.5).

It also follows from this curve that a reduction in
resistance will only affect the steady-state load in severe
PH, whereas the same reduction will affect the steady-state
and pulsatile load in mild PH.76,78

Ventricularevascular coupling

The RV and the pulmonary vascular systemwork together as
a cohesive unit rather than two separate entities, and the
combination together is known as ventricularevascular
(RVePA) coupling.79 The most widely used approach to
assess RVePA coupling has been via the PV plane. For the
application of this paradigm, the gold standard method of
obtaining key parameters is via measurements of PV loops
under varying loading conditions. In the PV plane, RV
contractility is best represented by the slope of the end-
systolic pressure volume relationship, and its slope is
known as the end-systolic elastance (Ees), while RV afterload
is best represented by the ratio of end-systolic pressure to SV,
which is also known asEa. The heart and pulmonary vascular
system attempt to work under a state of maximal efficiency,
and thus tries to maintain a ratio of 1.5e2. Normally, as the
afterload in the pulmonary vasculature increases, the RVwill
first increase the contractility to match the corresponding
increase in afterload. Initially, the RV will be able to
compensate and maintain the ratio of 1.5e2 via adaptative
mechanisms such as RV hypertrophy, but after a prolonged
period of time, RV dilation occurs leading to an uncoupled
state of the RV-PA unit with a ratio below 1.5.80,81 Fig. 58.6
provides an example of the RV in a normal state, a normal,
but compensated state, and an uncoupled state.
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Clinically, this is useful as it could be used to monitor the
response of pulmonary vasodilator therapy on RV function
or provide clinicians with a more accurate way of assessing
RV dysfunction compared to conventional noninvasive
methods. However, the acquisition of PV loops requires an
invasive procedure and specialized costly equipment,
limiting its performance to a few research centers. To over-
come this limitation, several noninvasively derived param-
eters have been proposed as surrogates to Ees/Ea. The ratio of

SV/ESV has been shown to be related to Ees/Ea and highly
predictive of outcomes in PH.82e84 SV/ESVcan bemeasured
with cardiac MRI or 3D echocardiography. The ratio of
tricuspid annular plane systolic excursion to pulmonary ar-
tery systolic pressure as measured from echocardiography
has also been shown to be a surrogate for Ees/Ea that also
correlates with clinical outcomes in PH.85 Such noninvasive
estimates of RVePA coupling may be useful for following
treatment for PH and RV failure.

TABLE 58.1 Updated clinical classification of pulmonary hypertension.

Group 1: Pulmonary arterial hypertension (PAH)

(1) Idiopathic PAH
(2) Heritable PAH
(3) Drug-or-toxin-induced PAH
(4) PAH associated with:

l Connective tissue disease
l HIV infection
l Portal hypertension
l Congenital heart disease
l Schistosomiasis

(5) PAH long-term responders to calcium channel blockers
(6) PAH with overt features of venous/capillaries (PVOD/PCH) involvement
(7) Persistent PH of the newborn syndrome

Group 2: PH due to left heart disease

(1) PH due to heart failure with preserved LVEF
(2) PH due to heart failure with reduced LVEF
(3) Valvular heart disease
(4) Congenital/acquired cardiovascular conditions leading to postcapillary pH

Group 3: PH due to lung disease and/or hypoxia

(1) Obstructive lung disease
(2) Restrictive lung disease
(3) Other lung disease with mixed restrictive/obstructive pattern
(4) Hypoxia without lung disease
(5) Developmental lung disorders

Group 4: PH due to pulmonary artery obstructions

(1) Chronic thromboembolic PH
(2) Other pulmonary artery obstructions

Group 5: PH with unclear and/or multifactorial mechanisms

(1) Hematological disorders
(2) Systemic and metabolic disorders
(3) Others
(4) Complex congenital heart disease

LVEF, left ventricular ejection fraction; PCH, pulmonary capillary hemangiomatosis; PVOD,
pulmonary-veno-occlusive disease.
Adapted from Simonneau G. Eur Respir J. 2019.
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Therapeutic agents for treatment of pulmonary
arterial hypertension

Group 1 PH, also referred to as PAH, is defined by a mean
PA pressure >20 mmHg, PCWP �15 mmHg, and PVR �3
Wood units and due to a wide spectrum of disorders
including idiopathic, familial, connective tissue disorders,
HIV infection, and congenital heart disease.74 While the

exact pathophysiology has yet to be fully described, vaso-
constriction, vascular remodeling of the pulmonary vessel
wall, endothelial cell dysfunction, inflammation, and
thrombosis in situ are all thought to be implicated, resulting
in an elevated PVR.86 Chronic alterations in these param-
eters lead to dysregulation of key vascular mediators such
as nitric oxide, prostacyclin, and endothelin-1 which are the
targets of the available therapeutic agents for the treatment
of Group 1 PAH. Fig. 58.7 illustrates the key pathways of
these hormones and the corresponding therapeutic agents
that target them.

Prostacyclin analogues and prostacyclin receptor ago-
nists are some of the most effective therapeutic agents
currently available. Prostacyclin is a potent vasodilator
that is produced by endothelial cells that works by stim-
ulating the production of cyclic adenosine monophosphate
(cAMP), inhibits growth of vascular smooth muscle cells,
and is a powerful platelet aggregation inhibitor.87,88

Epoprostenol is a synthetic prostacyclin with a half-life on
an order of minutes which requires continuous intravenous
administration. This agent has been extensively studied in
patients with idiopathic PAH (IPAH) and PAH due to
connective tissue disease revealing an improvement in
WHO functional class, exercise capacity, and improve-
ment in hemodynamics by causing a reduction in mean PA
pressure and PVR, with an improvement in CO, and is the

FIGURE 58.5 RC curve of two patients, A and B. Patient A has a low
resistance, R, and patient B has a higher R or more severe PH. Reducing R
in patient A, (DR), will result in a greater improvement in compliance,
DCA, compared with the same DR in patient B. Reproduced from Lankhaar
JW. Eur Heart J. 2008; 29:1688e95. Copyright 2008, with permission
from Oxford University Press.

FIGURE 58.6 Representative PV loops of the RV under different loading conditions. Box A (gray), shows an RV PV loop under optimal loading
conditions with Ees/Ea ratio ¼ 2. In box B (blue), RV afterload increased, but the RV contractility was able to compensate to maintain a normal Ees/Ea

ratio. Box C (red) shows uncoupling of the RV-PA unit after further increases in RV afterload. Reproduced from Vonk Noordegraaf A. J Am Coll Cardiol.
2017; 69:236e243. Copyright 2017, with permission from Elsevier.
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only treatment available that has been shown to reduce
mortality in IPAH.89,90 For example, when compared to
administration of conventional oral therapy at that time for
patients with IPAH which included diuretics, supple-
mental oxygen, and oral vasodilators such as calcium
channel blockers (CCBs), administration of epoprostenol
was associated with improvement in quality of life met-
rics, average increase in 6 minute walk distance (6MWD)
by 32 m, reduced mPAP by average of 8%, and reduced
PVR by average of 21% when compared to baseline
values. These hemodynamic benefits resulted in
improvement in RV function, which was assessed by an
average increase in SV of 6.2 � 2.2 mL, and average in-
crease in cardiac index of 0.3 � 0.1 L/min/m2 in the
epoprostenol group.90 Epoprostenol is often initiated at a
low dose (2e4 ng/kg/min), and in an intensive care unit
setting, can be titrated upwards by 2 ng/kg/min every few
hours to achieve the optimal dose which is patient
dependent and ultimately limited due to such as systemic

hypotension, high output heart failure, flushing, headache,
diarrhea, and muscle/joint aches. The main drawback with
this agent is the need for permanent central venous access
which greatly increases the risk of infection, pump
malfunction, or drug interruption which can lead to a
rebound increase in afterload if stopped abruptly and
withheld for a long enough period of time.91 Epoprostenol
has been associated with worse outcomes in left-sided
heart failure, and is therefore not indicated in this patient
population.92

Iloprost and treprostinil are prostacyclin analogues that
have the benefit of having a longer half-life. Iloprost is
delivered via inhalation, while treprostinil is approved in
formulations for IV, SQ, inhaled, and PO administration.
Both iloprost and treprostinil have similar hemodynamic
benefits when compared to epoprostenol. Administration of
iloprost resulted in significant improvements in 6MWD
of 36.4 m and an average reduction in mPAP of
4.6 � 9.3 mmHg, and average reduction in PVR of

FIGURE 58.7 Diagram illustrating the three major pathways that available therapeutic agents target. Prostacyclin analogues and prostacyclin receptor
agonists target the prostacyclin pathway, while PDE5 inhibitors and soluble guanylate cyclase stimulators act on the nitric oxide pathway, and endothelin
receptor antagonists block the endothelin pathway. Reproduced and modified from Hirschtritt, M. Trans Comb Ther Pulm Arter Hypertens. 2008.
Copyright 2008, with permission from Springer Nature.
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239 � 279 dynes*sec*cm�5 from baseline values when
compared to a placebo.93 The benefits of continuous
subcutaneous treprostinil was first illustrated in an RCT in
2002 that showed an improvement in median 6MWD of
16 m, and an average reduction in mPAP of
2.3 � 0.5 mmHg, and average reduction in pulmonary
vascular index (PVRI) of 3.5 � 0.6 Wood units/m2 from
baseline values. An improvement in RV function was
demonstrated by an average increase in CI of
0.12 � 0.04 L/min/m2.94 Inhaled treprostinil was associ-
ated with a median improvement in 6MWD of 18 m, while
administration of the oral formulation was recently shown
to delay clinical progression (defined as death form any
cause, hospitalization for worsening PAH, disease pro-
gression, initiation of inhaled or infused prostacyclin ther-
apy, or unsatisfactory clinical response) in patients already
on oral monotherapy.95e97 The IV formulation was shown
to increase mean 6MWD by 125 m and result in a reduction
in mPAP by 17% and PVRI by 50%, while increasing CI
by 56% that was sustained up to 48 weeks in a multicenter,
prospective trial.98

The most recent agent in the prostacyclin class is
selexipag which is an oral prostacyclin IP receptor agonist,
which is chemically distinct from prostacyclin. Selexipag
has been reported to reduce PVR by 30.3% after 17 weeks
in a phase 2 proof-of-concept study, improve WHO func-
tional class, and reduce the composite endpoint of death
from any cause or complication related to PAH according
to the GRIPHON trial.99,100 However, it should be noted
that there was a significant increase in rates of medication
discontinuation in patients on selexipag due to adverse
effects including headache, diarrhea, nausea, and jaw
pain.99

Phosphodiesterase type 5 (PDE5) inhibitors (sildenafil
and tadalafil) reduce the enzymatic breakdown of cyclic
guanosine monophosphate (cGMP), and thus increase NO
levels leading to pulmonary vasodilation. Both agents have
been shown to improve exercise capacity, quality of life,
improve pulmonary hemodynamics by causing a reduction
in mPAP and PVR, and reduce time to clinical
worsening.101e104 The SUPER trial was a double-blind,
RCT that compared administration of sildenafil to a placebo
and demonstrated significantly increased mean 6MWD of
45, 46, and 50 m from to baseline for 20 mg, 40 mg, and
80 mg doses of sildenafil, respectively. All sildenafil doses
yielded significant hemodynamic benefits in a dose-
dependent manner with a reduction in mPAP (4.7 mmHg,
for 80 mg dose), PVR (261 dynes*sec*cm�5), and increase
in CI (0.37 L/min/m2).105 The SUPER-2 trial showed that
the improvements in 6MWD were sustained for up to three
years.103 In addition to targeting the increased afterload, a
smaller study has shown that sildenafil can improve RV

contractility in heart preparations and in individual car-
diomyocytes.106 Systemic vasodilation is the main side
effect of this class of drugs which can cause systemic hy-
potension, headache, gastrointestinal disturbances, and
muscle/joint aches. Sildenafil has been associated with
worse outcomes in left-sided valvular heart disease, and
thus its use is not indicated in this population.107

Riociguat is an oral soluble guanylate cyclase stimulant
that enhances cGMP production, rather than inhibit its
breakdown like the PDE5 inhibitors. Riociguat has shown
beneficial effects in the PAH population in the PATENT-1
and PATENT-2 trials.108,109 After 12 weeks when riociguat
was compared to placebo, patients had a significant
improvement in 6MWD as demonstrated by a mean in-
crease in 30 m from baseline, reduction in mPAP of
4 � 8 mmHg and PVR of 223 � 260 dynes*sec*cm�5,
improvement in CO of 1 � 1 L/min, and improvement in
time to clinical worsening. This agent is also FDA
approved for treatment of inoperable or persistent chronic
thromboembolic pulmonary hypertension (CTEPH) and
was shown to improve 6MWD by a mean of 39 m, reduce
PVR by 226 dynes*sec*cm�5, and improve functional
class in this patient population.110

Endothelin-1 not only has a direct vasoconstrictor effect
on the pulmonary vasculature but also can cause vascular
smooth muscle cell proliferation leading to fibrosis, via
endothelin receptor type A while endothelin receptor type
B mediates endothelin-1 clearance.111 Thus, therapeutic
agents that modulate these receptors are attractive options,
and include the nonselective receptor blockers macitentan
and bosentan, while ambrisentan is a selective receptor A
blocker. Ambrisentan has been analyzed in two RCTs
(AIRES-1 and AIRES-2) in patients with moderate-severe
IPAH and PAH due to connective tissue disorders (WHO
functional class IIeIII) and found that ambrisentan delayed
disease progression and clinical worsening, while
improving exercise tolerance as demonstrated by a mean
increase in 6MWD of 59 m, Borg dyspnea scale, WHO
functional class, and quality of life compared to pla-
cebo.112,113 Other trials have shown similar benefits with
bosentan and macitentan, but due to the selective endo-
thelin receptor type A effects of ambrisentan, this agent is
often the initial choice. Endothelin receptor antagonists
(ERAs) have also been shown to improve RV function as
assessed by cardiac MRI in one study that demonstrated an
increase in RV EF of 4.6 � 10.7%, LV EF of 3.6 � 9.8%,
RV SV index 4.9 � 10.5 mL/m2, and improvement in CI of
0.33 � 0.72 L/min/m2 compared to placebo.114 Further-
more, COMPASS 3 trial, which studied the use of bosen-
tan � sildenafil, found that cardiac MRI correlated strongly
with RHC parameters at baseline, including a strong cor-
relation between RVEDV: LVEDV, and a strong inverse
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correlation between RVEDV:LVEDV to SVR:PVR.115 The
main adverse effects of this class include peripheral edema
as well as hepatotoxicity causing elevated transaminase
levels. However, the actual risk of hepatotoxicity for these
agents, especially for ambrisentan, is quite small as this
concern stemmed from the use of sitaxsentan which was
withdrawn from the market following cases of severe
hepatotoxicity. Bosentan has also been associated with
worse outcomes in left-sided heart failure, so the use of
ERAs as a class is not currently approved.116

CCBs currently have a limited role in the treatment of
PAH since the development of newer, more effective
therapeutic agents, but it still does have a niche for patients
with a positive vasoreactivity test. CCBs cause smooth
muscle relaxation leading to vasodilation in the pulmonary
vascular circulation, but also causes systemic vasodilation
and can lead to hypotension. In a vasoreactivity test, pa-
tients are administered a short acting pulmonary vasodi-
lator, usually nitric oxide, epoprostenol, or adenosine, with
a positive test defined as a reduction in mean PA
pressure �10 mmHg to a value � 40 mmHg without a
significant reduction in MAP and unchanged CO. These
patients potentially benefit from a short trial of three to four
months of a high dose nifedipine, amlodipine, or diltiazem.
Similar to the use of oral anticoagulation, vasoreactivity
testing should not be performed in all patients with PAH, as
it seems to have its greatest benefit in patients with IPAH,
familial PAH, or PAH due to drugs or toxins, and little to
no benefit in PAH due to connective tissue disorders, HIV,
or portopulmonary hypertension.117 Its increasingly
recognized that among those patients that undergo vaso-
reactivity testing, only about 10%e20% of them will test
positive, and out of those patients, an even smaller per-
centage will be able to tolerate the CCBs due to side effects
and/or not require an additional agent due to progression of
disease.118

Traditionally, anticoagulation was considered an
essential therapy for all patients with PAH due to the
increased risk of intrapulmonary vascular thrombosis, high
prevalence of vascular thrombotic lesions in postmortem
studies, and risk of hemodynamic collapse in this patient
population with early studies suggesting possible
benefit.119e121 However, the overall data are inconclusive
with recent trials suggesting no benefit of anticoagulation
and even potential harm in patients with PAH secondary to
connective tissue diseases.122 There is a strong consensus
that anticoagulation should therefore be avoided in patients
with PAH secondary to connective tissue diseases, and the
general trend is shifting toward avoiding anticoagulation
unless there is a separate indication. If anticoagulation is to
be used without a separate indication, it is recommended
that it only be added for patients with idiopathic PAH
(IPAH), familial PAH, or PAH due to anorexigens because
the data show the most potential benefit in these groups.

Approach to the treatment of pulmonary
arterial hypertension

While there is a number of different therapeutic agents
available for the treatment of PAH as noted above, the
approach to management of PAH can be quite nuanced and
dependent on a number of different factors, with which a
PAH specialist or center is able to assist. Once a diagnosis
of PAH has been made by RHC, the patient should be
classified into a low-risk, intermediate-risk, or high-risk
category. There are several risk scoring systems with
considerable data, including French Pulmonary Hyperten-
sion Network, 2015 ESC/ERS guidelines risk classification
table, and REVEAL 2.0 which is shown in
Fig. 58.8.123e125

These systems have highlighted the need to treat pa-
tients more aggressively to a goal of attaining the low-risk
category in order to preserve RV function and improve
clinical outcomes. The scores all include a measure of RV
function and/or afterload. Fig. 58.9 depicts a proposed al-
gorithm in the management of PAH based off of patient’s
baseline risk as well as WHO functional class.

In general, it is reasonable to consider vasoreactivity
testing in patients whom are classified as low-to-moderate
risk with WHO functional class IeIII symptoms, only if
they have IPAH, familial PAH or PAH due to drugs or
toxins.117 If positive, CCB monotherapy can be initiated for
a short trial of 3e4 months to monitor for therapeutic
response, which is defined as a same or improved
hemodynamic response than what was seen on initial
vasoreactivity testing, and usually a mean PA
pressure <30 mmHg. As mentioned before, only about 5%
of patients will fall into this category, so vasoreactivity
testing is becoming less common.118

Patients typically present with functional limitation and
intermediate or high-risk features since PH can be a chal-
lenging diagnosis with an average delay of two years to
diagnosis.74 This has underscored the need for early diag-
nosis. Patients are commonly considered either average or
moderate-risk with either WHO functional class II or III
symptoms. The main approach to management in this patient
population involves upfront combination therapy, rather than
monotherapy. The two classes of drugs that are often
selected include an ERA along with a PDE5 inhibitor. The
combination of ambrisentan and tadalafil was shown in the
AMBITION trial to be associated with a 50% reduction in
rate of clinical failure (mainly driven by decreased hospi-
talizations) as well improved exercise capacity.126 Other
drug combinations studied include tadalafil þ bosentan,
macitentan þ sildenafil, selexipag þ ERA.99,127 Interest-
ingly, there are data suggesting that the combination of sil-
denafil þ bosentan is not beneficial which may be related to
drug interactions.128 Some clinicians argue for a staggered
initiation with one agent added at a time in short succession,
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FIGURE 58.8 REVEAL 2.0 risk calculator. A score 0e7 is considered low risk and is associated with a predicted one-year survival of �95%, 8 is
considered average risk and is associated with a predicted one-year survival of 90% to <95%, 9 is considered moderate risk and is associated with a
predicted one-year survival of 85% to <90%, 10e11 is considered high risk and is associated with a predicted one-year survival of 70% to <85%,
and �12 is considered very high risk and is associated with a predicted one-year survival <70%. Reproduced from Benza, RL. Chest. 2019; 2:323e337.
Copyright 2019, with permission from Elsevier.
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which provides clinicians with the benefit of being able to
accurately monitor response to adverse reactions of a spe-
cific agent while assessing treatment response, while data
from the large RCTs seem to suggest that upfront, low-dose
combination therapy is equally safe and effective.126

Patients considered high or very high-risk with WHO
functional class III or IV symptoms are often treated
initially with monotherapy in the parenteral prostacyclin
analogue class with eventual goal of getting patient on
combination therapy or even triple therapy.123 Parenteral
prostacyclin analogues are the most potent vasodilators
available with immediate benefits often appreciated, which
makes these agents useful in the ICU setting in patients
with cardiogenic shock due to RV failure from PAH.

Intravenous epoprostenol was shown to improve mortality
in patients with IPAH.90

With the exception of one trial of intravenous epo-
prostenol in IPAH and a few meta-analyses involving the
parenteral prostacyclin analogues, these PH agents improve
hemodynamics and exercise capacity while reducing pro-
gression of clinical worsening, but data on mortality are
lacking. There have been few outcome-driven trials due to
the number of patients required in a rare disease. More
recent trials involving clinical outcomes such as GRIPHON
and SERAPHIN utilized composite endpoints of clinical
worsening.99,127 Despite being some of the largest trials in
PAH ever performed, it was not feasible to power these
trials for mortality. It is also unknown if these therapeutic

FIGURE 58.9 A simplified algorithm for management of pulmonary arterial hypertension (PAH) based off of REVEAL 2.0 risk score and WHO
functional class symptoms. MCS, Mechanical circulatory support.
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agents would improve mortality in asymptomatic patients,
or in patients with mild PH. The EDITA trial was a double-
blinded, placebo-controlled RCT that studied the effect of
initiating ambrisentan in patients with PAH due to systemic
sclerosis with a mildly elevated mean PA pressure between
21 and 24 mmHg at rest or >30 mmHg with exercise. At
six months, there was no significant different in mean PA
pressures; however, patients treated with ambrisentan had a
significant improvement in CI at rest of 0.36 � 0.66 L/min/
m2 and with exercise of 0.7 � 0.81 L/min/m2, and reduc-
tion in PVR at rest of 0.70 � 0.78 Wood units and with
exercise of 0.84 � 0.48 Wood units.129

More recently, upfront triple therapy has been studied.
A small, retrospective pilot study of PAH patients looked at
initiation of the combination of intravenous epoprostenol,
bosentan, and sildenafil. Out of 19 patients, 17 (89%) were
WHO functional class I or II, and 100% of the patients were
alive at 3 years.130 More recently, the TRITON study
compared triple therapy with selexipag, macitentan, and
tadalafil versus macitentan and tadalafil. While there was
no difference in primary outcome of PVR, 6MWD, or
N-terminal pro-brain natriuretic peptide levels, at 26 weeks,
there was a nonsignificant 41% reduction in risk of disease
progression in the triple therapy group suggesting a signal
for improved long-term outcomes.131 This treatment
approach requires further study.

Of note, one of the ways to determine success of
treatment is through monitoring change in PVR, which as
mentioned before, ignores the pulsatile load that affects the
RV. PA compliance has been shown to a more accurate
predictor of mortality than PVR and often declines early in
the disease process prior to any change in PVR.132,133 For
example, pulmonary vascular compliance has been shown
to be a better predictor for long-term response to CCBs in
patients with IPAH with positive vasoreactivity testing
compared to PVR.134 Thus, measuring the pulsatile load
either invasively or via PA compliance might allow us to
detect PH earlier and more accurately monitor treatment
response.

Creation of palliative right-to-left shunts

The idea of creating a right-to-left shunt for treatment of PH
and/or RV failure stems from anecdotal evidence demon-
strating that patients with severe PAH whom had a patent
foramen ovale (PFO) lived longer compared to those pa-
tients without a PFO, as well as in patients with Eisen-
menger physiology having a lower right atrial pressure and
higher CO compared to patients without Eisenmenger
physiology.135,136 Mechanistically, this occurs as blood is
able to bypass the lungs and instead travel through a shunt
at the interatrial level, thus increasing systemic CO while

also reducing RV pressure and unloading the RV. Blood is
able to travel right-to-left due to the increased right-sided
pressures that are greater than the left-sided pressures.
However, this comes at a cost of worsening systemic
arterial oxygen saturation as blood is shunted away from
the lungs into the systemic circulation.

Balloon atrial septostomy is the most common pro-
cedure that utilizes this technique and involves perforating
the septum at the interatrial level, and using balloons of
increasing sizes in a “step-by-step” manner while
measuring hemodynamic variables to ensure reduction in
right-sided pressures and improvement in CO. The size of
the shunt is ultimately limited by a drop in systemic arterial
saturation of >10% from baseline or increased in LVEDP
>18 mmHg.137 An alternative procedure is called a Potts
anastomosis which creates a surgical anastomosis between
the left PA and the aorta, and thus mimics a patent ductus
arteriosus. The main benefit of this method is that it does
not lead to arterial oxygen desaturation in the upper part of
the body and thus would have more oxygen to supply the
brain and coronary arteries. Despite these theoretic benefits,
this procedure is technically challenging to perform non-
invasively and has almost exclusively been studied in small
trials in children, and thus lacks the long-term data of
balloon atrial septostomy.137,138 An interatrial shunt device
that is implanted transcutaneously via a catheter-based
approach is being investigated for the treatment of PAH
(NCT03838445).

Current guidelines recommend balloon atrial septos-
tomy in patients with severe PAH who have refractory
right-sided failure despite maximally tolerated medical
therapy either for palliative purposes or as a bridge to
transplantation. Contraindications to performing this pro-
cedure include patients with baseline arterial oxygen
saturation <85%, patients with LV dysfunction or Group
2 PH, or patients with baseline right atrial pressure
>20 mmHg since this will likely lead to acute pulmonary
edema upon creation of the shunt.123

Approach to treatment of group 2 pulmonary
hypertension

Group 2 PH, which is due to left-sided heart disease
including HFrEF, HFpEF, valvular disease, etc., may be
isolated postcapillary PH or combined pre- and post-
capillary PH. Isolated postcapillary PH is defined as a
mPAP >20 mmHg with PAWP >15 mmHg, and a
PVR <3 Wood units. Combined pre- and postcapillary PH
is defined as a mPAP >20 mmHg with PAWP >15 mmHg,
but a PVR �3 Wood units. This is an important distinction,
as this population exhibits an increased mortality and a
phenotype that is more similar to PAH.74,139,140
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Management of Group 2 PH focuses on treating the
underlying etiology. For example, in patients with HFrEF,
this often means diuretics to reduce the wedge pressure
along with GDMT medications that have been shown to
improve mortality. Agents that target a reduction in
afterload via pulmonary vasodilation have yielded no
benefit until recently. However, recently the VICTORIA
trial demonstrated that vericiguat, an oral guanylate
cyclase inhibitor, significantly reduced the composite
endpoint of cardiovascular death and time to first heart
failure hospitalization compared to placebo in patients
with HFrEF, without an impact on mortality.2 Vericiguat
likely has multiple effects on the systemic vasculature,
pulmonary vasculature, myocardium, and other organs,
such that the extent to which pulmonary vascular effects
are responsible for the improved outcomes seen in this
trial is unclear.

Patients with PH associated with HFpEF (PH-HFpEF)
represent a unique population that is much more chal-
lenging to manage as there are currently no approved
therapeutic agents that have been shown to improve
mortality in patients with HFpEF. Several possible ex-
planations for a lack of benefit include different patho-
physiologic mechanisms that lead to develop of HFpEF,
rather than neurohormonal dysfunction that is prominent
in HFrEF, and belief that HFpEF compromises a wide
range of different phenotypes that might require a more
personalized treatment strategy.141 PH is not only a
common complication of patients with HFpEF, but it is
also an independent predictor of hospitalization and
mortality.25 Impairment in nitric oxide bioavailability is
thought to play a role in the development of LV diastolic
dysfunction and increased PA pressure, but trials using
isosorbide mononitrate and inhaled sodium nitrite have
not yielded positive results.142,143 One possible reason is
that the study population included patients with HFpEF
rather than patients with PH-HFpEF. This may also have
been associated with the neutral findings of the INDIE trial
of inhaled sodium nitrite despite multiple earlier single
center studies showing improvements in hemodynamics
including PA compliance and impedance spectra, as well
as functional capacity.142,144e146 However, the very short
half-life of inhaled sodium nitrite (w35 min) combined
with the administration regimen (three times/day) in the
INDIE trial may have been related to the failure of this
preparation. Ongoing studies with orally administered
inorganic nitrate (which has a half-life of several hours)
are ongoing. A detailed discussion of agents that target the
nitrate-nitrite-NO pathway can be found in Chapter 51; a
detailed discussion of the role of these agents in HFpEF

can be found in Chapter 36. Finally, there are ongoing
clinical trials that are examining the role of riociguat
(NCT02744339) and tadalafil in patients with PH-HFpEF
(2017-003688-37).

Advanced therapeutic options for
treatment of right venrticular failure

Up to this point, various pharmacologic therapies have
been presented with the goal of optimizing RV perfor-
mance by modifying preload, contractility, perfusion, and
afterload. However, there are occasions when the RV will
continue to fail despite exhaustion of all possible medical
and pharmacologic therapies, such as RV infarct, post-
cardiotomy ventricular failure, or RV failure after place-
ment of a left ventricular assist device (LVAD). It is at this
point, that advanced therapeutic options should be dis-
cussed, which include the use of mechanical circulatory
support (MCS) devices and heart transplantation. Two
major barriers to the use of the various MCS devices are the
lack of durable, long-term options and, in the case of
biventricular failure, the need for concurrent LV support.
RV MCS devices work by reducing right-sided filling
pressures while improving RV CO and therefore increasing
LV preload. If the patient has concurrent LV failure,
increasing the preload to the left side of the heart will result
in acute pulmonary edema and the patient will continue to
have low systemic perfusion.

One of the most commonly used MCS devices for RV
failure is the RP Impella (Abiomed Inc, Danvers, MA),
which is a percutaneous microaxial-flow device that sits in
the RA and delivers blood to the PA, thus bypassing the
RV. It can provide up to 4 L/min of additional flow while
decreasing RA pressure, increasing right-sided CO, and
increases preload to the left-side of the heart, thus
improving systemic perfusion.147 It does not have an
oxygenator present, so is not effective for patients with
severe PH who also have concurrent hypoxia. The
RECOVER RIGHT trial demonstrated an improvement in
RA pressure and cardiac index while also permitting
weaning of inotropes and vasopressors in patients with
acute RV infarct or postcardiotomy.148 Common adverse
effects include vascular access complications, including
hematoma or dissection, as well as hemolysis.

Right ventricular assist devices (RVADs) have a similar
mechanism to the RP Impella and include the TandemHeart
RVAD (TandemLife, Pittsburgh, PA) and the Protek Duo
cannula. These devices are an extracorporeal centrifugal-
flow pump that has an inflow cannula in the RA that
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bypasses blood externally before returning to the outflow
cannula that is located in the PA. The RVADs are not only
capable of providing RV support up to 4.5 L/min but are
also able to have an oxygenator added to the circuit, and
thus can be used for patients with an acute PE or decom-
pensated, severe PH.17,147 Studies have shown an
improvement in RA and PA pressures, improvement in CO
and RV stroke work, and improvement in oxygenation.147

Common adverse effects include vascular access compli-
cations, bleeding, and thrombosis.

Venoarterial extracorporeal membrane oxygenation
(VA-ECMO) displaces venous blood from the RA across
an oxygenator and returns it to the arterial circulation.
Unlike the RVADs, VA-ECMO will increase LV afterload
due to the increase in blood return to the arterial circulation
and can cause worsening cardiogenic shock and acute
pulmonary edema if the patient also has LV dysfunction. In
these instances, it is often necessary to implant an addi-
tional MCS device, such as an Impella device or intra-aortic
balloon pump to help unload the LV and reduce left-sided
filling pressures. Adverse events associated with ECMO
include bleeding, thromboembolism, and vessel
injury.10,147

As briefly mentioned above, MCS for RV failure is
currently only designed for short-term use unlike the
LVADs which have been approved for destination therapy.
Thus, careful consideration must be taken among a multi-
disciplinary heart team, including heart failure specialists,
interventional cardiologists, and cardiothoracic surgeons,
prior to implantation as they are typically reserved for
either a short-term bridge to recovery or bridge to trans-
plantation. Currently, the CentriMag pump (St. Jude,
Minneapolis, MN), an extracorporeal centrifugal-flow
pump, is the longest duration support device available
and is approved for use up to 30 days. Future studies are
examining the feasibility of more durable RV support de-
vices and include the HeartWare MVAD, the Circulite
Synergy device, and the Syncardia total artificial heart
(Syncardia Systems, LLC, Tucson, AZ).149e151

Emerging therapeutic options

Given the high morbidity and mortality associated with RV
failure, there remains a strong need for novel therapeutic
agents that target unique pathways contributing to RV
dysfunction. As the severity of PH worsens, the RV will
begin to dilate leading to left-to-right asynchrony, which
can be visualized by septal bowing in early LV diastole on
echocardiography. The RV volume will shift toward the
relaxed LV leading to septal bowing, but this allows the
pulmonary valve to close while the RV is still contracting

leading to increase in oxygen consumption and a decrease
in early LV diastolic filling.152,153 Therefore, it has been
postulated that cardiac right-to-left resynchronization ther-
apy by pacing the RV earlier might be beneficial for pa-
tients with severe PH and evidence of RV dilation and
septal bowing. While cardiac resynchronization therapy is
currently approved for patients with HFrEF and a wide
QRS morphology in an effort to improve LV systolic
dysfunction, data are limited in this patient population,
mainly occurring in experimental animal models and one
small trial in patients with CTEPH in which RV pacing
reduced asynchrony, increased RV contractility, and
improved LV diastolic filling time and SV.154,155

One of the mechanisms that is thought to contribute to
RV dysfunction is activation of the RAAS and excess
sympathetic tone. As discussed previously, while this
pathway is important in the pathophysiology of HFrEF
and inhibition of this pathway via ACE inhibitors or ARBs
have resulted in an improvement in LVEF and mortality,
these agents have had mixed results in isolated RV failure.
Nevertheless, an emerging therapeutic option consists of
directly blocking the excess sympathetic tone and
bypassing the RAAS, via performing PA denervation.
This is a minimally invasive catheter-based procedure that
utilizes radiofrequency ablation to eliminate the PA
baroreceptors located between the distal main trunk and
ostial left branch, thus reducing sympathetic tone.156,157

The benefits of PA denervation were studied in the
PADN-5 trial which compared PA denervation to silden-
afil plus a sham procedure in patients with combined pre-
and postcapillary PH and found that PA denervation group
had a higher 6MWD and lower PVR at 6 months.158

Similar hemodynamic findings were shown in animal
models with Group 1 PAH, and a clinical trial is planned
(NCT02835950).159

Several other pharmacologic agents that are currently
being investigated include antioxidant agents that target
reactive oxygen species (ROS), fatty acid oxidation in-
hibitors, and antiinflammatory agents.69,160 Studies to date
with these agents have been limited to animal models or
small clinical trials with the only randomized controlled
trial being the use of trimetazidine, a fatty acid oxidation
inhibitor, for patients post percutaneous coronary inter-
vention which did not show any benefit, although this trial
did not examine the benefits in isolated RV infarct.161

Thus, further clinical trials are needed studying patients
with RV failure and/or PH before widespread use will be
adopted. Table 58.2 reviews the different therapeutic op-
tions along with brief description of mechanism of action
and supporting trial data that has been discussed in this
chapter.
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TABLE 58.2 Overview of main therapeutic agents along with mechanism of action discussed throughout chapter.

Therapeutic agents Mechanism of action Trials

Diuretics

l Furosemide
l Torsemide
l Bumetanide
l Dialysis

Optimization of preload to improve RV stroke volume, reduce RV
dilatation, reduce RV free wall tension

CARRESS-HF: Diuretics versus
dialysis39

Vasopressors

l Norepinephrine
l Epinephrine
l Dopamine
l Vasopressin
l Phenylephrine

- Increase perfusion by increasing blood pressure but may increase
RV afterload

- Epinephrine has some inotropic effect at low-dose
- Vasopressin can cause pulmonary vasodilation via endothelial

nitric oxide stimulation at low doses

Norepinephrine45

Epinephrine46

Vasopressin47

Inotropes

l Dobutamine
l Milrinone
l Levosimendan

- Dobutamine: beta 1 and 2 receptor agonist
- Milrinone: phosphodiesterase 3 inhibitor and often preferred agent

due to mild pulmonary vasodilation properties
- Levosimendan: myocardial calcium sensitizer

Levosimendan56e59

Dobutamine and milrinone6

Neurohormonal modulation

Beta-blockers (metoprolol
succinate, carvedilol,
bisoprolol, and nebivolol)

- Either selectively block beta-1 or 2 receptors, or nonselective
blockade of both

- Decrease in altered stimulation mediated by RAAS
- Decrease in preload and decrease myocardial oxygen demand
- Nebivolol may reduce PA smooth muscle proliferation

60,62
Bisoprolol61,63

Nebivolol64

ACE inhibitors and ARBs Blocks RAAS by either blocking angiotensin receptors or by inhibit-
ing angiotensin converting enzyme

17,66e68

Mineralocorticoid receptor
antagonist (aldosterone)

- Blocks aldosterone receptors to suppress RAAS stimulation
- May also reduce afterload when combined with ambrisentan

(AIRES trial)

ARIES trial70

Use in PAH (NCT01712620)
Use in RV failure
(NCT03344159)

Sacubitril/valsartan - ARB with a neprilysin inhibitor that inhibits breakdown of
natriuretic peptides

- May prevent maladaptive remodeling

72,73

Prostacyclin analogues and prostacyclin receptor agonists

l Epoprostenol (IV)
l Iloprost (Inhaled)
l Treprostinil (IV, SQ,

inhaled, PO)
l Selexipag (PO)

- Either mimic prostacyclin or acts on receptor to increase
production of prostacyclin which then increases production of
cAMP and leads to vasodilation

- Reduces mPAP and PVR; improves 6MWD and CO/CI
- Epoprostenol improves mortality in IPAH

Epoprostenol89,90,92

Iloprost93

Treprostinil94e98

Selexipag in GRIPHON
trial99,100

Phosphodiesterase 5 inhibitors

l Sildenafil
l Tadalafil

- Reduces enzymatic breakdown of cGMP and increase levels of
NO leading to pulmonary vasodilation

- Reduces mPAP and PVR; improves 6MWD and CO/CI

Tadalafil101

Sildenafil102e107

Oral soluble guanylate cyclase

Riociguat - Enhances cGMP production
Also has benefit in Group 4 PH
- Reduces mPAP and PVR; improves 6MWD and CO/CI

PAH108,109

Group 4 PH110

Endothelin receptor antagonists

l Ambrisentan
l Bosentan
l Macitentan

- Ambrisentan: receptor A blocker / blocks production of
endothelin-1

- Bosentan and macitentan: receptor A and B blockers / blocks of
production of endothelin-1 but also blocks clearance of
endothelin-1

- Reduces mPAP and PVR; improves 6MWD and CO/CI

Ambrisentan70,112,113

Bosentan in COMPASS 3115

Continued
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Conclusion

In conclusion, it is important to recognize and treat RV
failure as it remains a strong predictor of mortality in pa-
tients with heart failure due to left-sided dysfunction and
PH. Management requires optimization of several different
parameters, including preload, contractility, myocardial
perfusion, and afterload. As our understanding of the RV
continues to grow, there is a push to better incorporate our
understanding of the components of RV afterload that
contribute to RV dysfunction (including pulsatile compo-
nents, including wave reflections) into the design of agents
that target these mechanisms in effort to improve outcomes.
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in older adults, 476e477
relationships to, 429e431
Doppler measurement of PWV, 431f
null hypothesis, 430f

treatment, 475e476
in vivo, 138b
waveform, 535

Blood pressure variability (BPV), 873
Blood vessels, 8e9, 369
Blood viscosity, 22
Blood volume, 4

healthy pregnancy, 665e673
pregnancy complications, 674

BMI. See Body mass index (BMI)
BMP. See Bone morphogenetic protein

(BMP); Bone morphogenic protein
(BMP)

BMPR2. See Bone morphogenetic protein
type 2 receptor (BMPR2)

Body mass index (BMI), 432e433, 491,
669, 690

Body position, 129
Body surface area (BSA), 84
“Bolus tracking”, 80
Bone mineral metabolism, 802
Bone morphogenetic protein (BMP), 328,

398e399, 922
Bone morphogenetic protein type 2 receptor

(BMPR2), 922
Bone morphogenic protein (BMP), 797
Bone sialoprotein (BSP), 330
Bone-forming pathways, 85
“Bovine aortic arch”, 82
Bowditch effect, 217
BP. See Blood pressure (BP)
BP variability (BPV), 612
bPP. See Brachial pulse pressure (bPP)
BPV. See Blood pressure variability (BPV);

BP variability (BPV)
Brachial arteries, 537
Brachial artery stiffness, 376

mean arterial pressure, 378f
neural and hemodynamic responses, 377t
representative tracings, 377f

Brachial blood pressure, ambulatory 24-h
measurement of, 125

Brachial pulse pressure (bPP), 126
Brachial systolic pressure (SBP), 126
Brachial waves, 33
Brachial-ankle pulse wave velocity

(baPWV), 494, 513e514, 609e610,
650e651, 682, 800, 865

Brachiocephalic trunk (BCT), 736e737
Bradykinin, 200

Brain, 197, 649
aging, 656
arterial stiffness and, 161
damage, 451
structural abnormalities on MRI, 651e654
and sympathetic outflow, 855

BramwelleHill equation, 15e16, 119e121,
147e148

Branching network models, 178e180
BSA. See Body surface area (BSA)
BSP. See Bone sialoprotein (BSP)
Buckberg index
corrected for arterial O2 content, 290
corrected for cardiac mass, 290
estimated by echocardiography, 293e294
reference values for, 290

Buckberg index estimated by arterial
tonometry, 290e294

and echocardiography, 293e294
limits in, 291e293
new perspectives in, 294

Bulk modulus, 14

C
14C deoxyglucose (DG), 93
C-reactive protein (CRP), 315, 320
C-x-c motif chemokine 4 (CXCL4), 201
C5-hexanamido-C9-acetamido analog,

307e309
C9-amido analog (16), 307e309
Caenorhabditis elegans, 362
Calcific aortic valve disease (CAVD), 327,

330e332
pathogenic events, 331f

Calcification, 320
CKD as model of early vascular aging and

role of, 398e399
Calciprotein particles (CPPs), 398e399
Calcium channel blockers (CCBs), 783, 812,

943e944, 946
diuretics vs., 785

Calcium score, 85e86
Calcium signaling receptor (CaS), 802
Calcium transient decay, 216e217
“Calcium wave”, 283
cAMP. See Cyclic adenosine monophosphate

(cAMP)
Canakinumab Antiinflammatory Thrombosis

Outcome Study, 96
Candesartan Antihypertensive Survival

Evaluation in Japan (CASE-J), 463
Capillary density, 286
Carbonyl stress, 320
Carbonylation, 302
g-carboxyglutamic acid, 331
Cardiac aerobic metabolism, 286
Cardiac baroreflex sensitivity, 371
Cardiac biomarkers, 474
Cardiac catheterization, 545
Cardiac cycle, 212e214, 234e236, 281
Cardiac damage, 450e451
Cardiac magnetic resonance imaging

(CMRI), 217, 263e264, 697, 885
Cardiac mechanics, 284
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Cardiac metabolism, 217
Cardiac MRI, 885
Cardiac output (CO), 211, 527e531, 545,

665e666, 883e884, 900, 909, 936
heart rate response during exercise,

527e529
reserve, 553
stroke volume response during exercise,

529e530
ventricular-vascular coupling, 530e531

Cardiac performance, 217
Cardiac structure, 212
Cardiac system, 530
Cardio-ankle vascular index (CAVI),

432e433, 475, 611, 751, 817e819
Cardiology, 217
Cardiomyocyte, 214e215, 231e233
Cardiomyocyte necrosis, 281
Cardiopulmonary exercise testing (CPET),

545
Cardiorespiratory fitness (CRF), 829
Cardiovascular (CV), 91, 421e422

calcification, 328
experimental approaches in, 334e335

complication, 450e451
events
in patients with DM, 460e461
in patients with prediabetes, 461

limitations, 539e540
morbidity, 732e734
phenotypes, 752e753
and renal outcome, 451
SHATS role in, 614
therapeutic target discovery in, 335

Cardiovascular disease (CVD), 4, 86, 91,
275e277, 315, 327, 391, 409, 421,
471, 491, 609, 638, 829

Cardiovascular interaction, 910e911
left ventricleeright ventricle interaction, 911
right ventricle volumetric adaptation and

wall stress, 911
right ventricleepulmonary artery coupling,

910e911
Cardiovascular magnetic resonance (CMR),

591, 735
Cardiovascular prevention, Asian guidelines

on, 491e495
diabetes mellitus, 493e494
dyslipidemia, 492e493
hypertension, 491e492
life style modification, 494e495
Asian characteristics of cardiovascular

risk and relevant guidelines, 495t
Cardiovascular risk, 474e475

assessment, 472e475
arterial stiffness and cardiovascular risk,

474e475
blood pressure measurement, 472
hypertension-mediated organ damage and

risk modifiers, 473e474
tools, 472e473

in young Finns study, 413
Cardiovascular system, 169, 211e212, 227,

530, 593

autonomic control of, 369e370
neurohumoral regulation of, 370f
parasympathetic nervous system,
369e370

sympathetic nervous system, 370
functional assessment of, 217e219
soluble guanylate cyclase role in, 821

Cardiovascular systemeventricular
hemodynamics, 816

Carotid, 534
Carotid arterial function, 436
Carotid arterial tonometry, 31
Carotid artery, 271, 611

compliance, 380
stiffness, 832e834
tonometry, 269e270
waveform, 270

Carotid augmented pressure (Pa), 865
Carotid intima-media thickness progression

(cIMT progression), 318
Carotid pressure waveform, 270
Carotid stiffness, 829
Carotid tonometry, 32be33b
Carotid-femoral (cf), 649e650
Carotid-femoral pulse wave velocity (CF-

PWV), 69, 71, 126e127, 155, 273,
316, 391, 409e410, 421, 429, 451,
457, 610, 639, 669, 689, 694, 719,
800, 819, 855, 865

CART. See Combination antiretroviral
therapy (CART)

Catecholamines, 527e529
CC. See Compliance coefficient (CC)
CeC motif ligand 20 (CCL20), 351
Cell cycle, 360
Cell dynamics in microvascular growth,

197e202
endothelial cells, 198e200
lymphatic endothelial cells, 201e202
macrophages, 201
pericytes, 200
smooth muscle cells, 200e201
traditional microvascular remodeling

processes, 199t
Cell senescence, 352
Cell viability in basal conditions,

maintenance of, 284
b-cell, 463e464
Cell-free zone (CFZ), 809
a-cells, 463e464
d-cells, 463e464
Cellular biologic processes, 391
Cellular debris, 328
Cellular energy, 797
Cellular mechanisms, 195

of aging
cellular and molecular mechanisms of
vascular aging, 394e398

CKD as model of early vascular aging
and role of calcification, 398e399

effects on arterial tree, 392e393
Cellular processes in myocardium, 265e266
Cellular senescence, 359, 398

in age-related diseases, 359e360

inhibition of, 362e363
molecular mechanism of, 360

Central aorta, 623
Central aortic hemodynamics, ethnic

differences in
arterial stiffness through life-course,

431e438
elderly, 439e440
J-shaped relationship, 440f

ethnicity and menopausal transition,
438e439

African and white American women, 439f
fetal life, infancy, childhood, and

adolescence, 431e433
HIV, 438
pulse wave velocity measures in AORTIC

segments by MR, 438
relationships to blood pressure, 429e431
renal impairment/failure, 439e440
retinal vessels, 436e438
arterial stiffness and dementia pathology,

437f
vascular or physiological feature or disease

useful, 429e431
young adults, 433e436

Central aortic pressures, 519
Central arterial stiffness, 649, 657

aerobic exercise interventions effect in
young and MA/O adults, 832e838

effect of high cardiorespiratory fitness and
habitual aerobic PA on, 829e832

effect of obesity, weight loss, and weight
gain on, 841e844

effect of resistance exercise training on
large, 838e841

Central blood pressure, 870e871
in aging hypertensives, 449

“Central BP”, 27
Central command mechanism, 527
Central hemodynamics, 533e536

blood flow pulsatility, 535e536
central pressure and pulse wave dynamics,

534e535
large artery stiffness and characteristic

impedance, 536
mean arterial pressure, 533e534
pulse pressure amplification, 535

Central pressure, 256, 514e520, 534e535,
784

association with intermediate endpoints, 519
correlation of, 519
correlation of central pressures and

peripheral pressures, 519
cut-off, 519
large studies on association between

measured central pressures, 515te518t
measurement/estimation of, 519
central pressure waveform/central

pressures, 519
predictive value, 514
study populations, 519
as therapeutic target, 519e520
waveform, 514
measurement/estimation of, 519
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Central pulsatile hemodynamics, 865
effect of aerobic exercise interventions,

832e838
effect of high cardiorespiratory fitness and

habitual aerobic PA on, 829e832
resistance exercise training effect on large,

838e841
Central pulsatile waves, 789
Central pulse pressure (cPP), 67, 650e651,

857e858
Central systolic pressure, 535
Central vasculature, 533, 536
Central vasodilators, 537e538
Central venous pressure (CVP), 548,

883e884
“Central-to-peripheral amplification”, 446
“Central-to-peripheral pulse pressure ratio”,

784
Cerebral amyloid angiopathy (CAA), 654
Cerebral arteries, 610
Cerebral blood flow, 657
Cerebral white matter lesions, 829
Cerebrovascular complications, 776
Cerebrovascular disease, 195, 609,

627e631
clinical evidence, 627e628
mechanism, 628e631

Cerebrovascular function, 855
Characteristic impedance, 155e156, 269,

887, 904
of proximal arteries, 903

CHD. See Congenital heart disease (CHD);
Coronary heart disease (CHD)

Chemokine ligand 5 (CCL5), 201
Chemokines, 353
Chemoreflex, 527
Chest X-ray, 330
Chicago Heart Association Detection Project,

870
Childhood risk factor, 413
Chlorhexidine, 817
Cholesterol crystals, 328
Chronic cerebral hypoperfusion, 657
Chronic degenerative vascular disease, 304
Chronic hypertension, 286
Chronic inflammation, 644
Chronic inflammatory diseases, 316e317,

765
chronic obstructive pulmonary disease, 317
HIV infection, 317
inflammatory bowel disease, 317
rheumatoid arthritis, 316e317
systemic lupus erythematosus, 317
systemic sclerosis, 317

Chronic kidney disease (CKD), 155, 158,
160, 195, 266, 327, 391, 457, 477,
492, 565, 612, 637, 798, 829

MGP, 399f
as model of early vascular aging and role of

calcification, 398e399
office blood pressure targets for patients

with hypertension, 478t
progression, 638

Chronic low-grade inflammation, 345

Chronic obstructive pulmonary disease
(COPD), 315, 317, 568

Chronic Renal Insufficiency Cohort Study
(CRIC Study), 462, 852

Chronic Renal Insufficiency Standards
Implementation Study (CRISIS), 639

Chronic right heart failure, pathophysiology
of, 936

Chronic sympathetic outflow, 373
Chronic thromboembolic pulmonary

hypertension (CTEPH), 899, 945
Cigarette smoke, 458
Circular dichroism spectroscopies, 304e305
Circulating factors, 195
Circulatory system, 227, 641e642

sepsis effect on, 749e750
Circumferential stiffness, 137
Clinical cardiovascular medicine, 49
Closed circulatory system, 302
Closed-ended reflection, 172
Closed-loop model, 227
Closed-loop system, 227
Cluster analysis, 568e570
Coacervation, 301
Coarctation (CoA), 692e693

of aorta, 728
arterial abnormalities arise in, 738e739

Cockcroft-Gault equation, 639
Cognitive impairment, 829
COL3A1 gene, 710
Colchicine Cardiovascular Outcomes Trial,

96
Collagen, 7, 272e273, 320, 643, 797

fibers, 303e304
Combination antiretroviral therapy (CART),

753
Combined post-and precapillary PH

(CpcPH), 555
Compliance coefficient (CC), 118,

138b
Computed tomography (CT), 77, 91, 335,

658
anatomy of aorta, 82
aortic assessment using, 82e83
aortic calcification, 85
aortic calcification detection, 87e88
changes in aortic geometry with aging,

84e85
fusion imaging, 93
and physics, 77e82
3D reconstruction, 80
centerline extraction steps and

applications, 81f
challenges, 80e82
contrast resolution, 80
ECG-gated CTA, 81f
ECG-gated vs. non‒ECG-gated CTA, 79
important terms in CT scan, 78t
spatial resolution, 78
temporal resolution, 78e79

progression of aortic calcification, 86e87
quantification of aortic calcification, 85e86

Computed tomography angiography (CTA),
79, 84e85

Conductance catheter, 885
Conducted vasodilation, 538
Conduction system, 212
Confidence interval (CI), 317, 459
Congenital heart disease (CHD), 692e693,

727
abnormalities of pulsatile hemodynamics,

734e738
aortic development, 727e728

six pairs of primitive aortic arches, 728f
arterial abnormalities arise in coarctation,

738e739
cardiovascular morbidity, 732e734
coarctation of aorta and IAA, 728
hypertension after coarctation repair,

728e732
normal aortic morphology, 727
vascular abnormalities in forms of,

739e743
arterial stiffness in patients, 744t
forms of, 743
TOF, 739e743

Congenital stiffness, 738e739
Constant flow, 51
Constant pressure, 51
Constant stroke volume, 10e11
Continuous positive airway pressure (CPAP),

784, 791, 842e843
Continuous-flow LVAD therapy, 772e773
Contractile function of myocytes, 231e233
Contractility, 283, 939e940
Contraction, 227e239
Contrast resolution, 80
typical Hounsfield units, 80t

Convection intensity, 345e346
Convection-enhanced delivery, 346
Coronary arteries, 610, 623
Coronary artery calcium (CAC), 84, 474
Coronary artery disease (CAD), 86, 266, 281,

474e475, 610, 622e625
aortic calcification, 627
clinical evidence, 622e623
mechanism, 623e625
peripheral artery disease, 625
stroke and cerebrovascular disease,

627e631
traditional view of arteriosclerosis and

atherosclerosis, 621t
Coronary atherosclerosis, 609e610
Coronary blood flow, 591
Coronary blood flow regulation, 286
coronary self-regulation, 286
endothelial vasoactive mediators, 286
metabolic regulation, 286

Coronary circulation, 286
Coronary heart disease (CHD), 88, 429
Coronary hemodynamics, 623
Coronary microcirculation, 576e577
Coronary restenosis, 622
Coronary self-regulation, 286
Corticosteroids, 317e318
“Coupling phase”, 910e911
COX inhibitors. See Cyclooxygenase

inhibitors (COX inhibitors)
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CPAP. See Continuous positive airway
pressure (CPAP)

CpcPH. See Combined post-and precapillary
PH (CpcPH)

CPET. See Cardiopulmonary exercise testing
(CPET)

cPP. See Central pulse pressure (cPP)
CPPs. See Calciprotein particles (CPPs)
Creatinine ratio, 462
CRF. See Cardiorespiratory fitness (CRF)
CRIC Study. See Chronic Renal

Insufficiency Cohort Study (CRIC
Study)

CRISIS. See Chronic Renal Insufficiency
Standards Implementation Study
(CRISIS)

Crohn’s disease, 317, 345
Cross-linking and macromolecular assembly,

301
Cross-sectional wave reflection data,

410e412
Cross-talk between micro-and

macrocirculation, 423
CRP. See C-reactive protein (CRP)
CT numbers, 80
CTA. See Computed tomography

angiography (CTA)
CTEPH. See Chronic thromboembolic

pulmonary hypertension (CTEPH)
Cuff “oscillometric” blood pressure, 28e30

oscillometric method, 29f
Cuff central aortic blood pressure, 33e35

brachial and central blood pressure, 34f
Cuff mercury sphygmomanometry, 27e28
Cuff-measured BP, 27
Cuffless blood pressure wearables, 35
Cumbersome estimation process, 511e513
CV. See Cardiovascular (CV)
CVD. See Cardiovascular disease (CVD)
CVP. See Central venous pressure (CVP)
Cyanate, 302
Cyclic adenosine monophosphate (cAMP),

370, 789, 807, 943e945
Cyclooxygenase inhibitors (COX inhibitors),

317e318
Cytokines, 211, 320, 353

D
Dallas heart study, 438
DANA scaffold, 307e309
DAP12. See DNAX activation protein of 12

kDa (DAP12)
Data acquisition, extraction, and analysis,

784e785
DBP. See Diastolic blood pressure (DBP)
DC. See Direct current (DC); Distensibility

coefficient (DC)
DCs. See Dendritic cells (DCs)
Decay-time and area method, 55
Decorin, 320
Degenerative aortopathy, 720
2,3-dehydro-2-deoxy-N-acetylneuraminic

acid (DANA), 307e309
Delta-like ligand 4, 198e199

Dementia, 565, 612, 649
association between arterial stiffness and,

655e659
amyloid-beta, 658f
conceptual model, 656f

studies linking arterial stiffness to AD and
related, 650e655

vascular changes, 650f
Dendritic cells (DCs), 853
DeoxyHB, 814
Depolarization, 213, 284
Desmosine (DES), 301
Determinants of Adolescent, now Young

Adult, Social Wellbeing, and Health
(DASH), 434

Device-based antihypertensive therapy,
789e791

Device-based cardiovascular therapeutics,
783

Device-based therapies, 379
DG. See 14C deoxyglucose (DG)
Diabetes mellitus (DM), 146e147, 161e162,

195e197, 302e303, 333, 457, 457f,
477e478, 492e494, 692, 753e754

arterial stiffness and cardiovascular events in
patients

with diabetes mellitus type 2, 460e461
with prediabetes, 461

arterial stiffness
and cognitive dysfunction in patients with
diabetes mellitus, 462e463

and diabetic neuropathy and autonomic
dysfunction, 462

as potential contributor to diabetes
mellitus development, 463e464

diabetic microvascular disease, 461
diabetic nephropathy, 462
diabetic retinopathy, 461
distensibility, 692
epidemiologic association of, 460e463
global measures, 692e693
nitric oxide, oxidative stress, and arterial

stiffness, 459e460
pathophysiologic relationship between LAS

and, 457f
pathophysiologic role of, 458e460
pulse wave analysis, 692
pulse wave velocity, 692

Diabetic microvascular disease, arterial
stiffness in promotion of, 461

Diabetic nephropathy, 462, 643
arterial stiffness and, 462

Diabetic retinopathy, arterial stiffness and,
461

Diacyl glycerol (DAG), 342e343
Diagnostic ambiguity, role of invasive

hemodynamic assessments, 545
Diagnostic uncertainty, 553
Diagnostic utility, 31
Dialysis, 637
Diastasis, 236
Diastole, 214, 236
Diastolic blood pressure (DBP), 125e126,

270, 287, 409, 668, 865

Diastolic PAP (dPAP), 884
Diastolic pressure, 287, 883

decay, 183e184, 285e286
Diastolic pressure-time integral (DPTI), 623
Diastolic pulmonary artery pressure (Dpap),

937
Diastolic relaxation, 238, 529e530
Diastolic ventricular interaction (DVI), 547
Dichloroacetate (DCA), 926
Dietary compounds, 396
Dietary nitrates (inorganic nitrate), 817e821

and arterial stiffness/pulse wave velocity,
817e820

and blood pressure, 817
discovery of inorganic nitrate-nitrite-NO

pathway and cardiovascular relevance,
817

inorganic nitrate and angina, 820
limitations of organic and, 820e821
safety concerns regarding inorganic nitrite

and, 821
Dietary salt

and arterial stiffness, 855e858
and blood pressure, 851e852
blood pressure independent effects of,

852e855
arteries, 853e854
brain and sympathetic outflow, 855
heart, 852e853
inflammation, 853
potential mechanisms of reduced

endothelial function by high salt,
854e855

and cardiovascular outcomes, 852
lifestyle and, 858e859
exercise/physical activity, 858e859
potassium, 858

Dietary sodium intake, 857
Diffusion capacity, 533
Diffusion tensor imaging (DTI), 652e654
Digital image correlation, 144e145
Digital signal processing, 28e29
Dipeptidyl peptidase-4 (DPP-4), 801
Direct current (DC), 886
Direct myocardial effect, 816e817
Direct pathways, 527
Direct vascular inflammation, 321
Displacement (d), 282
Distal microvasculature, 565
Distal transverse aorta, 727
Distensibility, 13, 119, 700e703

age-specific percentiles of carotid DC, 702f
gender-specific reference percentiles, 702f
sex-specific percentile curves, 701f

Distensibility coefficient (DC), 118,
138b

“Divine proportion”, 888
DM. See Diabetes mellitus (DM)
DNA array-based genomic analysis studies,

332
DNAX activation protein of 12 kDa

(DAP12), 353e354
Doppler echocardiography, 591, 596e598,

885

966 Index



Doppler flow measurements, 269e270
Doppler ultrasound, 270
Down-stream pressure, 899, 905
Doxazosin, 379
dPAP. See Diastolic PAP (dPAP)
Dpap. See Diastolic pulmonary artery

pressure (Dpap)
DPP-4. See Dipeptidyl peptidase-4 (DPP-4)
DPTI. See Diastolic pressure-time integral

(DPTI)
Drug
inhibiting RAAS and MRAs, 800
targeting arterial calcification, 802
therapy, 493

DTI. See Diffusion tensor imaging (DTI)
DVI. See Diastolic ventricular interaction

(DVI)
Dynamic cellular process, 201
Dynamin-related protein 1 (Drp1), 926
Dysfunctional soluble guanylate cyclase

signaling, 822
Dyslipidemia, 492e494, 690e691, 753e754
distensibility, 690e691
global measures, 691
pulse wave analysis, 690
pulse wave velocity, 690

Dyslipidemia Interventional Study II
(DYSYS II), 492

Dysregulated neurohormonal pathways, 940

E
E-waves, 237
EA/EES ratio, 246
Early blood vessel pathology, 431
Early vascular aging (EVA), 391, 421, 425f
background and characteristics of, 421
intervention studies on, 424

Earmarking processes, 398
Eat me signaling, 347e348
EBCT. See Electron beam computed

tomography (EBCT)
EBP. See Elastin-binding protein (EBP)
EC. See Endothelial cell (EC)
EC-specific p53 KO (EC-p53 KO), 363
ECG-gated CTA, 79
ECG-gating. See Electrocardiographic-gating

(ECG-gating)
Echocardiography, 77, 217, 545e546, 885,

909e910
ECM. See Extracellular matrix (ECM)
Ectonucleotide pyrophosphatase/

phosphodiesterase-1 (ENPP1),
797e798

EDP. See End-diastolic pressure (EDP)
EDPVR. See End-diastolic pressure volume

relationship (EDPVR)
EDRF. See Endothelium-derived relaxing

factor (EDRF)
EDV. See End-diastolic volume (EDV)
EF. See Ejection fraction (EF)
EF1. See First-phase ejection fraction (EF1)
Effective arterial elastance, 122, 573e574,

903e905
Effective orifice area (EOA), 558

Effective reflection distance (ERD),
416e417

EGF. See Epidermal growth factor (EGF)
eGFR. See Estimated glomerular filtration

rate (eGFR)
EhlerseDanlos syndrome (EDS), 423, 708,

713, 719e720
Ejection fraction (EF), 71, 219, 241, 415,

883
Ejection-phase MW, 257e259
Elafin, 307
Elastic arteries, 342, 376e379, 392e393
Elastic energy, 112

recovering during diastole, 237e239
Elastic fiber, 272e273, 299e301

elastogenesis, 300e301
function and composition, 299e300

Elastic lamellae, 302
Elastic pericardium, 547
Elastic vessels, 7e11

elastic modulus of aortic tissue, 9f
hemodynamic pulsatility and structure of

arterial wall, 7e8, 7f
pressure dependence of arterial stiffness,

8e11
stress/strain, 8f

Elasticity of blood vessels, 4
Elastin, 7, 164, 302

biology-derived therapeutic options,
307e309

elastin-derived peptides and nonenzymatic
posttranslational modifications,
307e309

targeting elastin synthesis, 307
targeting proteolysis and nonenzymatic

posttranslational modifications, 307
degradation, 306e307
elastic fibers and, 299e301
elastin biology-derived therapeutic options,

307e309
elastin-cleaving proteases, 303e304
elastin-derived peptides signaling, elastin

receptor complex, and
pathophysiological consequences,
304e307

fragmentation/degradation, 799
modifications during aging and

pathophysiological consequences,
302e304

mechanical fatigue and enzymatic fracture
of elastin, 303e304

nonenzymatic posttranslational
modifications of elastin, 302e303

pathophysiological consequences of
elastin modifications, 304

proteins, 643
role in arterial function, 302
role in normal hemodynamics, 302
synthesis, 307

Elastin microfibril interfaces (EMILINs), 299
Elastin receptor complex (ERC), 301

elastin receptor complexedependent cell
signaling, 305

Elastin-binding protein (EBP), 301

Elastin-derived peptides (EDPs), 164,
304e305

and nonenzymatic posttranslational
modifications, 307e309

pathophysiological roles of, 305e307
signaling, elastin receptor complex, and

pathophysiological consequences,
304e307

elastin receptor complexedependent cell
signaling, 305

pathophysiological roles of elastin-derived
peptides, 305e307

Elastogenesis, 300e301, 409
cross-linking and macromolecular assembly,

301
microassembly, 301
microfibrils deposition, 301
synthesis and secretion of tropoelastin, 301

Elastogenic cells, 301
Elastokines, 304
ELCo. See Energy loss coefficient (ELCo)
Electrocardiographic-gating (ECG-gating),

78e79
Electromagnetic waves, 169
Electromechanical coupling, 214e215
Electron beam computed tomography

(EBCT), 77
Elk-1. See ETS-like transcription factor 1

(Elk-1)
Embryogenesis, 211
Embryological aortic arches, 727e728
EMILINs. See Elastin microfibril interfaces

(EMILINs)
End-diastolic elastance (Eed), 891e892
End-diastolic pressure (EDP), 890, 935
End-diastolic pressure volume relationship

(EDPVR), 891e892, 908e909
End-diastolic volume (EDV), 530, 890,

935
End-stage kidney disease (ESKD), 397e398,

637
End-stage renal disease (ESRD), 85,

302e303, 439, 503e504, 693, 802
End-systolic elastance (EES), 242
End-systolic elastance (Ees), 242e243,

890e891, 939e941
End-systolic pressure (Pes), 890
End-systolic pressureevolume relation

(ESPVR), 242, 890, 903e904
End-systolic wall stress, 255
Endarterectomy, 306e307
Endocrine mechanisms, 211
Endocrine organ, 211
Endocytosis abilities of VSMCs, 345e348
Endogenous nitrate, 537e538
EndoMT. See Endothelial to mesenchymal

transition (EndoMT)
Endoplasmic reticulum (ER), 301
Endothelial cell (EC), 195e196, 198e200,

333, 359, 392, 922
antisenescence therapy, 362e365
molecular mechanism of cellular senescence,

360
eukaryotic cell cycle, 361f
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Endothelial cell (EC) (Continued )
senescence in age related disorders,

361e362
stiffening, 855
stiffness, 856e857
in vivo evidence of cellular senescence in

age-related diseases, 359e360
Endothelial dysfunction, 286, 328, 609, 644,

774
PH, 922e924

Endothelial function, 853e854
Endothelial glycocalyx (eGC), 855
Endothelial nitric oxide synthase (eNOS),

319e320, 330, 361, 682, 807, 919
Endothelial paracrine regulation of left

ventricular function, 809
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666e668
placental vascular remodeling, 667f
sFlt-1, 668f
uterine spiral arteries, 667f

Healthy vascular aging (HVA), 391, 424
Heart, 211e212, 275, 852e853

arterial stiffness and, 159e160
heart-dependent arterial load, 905e907
pulmonary artery pressure, 905
right ventricular wall stress/tension, 907
wave reflection, 905e907

heart-independent arterial load, 901
Heart failure (HF), 155, 473, 545, 565e567,

611, 829, 935
arterial tree in, 567e579
clinical utility in evaluation of suspected,

553e559
HFpEF, 553e557
HFrEF, 557e558
PAH, 558

valve disease, 558e559
in people living with HIV infection,

754e758
cardiovascular risk, 755f
heart failure risk, 756te757t
proportionate mortality for cardiovascular
disease, 755f

risk, 265
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and hemodynamic measures, 654f
Mammalian cardiovascular system, 771
Marfan syndrome (MFS), 102, 145, 392,

707, 710, 713, 717e718
aortic size and pressure, 717f

Masked hypertension, 872e873. See also
White coat hypertension

arterial stiffness and central pulsatile
hemodynamics in, 872

PROGNOSTIC value of noninvasive
measurements of, 873

usefulness of noninvasive measurements
in diagnosis, 872

usefulness of noninvasive measurements
in treatment, 873

“Master’s athletes”, 829e830
Matrix Gla protein (MGP), 331, 398e399,

582e583, 797
pathway, 582e583

Matrix metalloproteinases (MMPs), 203,
303e304, 315, 320e321, 643, 857,
921

calcification, 320
direct vascular inflammation, 321
MMP-2, 719, 795
MMP-9, 751e752
smooth muscle proliferation and changes in

composition of extracellular matrix,
320

Matrix stiffness, 922e923
Matrix-metalloproteases (MMPs), 749e750
Maximal SUV (SUVmax), 102
Maximum intensity projections (MIPs), 80
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Mean arterial pressure (MAP), 111e112,
125e126, 269, 282, 315, 434,
533e534, 639e641, 669

Mean diffusivity (MD), 652e654
Mean pulmonary artery pressure (mPAP),

899, 929, 936e937
Mean SUV (SUVmean), 102
Mechanical circulatory support (MCS), 950
Mechanical diastolic suction pump, 237e238
Mechanical fatigue of elastin, 303e304
Mechanobiological feedback in PH,

917e919
Mechanoreflex, 527
Mechanosensors, 928e929
Mechanotransduction in PH, 926e929
Medial aortic wall, 91
Medial arterial calcification activity, 99e100
Medial arterial wall, 100
Medial calcification, 85, 329e330
Mediated by metalloproteinases (MMPs),

329
Mediation analysis, 637e638
Medical device regulators, 35
Mediterranean diet, 424
Membrane mechanotransduction, 348e349
Menopausal transition, 438e439
Metabolic dysfunction, 161e162
Metabolic equivalents (METs), 831
Metabolic regulation, 286
Metabolic reprogramming, 925e926
Metabolic syndrome, 841e842
epidemiologic association of, 463

Methaemoglobinaemia, 821
Methotrexate, 317e318
Microassembly, 301
Microbleeds, 654
Microcalcifications, 85
Microcirculation
circulating factors as putative links between,

203e204
hemodynamics as putative links between,

203e204
Microfibrils, 299
deposition, 301
microfibril-associated glycoproteins, 299

Micromanometer-tipped catheters, 36
Microneurography, 372b
MicroRNAs (miRs), 307, 799
Microvascular angina, 613
Microvascular artery dysfunction, 750
Microvascular disease, 609, 613e614
Microvascular dysfunction, 161
Microvascular function, 853e854
Microvascular patterning alterations,

202e203
Microvascular remodeling
cell dynamics involved in microvascular

growth and remodeling, 197e202
circulating factors and hemodynamics,

203e204
LAS, 195e197
microvascular patterning alterations

associated with hypertension and aging,
202e203

Microvascular stroke, 628
Microvasculature as determinant of LV load,

573e575
Mid-to-late systolic load effect on LV

diastolic dysfunction, 572
Middle-aged and elderly populations, 436
Middle-aged manifestations, 415
Milrinone, 940
Mineralocorticoid receptor (MR), 799e800
Mineralocorticoid receptor antagonism,

799e800
Mineralocorticoid receptor antagonists

(MRAs), 643, 800, 940
Mineralocorticoid steroid hormones,

799e800
Mini-Mental Status Examination (MMSE),

651
Minute ventilation (VE), 559
MIPs. See Maximum intensity projections

(MIPs)
Mitochondria, 396
Mitochondria-derived reactive oxygen

species (mtROS), 797
Mitochondrial dysregulation, 925e926
Mitogen-activated protein kinase (MAPK),

351
Mitral valves, 229
MLC phosphatase (MLCP), 342e343,

919e920
Mobil-O-Graph, 696e697
Mobilograph device, 128e130
MoenseKorteweg equation, 15e16, 119,

174, 272
Molecular aging, 302
Molecular mechanisms, 195
Molecular oxygen, 396
Monocrotaline (MCT), 918
Monocyte chemoattractant protein (MCP),

348
MCP-1, 394

Most diseased segment approach (MDR
approach), 102e103

Mouse models to study arterial stiffness,
145e147

aging, 145
connective tissue disorders, 145
mouse aorta vs. human aorta, 141b
structural and functional metrics, 146t

diabetes and obesity, 146e147
hypertension, 147

Moxonidine, 379
Multi-Ethnic Study of Atherosclerosis

(MESA), 71, 87, 249, 265, 431,
473e474, 573, 622

Multidetector computed tomography
(MDCT), 78, 591

Multiplanar reconstruction (MPR), 83
Multiplanar reformats (MPRs), 80
Multiple synergistic pathogenic processes,

calcification result of, 328e334
“Multiple-beat method”, 907e908
Murray’s Law, 11
Muscarinic (M2), 369e370
Muscle

contraction, 527, 539
mechanical actions of, 539
strips, 217

Muscle sympathetic nerve activity (MSNA),
373, 381, 857

Muscular arteries, 393
evidence from, 376, 379
stiffness, 393

Muscular artery dysfunction, 750
MWS. See Myocardial wall stress (MWS)
Myeloperoxidase (MPO), 319e320
MYH11 gene, 349e350
Myocardial extracellular mass, 263e264
Myocardial fiber activation, 258
Myocardial function
assessing intrinsic cardiac performance, 219
cardiac cycle, 212e214
cardiac metabolism, 217
cardiac performance, 217
cardiac structure, 212
deriving performance indexes from acute

load manipulation, 220e222
electromechanical coupling, 214e215
functional assessment of cardiovascular

system, 217e219
heart, 211e212
mechanisms of myocardial relaxation and

ventricular filling, 215e217
myocardial contraction mechanisms, 215
pressure-volume loop, 219e220
time-varying afterload, wave reflection, and

toll in heart, 222e224
Myocardial infarction, 613, 622
in people living with HIV infection,

753e754
Myocardial ischemia, 281, 623, 829
Myocardial ischemic cell injury, 281
Myocardial ischemic damage, 281
Myocardial loading sequence, 265
Myocardial mass, 283
Myocardial oxygen
Buckberg index estimated by arterial

tonometry, 290e294
demand, 281e284

aortic stiffness, 287e288
contractility, 283
depolarization, 284
Fenn effect, 284
heart rate, 283
left ventricular afterload, 282
maintenance of cell viability in basal
conditions, 284

supporting state of activity, 284
systolic wall stress, 282e283

demand index, 288e290
Buckberg index corrected for arterial O2

content, 290
Buckberg index corrected for cardiac
mass, 290

reference values for Buckberg index, 290
supply, 284e287

aortic stiffness, 287e288
arterial oxygen content, 286e287
coronary blood flow regulation, 286
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Myocardial oxygen (Continued )
diastolic pressure decay, 285e286

Myocardial oxygen consumption (MVO2),
243, 281

Myocardial perfusion, 938e939, 939f
pressure, 611

Myocardial physiology, 227
Myocardial relaxation, mechanisms,

215e217
Myocardial tissue, 212
Myocardial ventricularearterial coupling,

256
Myocardial wall stress (MWS), 241, 255,

282e283, 572
arterial wave reflection, 259e266
myocardial afterload vs. ventricular

afterload, 255e256
quantification of, 256e259

Myocardin-related transcription factors
(MRTFs), 920

Myogenic tone, 344e345, 451
Myography, 148e149
Myosin light chain (MLC), 342e343, 919
Myosin light chain kinase (MLCK), 919
Myosin phosphatase target subunit 1

(MYPT1), 343e344

N
N-terminal pro-brain natriuretic peptide (NT-

proBNP), 474, 907
NaviereStokes equations, 3, 6, 57e59, 176,

178
Neprilysin, 789

inhibitors, 582
NEPTMs. See Nonenzymatic

posttranslational modifications
(NEPTMs)

Neu-1. See Neuraminidase-1 (Neu-1)
Neuraminidase-1 (Neu-1), 301
Neurocognitive Study (NCS), 650e651
Neurohormonal modulation, RV failure,

940e941
Neurohumoral adaptations, 211
Neuronal nitric oxide synthase (nNOS), 807
New York Heart Association (NYHA), 566
Newton’s Law, 14
Newtonian fluid, 19
NF-kB. See Nuclear factor kappa (NF-kB)
Nicotinamide adenine dinucleotide (NAD),

352, 396e397
Nicotinamide adenine dinucleotide phosphate

(NADPH), 422
Nicotinamide oxidases (NOXs), 345, 422
Nitrate-nitrite-NO pathway, 752, 753f, 817
NITRATETOD study, 819
Nitric oxide (NO), 196e197, 315, 319, 332,

343e344, 361, 392, 459e460,
537e538, 580, 644, 668, 750, 774,
795e797, 807, 918e919

donors, 580e582, 821
sodium nitroprusside, 821

effect on cardiac function, 809
effects of nitric oxide signaling at

myocardial level, 810

endothelial paracrine regulation of left
ventricular function, 809

interaction with phosphodiesterase,
810e811

reevaluation of nitrite in, 813e814
signaling in vasculature and vasodilatation,

807e809
signaling

in vasculature, 807e809
vasodilatation, 807e809

Nitric oxide synthase enzymes (NOS
enzymes), 580, 807

Nitrite, 752
Nitro-L-arginine methyl ester (LNAME), 147
Nitroxyl, 822
NK-ATTAC, 363
Nonalcoholic fatty liver disease (NAFLD),

162
Nonalcoholic steatohepatitis (NASH), 926
Nonatherosclerotic medial aortic wall

calcification, 329e330
Noncontrast cardiac computerized

tomography, 474
Non‒ECG-gated CTA, 79, 79f
Non‒ECG-gated imaging, 79
Nonenzymatic posttranslational modifications

(NEPTMs), 302
of elastin, 302e303

Noninvasive assessment of arterial pressure-
flow relations, 269e273

Nonlinear 1D models, 180
Nonlinear tissue, arteries consist of, 115
Nonpharmacologic interventions, 480
Nonpharmacologic therapy, 494
Nonpulsatile arterial load, 901
Nonuniform viscoelastic arterial system, 535
Nonvasodilating b-blockers, 785e789, 790t
Norepinephrine, 370
Normal aging

adult life trajectory, 415e417
aging effects on wave reflections,
415e417

manifestations in middle-aged and aged
individuals, 415

early life trajectory, 412e414
exposure alleles and systolic blood
pressure, 413f

life course approach, 414f
panel A and B depict Framingham data,
412f

insights from cross-sectional
epidemiological and cohort data,
409e412

blood pressure and pulse wave velocity,
409e410

cross-sectional wave reflection data,
410e412

Normal aortic morphology, 727
Normal arterial system, 275
Northern Manhattan Study (NOMAS), 439
Nuclear factor kappa (NF-kB), 347, 394,

923e924
Nuclear factor-erythroid-derived 2-related

factor 2 (Nrf2), 351, 396

Nuclear magnetic resonance, 304e305
Nuclear mechanotransduction, 349

in VSMCs, 348e349
Ne-(carboxyethyl)lysine, 459
Ne-(carboxymethyl)lysineObesity, 146e147,

266, 457, 459, 492, 555, 689e690,
841

distensibility, 690
epidemiologic association of, 463
global measures, 690
obesity-related central artery stiffening,

843e844
pulse wave analysis, 689e690
pulse wave velocity, 689

O
Obstructive sleep apnea (OSA), 791,

842e843
Ohm’s law, 886e887
Omega-3 fatty acid, 354, 493
One dimension (1D)

computer models, 736
arterial network models, 57e59
models, 179e180

Ontogenesis, 211
Open-end reflection, 172
Optical coherence tomography (OCT),

144e145, 820
Optimal ventricular-vascular coupling,

530e531
Optimization process, 171b
Orcein, 302
Organ damage, SHATS role in, 614
Organic nitrates, 811e812

pulsatile hemodynamic effects of organic
nitrates, 811e812

Organic, 789
Orthopnea, 545
Orthostatic hypotension (OH), 477,

829
Orthotopic heart transplant (OHT), 773
“Oscillation” waves, 28
Oscillometric BP, 27, 29
Oscillometric devices, 696e697
“Oscillometric” method, 29e30
Oscillometry, 504
Oseltamivir, 307e309
Osteocalcin (OC), 328
Osteochondrogenic markers, 328
Osteopontin (OP), 328
Oxidation, 302, 320
Oxidative stress, 330, 362, 395e396,

459e460, 644, 795e797, 854e855
adaptation to, 396e397

Oxidized lipids, 328
Oxygenp16Ink4a, 359e360, 539

P
p21, 359e360, 363
p53, 359e360, 362e363
Palliative right-to-left shunts, creation of,

949
Pancreatic islets, 463e464
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Panoramic digital image correlation (pDIC),
144e145

Papillary muscles, 217
PAR polymerases (PARPs), 799
Paradoxical LG AS, 558
Parametrized diastolic filling formalism, 238
Parasympathetic nervous system, 369e370
Parasympathetic neurons, 369e370
Paroxysmal nocturnal dyspnea, 545
Particularly hypertension (HTN), 713, 723
Passive tension concept, 232e233
Patent foramen ovale (PFO), 949
Pathogenetic mechanism, 281
Pathophysiological consequences of elastin

modifications, 304
Pathophysiology, 565e566
of acute right heart failure, 936
of chronic right heart failure, 936

Patients, idiopathic PAH (iPAH), 917
Pediatric populations
methods and normal values in children,

693e703
distensibility, 700e703
pulse wave analysis, 699e700
pulse wave velocity, 693e697

vascular effects of various disease states,
689e693

conditions, 692e693
diabetes, 692
dyslipidemia, 690e691
hypertension, 691
obesity, 689e690

People living with HIV (PLHIV), 753,
755e758

Performance indexes, 220e222
Perfusion, 286
Pericardial restraint, 547
severe TR with, 558e559

Pericytes, 195e196, 200
Peripheral artery disease (PAD), 622, 625
clinical evidence, 625
mechanism, 625

Peripheral feedback mechanism, 527
Peripheral microvascular function effects on

exercise capacity, 575e576
Peripheral O2 utilization, 559
Peripheral resistance (Rp), 277, 904
Peripheral vasodilatory reserve
in HFpEF, 575e576
in HFrEF, 575

Peritoneal dialysis (PD), 639
Perivascular adipose tissue, 843
Perivascular cells, 200
Perivascular tissue, 116
Peroxisome proliferatoreactivated receptor

gamma (PPAR-g), 797e798
Peroxynitrite, 822
“Personalized medicine”, 423
Peterson incremental elasticity modulus, 118
Phagocytosis abilities of VSMCs, 345e348
Pharmaceutical-based cardiovascular

therapeutics, 783
Pharmacologic approaches to arterial

stiffness

clinical studies on aortic and large artery
destiffening, 800e802

antidiabetic drugs and AGEs breakers,
801

antiinflammatory drugs, 802
antioxidant vitamins and vitamin B12/

folate supplementation, 801
drugs inhibiting RAAS and MRAs, 800
drugs targeting arterial calcification and

bone mineral metabolism, 802
statins and lipid lowering therapy,

800e801
potential therapeutic targets for arterial

destiffening, 795e800
Pharmacological decision-making, 777
Phase-contrast magnetic resonance imaging

(PCMRI), 40, 42e43, 67e69, 72,
270, 885

aortic blood flow with through-plane phase-
contrast MRI, 43f

Phenotype, 707e708, 711
evaluation of specific, 555e556

Phosphatidylinositol 3-kinase (PI3K), 362
Phosphatidylinositol-4, 5-bisphosphate 3-

kinase delta catalytic subunit
(PI3KCD), 364

Phosphatidylserine, 347
Phosphodiesterases (PDE), 810e811

PDE5, 789, 945
Phosphoinositide 3-kinase g (PI3Kg), 305
Phospholamban, 810
Photoplythesmography, 504
Physiological amplification phenomenon,

446e448
Physiological aortic aging, 392e393
Physiological hypertrophy, 222e223
Piola Kirchhoff stress tensor, 115
Pisovol, 890e891
Placental circulation, arterial stiffness and,

161
Placental growth factor (PlGF), 666
Plain radiography, 77
Plasma aldosterone concentrations (PACs),

674
Plasma renin concentration (PRC), 674
Plasma volume, 665, 674
Platelet-derived growth factor (PDGF), 345
Platelet-derived growth factor-b (PDGF-b),

198e199
Platonic framework, 227
“Pleiotropic effects”, 319
Pleiotropic mediators, 164
Plethysmographic techniques, 393
Point-based methods, 69
Poiseuille’s law, 111e112
Poly (ADP-ribose) (PAR), 799
Polymyalgia rheumatic (PMR), 315
Pooled Cohort Equations (PCEs), 472, 491
“Population aging”, 496
Positive end-expiratory pressure (PEEP), 553
Positron emission tomography (PET), 91,

335, 655
18F-FDG PET imaging, 95e98
18F-NaF PET, 98e102

computed tomography fusion imaging, 93
imaging, 92e93
methods of analysis and limitations of,

102e104
radionuclides, 92e93

typical positron emission tomography
radionuclides, 93t

Positron emission tomography CT (PET/CT),
91, 93

Positron emission tomography magnetic
resonance imaging (PET/MRI), 91,
93

“Post-capillary PH”, 886
Potassium, 537e538, 858
Potential mechanisms, 539
Potential therapeutic targets for arterial

destiffening, 795e800
amyloid-b and arterial stiffness, 800
elastase inhibitors and extracellular matrix

metalloproteases, 799
inflammation and oxidative stress, 795e797

structural change in arterial wall, 796f
vascular and stressors, 796f

mineralocorticoid receptor antagonism,
799e800

miRNAs, 799
vascular calcification, 797e799

Potential treatment strategies, 615
Potts anastomosis, 949
“Pre-capillary PH”, 886
Prediabetes, arterial stiffness and

cardiovascular events in patients
with, 461

Preeclampsia (PrE), 161, 665, 674, 677
Pregnancy, 665
complications, 673e681

arterial stiffness, 677e681
blood pressure, 677
blood volume, 674
cardiac output, 674e675
fetal growth restriction, 681
vascular remodeling and vascular
resistance, 675e677

exercise in, 681e682
healthy, 665e673
pregnancy-related vascular complications,

665
“Prehypertension” category, 476
Preload, 222
Pressure (P), 282
age relations of pressure-flow variables,

273e275
decay during diastole, 6
measurement of, 553

cardiac output reserve, 553
end-expiration vs. respiratory averaged,
553

myography, 144
pressure-area data

CC and DC, 118
compliance and distensibility, 116e118
local functional indices from, 116e118
top panel displays pressure-area plot,
117f
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Pressure (P) (Continued )
pressure-dependent arterial stiffness on

hemodynamic pulsatility, 10e11
pressure-dependent elasticity, 11
pressure-dependent stiffening, 116e118
pressure-flow
analysis, 276e277
measures, 275e277
relations, 49e50, 269e270

pressure-independent arterial stiffness index
beta, 16

pressure-independent index of arterial
stiffness, 17b

in pulmonary system, 883e884
pulmonary artery pressure as function of

time, 884
pulmonary artery wedge pressure, 884
pulmonary capillary pressure, 884
right atrial pressure as function of time,

883e884
right ventricular pressure as function of

time, 884
pulsatility, 448e449
arterial stiffness on, 445e446

pulse, 5
in time domain, 59
transmission coefficient, 171

Pressure Augmentation (AP), 126
Pressure-volume (PV), 939e940

loop, 219e220, 282
paradigm, 245
plane, 241e242, 255
consequences in, 246e247
effective arterial elastance and assessment

of VA coupling in, 245e246
strengths and limitations of, 247e250

PV-relation, 889
Pressureevolume area (PVA), 243
Pressureevolume plane, consequences in,

246e247
strengths and limitations, 247e250,

248te249t
pREterax in regression of Arterial Stiffness

in contrOlled double-bliNd
(REASON), 519e520

Primary LV dysfunction, assessing
consequences of, 246e247

Primary vasculitides, 316
Progenitor cells, 393
Progesterone, 668
Progressive atherosclerosis, 609
Proinflammatory T cells, 853
Proinflammatory TH17 cells, 853
Prostacyclin, 537e538, 943e944
Prostaglandin I2 (PGI2), 361
Prostaglandins (PGs), 537e538, 749e750
Protease nexin-1 (PN-1), 346
Protease-activated receptor (PAR), 353
Proteases, 320
Protein kinase G (PKG), 807
Proteins cathepsin A/protective protein

(PPCA), 301
Proteoglycans (PGs), 320
Proteolysis, 300, 307

Protosystole, 283
Proximal aortic stiffness, 415

prognostic value of, 71e72
Proximal arteries, 901
Proximal descending aorta, 727
Proximal pulmonary vasculature, 918e919
Proximal transverse aorta, 727
Pseudo systolic hypertension, 868e869
“Pseudo-normalization”, 599
Pulmonary arterial (PA), 917
Pulmonary arterial compliance (PAC), 883,

887, 900e901, 937
Pulmonary arterial hypertension (PAH), 547,

558, 899, 917, 935, 943
approach to treatment of, 946e949

REVEAL 2. 0 risk calculator, 947f
simplified algorithm for management of
PAH, 948f

pathophysiology, 558
prostacyclin analogues and prostacyclin

receptor agonists, 944f
representative PV loops, 943f
therapeutic agents for treatment of,

943e946
utility in atypical, 558

Pulmonary arterial input impedance, 901
Pulmonary arterial load, 565, 884, 901e907

heart-dependent arterial load, 905e907
heart-independent arterial load, 901
nonpulsatile arterial load, 901
pulsatile arterial load, 901e905

Pulmonary arterial pressures, 545
and resistance, 531e533

Pulmonary arterial stiffness, 533, 917
Pulmonary arterial tree, 51
Pulmonary artery (PA), 883, 899

distensibility, 533
flow, 885
occlusion pressure, 884

Pulmonary artery endothelial cells (PAEC),
920e921

Pulmonary artery pressure (PAP), 531e532,
883e884, 905

Pulmonary artery smooth muscle cell
(PASMC), 919

Pulmonary artery wedge pressure (PAWP),
884, 899, 936e937

Pulmonary blood volume expansion, 533
Pulmonary capillaries, 886
Pulmonary capillary pressure, 884
Pulmonary capillary wedge pressure

(PCWP), 545e546, 884
Pulmonary cardiovascular system, 883
Pulmonary circulation, 531, 892, 935, 941

differences between systemic and, 892
measurements in, 883e885

flow measurements in pulmonary system,
884e885

pressures in pulmonary system, 883e884
volume measurements of right heart, 885

normal values in, 892, 893t
pulmonary vasculature, 885e889
right ventricle, 889e892
ventriculoarterial coupling, 892

Pulmonary circulatory system, 531
Pulmonary diffusion capacity, 539
Pulmonary embolism (PE), 936
Pulmonary hemodynamics, 531e533

pulmonary arterial pressure and resistance
during exercise, 531e533

pulmonary blood volume expansion,
diffusion capacity, and pulmonary
artery distensibility

Pulmonary hypertension (PH), 545, 565,
899, 917, 935. See also Systemic
hypertension

angiogenesis, 924e925
cardiovascular interaction in, 910e911
clinical classification of, 899t
degree of, 557e558
EndoMT, 924
inflammation and endothelial dysfunction,

922e924
pulmonary arterial stiffening, 923f

metabolic reprogramming and mitochondrial
dysregulation, 925e926

proliferation, 920e922
properties of pulmonary arterial load and

right ventricular function, 900
pulmonary arterial load in, 901e907
pulmonary vascular stiffening and

mechanobiological feedback in,
917e919

regulation of smooth muscle contractility
and tone, 919e920

right ventricular function in, 907e910
targeting PA stiffness and

mechanotransduction in, 926e929
potential mechanobiological therapeutic

targets, 927te928t
Pulmonary valves, 229
Pulmonary vascular disease (PVD), 548e550
Pulmonary vascular impedance (PVZ), 937
Pulmonary vascular index (PVRI), 944e945
Pulmonary vascular load, 548e550,

886e889
arterial time constant, 888e889
characteristic impedance, 887
frequency domain, 886e887
pulmonary arterial compliance, 887
pulmonary vascular resistance, 887
relation of pressure levels, 888
wave reflection, 888
Windkessel description, 887

Pulmonary vascular resistance (PVR), 545,
883, 887, 900, 917, 936e937

Pulmonary vascular stiffening in PH,
917e919

in clinical studies, 917e918
in disease progression, pathophysiology of,

918e919
pulmonary arterial stiffening, 919f

Pulmonary vascular system, 941
Pulmonary vasculature, 885e889

anatomy and function of, 885e886
pulmonary vascular load, 886e889

Pulsatile afterload, 570
Pulsatile aortic properties using MRI, 72e74
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flow analysis, 72e74
4D flow, 72e74
combining pressure and flow, 72

Pulsatile arterial hemodynamics, 719, 783
angiotensin receptor neprilysin inhibitor vs.

blocker, 789
antihypertensive drug classes and

mechanisms of action, 783e784
antihypertensive drugs vs. placebo or

no-treatment, 785
assessments, 565
data acquisition, extraction, and analysis,

784e785
device-based antihypertensive therapy,

789e791
organic and inorganic nitrates, sGC and

cGMP-PDE5 inhibitors, 789
renin-angiotensin-aldosterone inhibitors and

calcium-channel blockers, 785
vasodilating vs. nonvasodilating b-blockers,

785e789
Pulsatile arterial load, 565, 901e905
characteristic impedance of proximal

arteries, 903
effective arterial elastance, 903e905
pulmonary arterial compliance, 901
pulmonary arterial input impedance, 901
time constant of pulmonary circulation,

901e903
Pulsatile flow, 22
Pulsatile hemodynamics, 126, 281, 471, 519,

548, 622, 718, 819e820, 883
24-h ambulatory measurement of, 129e132

brachial and central systolic blood
pressure, 130f

hemodynamic changes, 131t
steady-state and pulsatile hemodynamics,
130f

24-h variability (“dipping”) of, 128e129
commercially available device, 128t

abnormalities of, 734e738
aortic wave reflections, 735e737
arterial stiffness, 734e735
central pressure and total arterial
compliance, 735

ambulatory 24-h measurement of brachial
blood pressure and heart rate, 125

effects of organic nitrates, 811e812
effects of nitric oxideerelated
therapeutics in humans, 813t

factor, 484
geometric considerations, 737e738

aortic arch obstruction, 737
three-dimensional shape and
hemodynamics, 738

types of repair, 737e738
as markers of disease activity and TAAs,

720e723
pulsatile and steady state hemodynamics,

125e127
quantify pulsatile hemodynamics, 127f

techniques and devices for 24-h ambulatory
measurement of, 127e128

Pulsatile load, 857e858

Pulsatile phenomena, 4e6
cardiac duty cycle, 5f
pulsatility
as evolutionary requirement for self-

sustaining circulatory systems, 4
and vascular structure and function, 4e6

windkessel model, 6f
Pulsatile pump, 275
“Pulsatile shear stress angiogenesis”, 204
“Pulsatile shear stress capillary”, 204
“Pulsatile shear stress microcirculation”, 204
Pulsatility index (PI), 637e638, 641e642,

771
“Pulsatility”, 771
“Pulse amplification”, 784
Pulse pressure (PP), 5, 112, 155, 269, 409,

446, 474, 548, 690, 751, 771, 865,
887, 937

amplification, 857e858
pharmacological decision-making in relation

to PP in LVAD patients, 777
PP-cells, 463e464

Pulse pressure amplification (PPA), 126,
433, 514, 535

Pulse pressure method, 55, 491, 609e610,
673

Pulse transit time (PTT), 16
“Pulse volume plethysmography”, 33
Pulse wave amplitude, 689e690
Pulse wave analysis (PWA), 184e185,

692e693, 699e700
smoothed percentile curves, 699f

Pulse wave dynamics, 534e535
Pulse wave propagation

forward and backward waves, 18
frequency analysis of, 17b
and oscillatory phenomena, 17e18

Pulse wave velocity (PWV), 8, 14e18, 67,
91, 111, 119, 122, 126e127, 137,
138b, 156, 169, 259e261, 269, 371,
409e410, 410f, 422, 457, 460, 473,
503e504, 567, 610e611, 622,
649e650, 669, 689, 693e697, 735,
751, 800, 817e820, 829e830,
905e906

applanation tonometry, 694
cardiac magnetic resonance imaging, 697
in carotid artery, 611
in cerebral arteries, 610
in coronary arteries, 610
increase in, 288
index, 622
from local pressure-diameter to, 119
loop-based methods to measure local pulse

wave velocity, 121
matching, 158
measures in AORTIC segments by MR,

437f, 438
normal values, 697
age-specific aortic PWV, 698f
gender-specific reference percentiles for

PWV, 698f
oscillometric devices, 696e697
pulse wave imaging, 122

race-specific differences in, 697
sex-specific differences in, 697
transit-time methods, 119e121

carotid-femoral pulse wave velocity, 120f
in vivo, 119e122

Pulse waveform analysis (PWA), 126
Pulsed wave-Doppler (PW-Doppler), 40e41
blood flow measurement methods, 40t
LVOT cross-sectional geometry, 41fe42f
measurements of LVOT, 41f

Purkinje fiber network’s depolarization, 235
Pyrophosphate (PPi), 797e798
Pyruvate dehydrogenase kinase (PDK), 926

Q
Quality of life (QOL), 811
Quantification of MWS, 256e259
time course of ejection-phase MW,

257e259
Quantitative coronary angiography, 820
Quarter wavelength, 57e59
formula, 176

R
Race-specific differences in pulse wave

velocity, 697
Radial artery applanation tonometry, 30e31
anatomic considerations for carotid arterial

tonometry, 32f
carotid arterial tonometry, 32be33b
central aortic pressure, 31f
intra-arterial central and brachial pressure

waveforms, 33f
Radial pumping, 236e237
Radial tonometry method, 31
Radionuclide-based imaging of aortic wall,

92
18F-FDG positron emission tomography,

93e98
18F-sodium fluoride positron emission

tomography, 98e102
methods of analysis and limitations of PET,

102e104
FDG uptake measurement, 103f

PET imaging, 92f
positron emission tomography imaging,

92e93
Randomized clinical trials (RCTs), 429, 472,

784
Re-reflections effect, 181e182
Reactive oxygen species (ROS), 201, 332,

345, 360, 392, 422, 750, 807e808,
854e855, 924, 951

REasons for Geographic And Racial
Differences in Stroke (REGARDS),
430

Receptor of AGEs (RAGEs), 459, 643
Rectified wave reflections, 416
Red blood cells (RBCs), 346
Reflected wave, 126, 157e158, 223
Reflected wave transit time (RWTT),

410e411
Reflection coefficient, 171e173, 173t
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Reflection Magnitude (RM), 126, 189, 611,
865

Region of interest (ROI), 102
Regional atherosclerosis, 658
Regression equations, 548
Regulator of G-protein signaling 17

(RGS17), 351
Relative left ventricular mass index (rel.

LVMI), 290
Relative risk (RR), 514
Relaxin, 668
Renal damage, 451
Renal disease, 160e161, 503e504, 609,

693, 802
clinical epidemiology of large artery

stiffness in CKD, 639e641
clinical pulsatility indices and kidney

function, 641e642
importance of, 637
interactions between hemodynamics and

kidney, 638b
known factors for CKD progression, 638
mechanisms of increased arterial stiffness in

CKD, 642
therapies, 644
unique features of kidney circulation,

637e638
vascular calcification, 642e644

Renal sympathetic denervation (RDN), 784
Renin-angiotensin-aldosterone (RAS), 783

inhibitors, 785
Renin-angiotensin-aldosterone system

(RAAS), 379e380, 665, 800, 940
Repolarization process, 236
“Reserve capacity”, 4
Reservoir-wave, 63e64, 64f
Resistance, 53, 228e229

arteries, 394
training, 835e837
vessels, 175

Resistance exercise training (RET), 829
Resistant hypertension, 480
Resistive index (RI), 642
Respiratory exchange ratio (RER), 559
Resting heart rate (RHR), 473e474
Retinal fundoscopy, 475
Retinal vessels, 436e438
Retinopathy, 612
Rheumatoid arthritis (RA), 95e96,

315e317, 345, 644
Rheumatoid diseases, 95e96
Rho kinase (ROCK), 343e344
RhoA GTPase, 919e920
RhoA-associated protein kinase (ROCK),

919e920
Right atrial pressure (RAP), 545e547,

883e884
Right atrial volume, 885
Right atrium (RA), 228, 883
Right heart, volume measurements of, 885

cardiac MRI, 885
conductance catheter, 885
echocardiography, 885
right atrial volume as function of time, 885

right ventricular volume as function of time,
885

Right heart catheterization (RHC), 883, 899,
936e937

Right heart failure
pathophysiology of, 936
and respiratory complications, 776

Right ventricle (RV), 228, 256, 530, 776,
883, 889e892, 899, 917

anatomy and function of, 889
ventricular anatomy, 889
ventricular function, 889

volumetric adaptation, 911
wall stress, 911

Right ventricleepulmonary artery coupling,
910e911

Right ventricular (RV), 228e229, 935
afterload, 558
chambers, 212
components of, 936e937

complex pathophysiology results,
937f

contractility, 909
contractility, 907e908
degree of RV dysfunction, 557e558
diastolic stiffness, 908e909
dysfunction, 565
dysfunction and failure, 935e936

left panel, 936f
pathophysiology of acute right heart
failure, 936

pathophysiology of chronic right heart
failure, 936

response to normal loading conditions,
935

failure, advanced therapeutic options for
treatment, 950e951

emerging therapeutic options, 951
main therapeutic agents, 952te953t

failure, approach to management of,
937e941

improving contractility, 939e940
KaplaneMeier survival curve, 938f
maintaining myocardial perfusion,
938e939

neurohormonal modulation, 940e941
optimization of preload and volume
status, 938

function, 940
pressure, 884
RVePA coupling, 909, 941
therapies targeting RV afterload, 941e950

approach to group 2 pulmonary
hypertension treatment, 949e950

approach to treatment of PAH, 946e949
creation of palliative right-to-left shunts,
949

relationship between resistance and
compliance, 941

therapeutic agents for treatment of PAH,
943e946

ventricularevascular coupling, 941e942
Right ventricular assist devices (RVADs),

950e951

Right ventricular function, 889e892, 900,
907e910

arterial elastance, 891
end-diastolic elastance, 891e892
end-systolic elastance, 890e891
load-dependent right ventricular function,

909e910
cardiac output and stroke volume, 909
echocardiographic measures, 909e910
right ventricular volume and ejection

fraction, 909
load-independent right ventricular function,

907e909
right ventricular contractility, 907e908
right ventricular diastolic stiffness,

908e909
ventricular interaction, 892
ventricular pressureevolume relation,

889e890
Right ventricular systolic pressure (RVSP),

926
Right ventricular volume, 885

and ejection fraction, 909
Right ventricular wall stress/tension, 907
Riociguat, 945
Risk assessment tools, 472e473
Rothia mucilaginosa, 817
Ruminococcaceae, 752
RUNX2, 328
Ruxolitinib alleviated age-related diseases,

363
RV ejection fraction (RVEF), 900
RV end-diastolic volume (RVEDV), 900
RV end-systolic volume (RVESV), 900
RV fractional area change (RVFAC),

906e907
RV pressure (RVP), 883e884
Ryanodine receptors, 810

S
Sacubitril/valsartan, 940e941
Salmonella typhi, 751e752

vaccination, 316, 857
Salt sensitivity, 851
Sarcomere, 232
Scanner, 78
Scavenger receptor (SR), 346
SCORE Older Persons (SCORE OP), 473
SCORE system, 473
Self-sustaining circulatory systems, 4
Semilunar valves. See Pulmonary valves
Senescence, 397e398
Senescence-associate b-galactosidase

(SA-b-gal), 359e360
Senescence-associated aging processes, 397
Senescence-associated secretory phenotype

(SASP), 352, 360, 363, 394e395
Senescence-associated b-galactosidase

(SabG), 352
Senescent cell antiapoptotic pathways

(SCAPs), 364
Senescent cells, 360

elimination of, 363e365
list of senolytics, 364t
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Senolysis, 359
Sepsis, 749e753
and arterial stiffness, 750e753

animal studies on, 751
human microbiome by antibiotics,
752e753

human studies on, 751
potential mechanisms for, 751e752, 751t

effect on circulatory system, 749e750
intermediate and long term, 750
short term, 749e750

Serine elastases, 921
Serotonin, 200
Serum response factor (SRF), 350
SEVR. See Subendocardial viability ratio

(SEVR)
Sex differences of thoracic aortic disease,

713e714
Sex hormones, 381
Sex-specific differences in pulse wave

velocity, 697
Shear wave elastography, 118e119
Sheetlet, 234
Silent cerebral infarct (SCI), 613e614
Single “parent” wave, 179
Single cardiac cycle, 771
Single fibers, 217
Single pill combination therapy (SPC

therapy), 480
Single tube model, 176e178
impedance analysis of single tube and

asymmetric T-tube models, 171b
“Single-beat method”, 907e908
Single-photon emission computerized

tomography (SPECT), 93
Sirtuins, 396e397
6 minute walk distance (6MWD), 943e944
Skeletal muscle pump concept, 539
Small arteries, 393
Smoking, 334, 707
Smooth muscle actin (SMA), 350
Smooth muscle cells (SMCs), 195e196,

200e201, 304, 328, 917
Smooth muscle contractility and tone,

regulation of, 919e920, 920f
Smooth muscle myosin heavy chain

(SM-MHC), 350
Smooth muscle proliferation, 320
Smooth muscle-myosin heavy chain,

200e201
a-smooth-muscle actin (a-SMA), 200, 919
“Snapshot” BP, 35
Sodium nitroprusside (SNP), 812, 821
Sodium thiosulfate (Na2S2O3), 798
Sodiumeglucose co-transporter-2 inhibitor

(SGLT2 inhibitor), 424, 615
Soft tissue, 80
biomechanics, 111, 115

Soluble fms-like tyrosine kinase 1 (sFlt-1),
666

Soluble guanylate cyclase (sGC), 582, 789,
807, 821e822

activators, 582, 822
dysfunctional sGC signaling, 822

drugs target, 822
nitroxyl, 822
role in cardiovascular system, 821
stimulators, 822

Sophisticated methods, 35
Southall and Brent REvisited (SABRE), 440
SPARTE study, 513
Spatial resolution, 78
Spironolactone, 579e580
SPRINT memory and cognition in decreased

hypertension (SPRINT MIND), 477
Spurious systolic hypertension, 446e448,

868e869
Stalk cell, 198e199
Standardized mean difference (SMD), 317,

680
Standardized uptake value (SUV), 97
Staphylococcus aureus, 751e752
Statins, 800e801
Steady-state free precession (SSFP), 256

cine imaging, 67e69
Steno-stiffness approach, 495e496
Stenosis, 175
Stents, 175
Steroid receptor coactivator (Src), 921e922
Stiffening, 341e342
“Stiffness gradient”, 416
Stiffness moduli, 118
Strain, 113e115

energy functions, 115e116
vessel hypothesis”, 638

“Strain energy density”, 115
Stress, 113e115
Stress/strain (s/e), 7e8
Stroke, 491, 613, 622, 627e631

clinical evidence, 627e628
mechanism, 628e631

Stroke volume (SV), 5, 112, 282, 547, 666,
690, 885, 900, 904, 909, 936

index, 595
response, 529e530

Stroke work (SW), 243, 282, 889e890
Structural rarefaction, 202
Subarachnoid hemorrhage (SAH), 816
Subendocardial viability ratio (SEVR),

288e289, 623
“Suction-like” force, 529e530
Supernormal vascular aging

(SUPERNOVA), 424
concept and usefulness of, 424e425, 425f

SUPERNOVA. See Supernormal vascular
aging (SUPERNOVA)

Superoxide dismutase (SOD), 855
SOD2, 797, 926

Supra-aortic arteries, 628e629
Supravalvular aortic stenosis, 305
Supravalvular component, 591
Swan-Ganz catheter, 884
Sympathetic nervous system, 370
Sympathetic neurons, 857
Sympathetic system signaling, 342
System linearity, 24

justification for assumptions of, 24
nonlinearity in arterial models, 24

Systematic COronary Risk Evaluation
system (SCORE system), 472e473,
491

Systemic arterial hypertension, 286, 600
Systemic BP-dependent hemodynamic stress,

613
Systemic circulation, 892
differences between systemic and pulmonary

circulations, 893t
Systemic hemodynamic atherothrombotic

syndrome (SHATS), 612
mechanisms and evidence, 612e614

BP variability, 612
hemodynamic factors, 612e613
vascular component, 613e614

potential treatment strategies, 615
proposed diagnostic score, 614e615
role in organ damage and cardiovascular

events, 614
Systemic hypertension, 445. See also

Pulmonary hypertension (PH)
arterial stiffness and wave reflection in,

446e448
healthy aging, 447f
loss of amplification phenomenon, 448f
tridimensional bar-graphs representing
central pulse pressure, 448f

consequence of arterial stiffness on pressure
pulsatility, 445e446

high central blood pressure, hypertension-
mediated organ damage, and
cardiovascular complication, 450e451

interaction between hypertension and arterial
stiffness, 449e450

large/small artery cross-talk, 450f
lumen area on compliance, wave reflection,

and pressure pulsatility, 448e449
particular case of very elderly hypertensives,

453
peripheral and central blood pressure, 449
predictive value of arterial stiffness and

wave reflection in, 451e452
individual participant systematic, 452f

Systemic hypotension, 939
Systemic inflammatory diseases, 316
Systemic infusion of ascorbic acid, 854e855
Systemic lupus erythematosus (SLE), 315,

317
Systemic sclerosis (SSc), 317
Systemic vascular load, 548
Systemic vascular resistance (SVR),

125e126, 548, 735, 738e739,
885e886

Systole, 213, 257e258
Systolic aortic pulse pressure, 155e156
Systolic blood pressure (SBP), 270, 409,

430, 446, 533e534, 609e610, 668,
690, 735, 815, 865

increase in, 287
Systolic Blood Pressure Intervention Trial

(SPRINT), 471, 513
Systolic contraction, 232
Systolic hypertension, 155, 159e160
Systolic pressure, 302, 883
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Systolic pressure-time index (SPTI), 289,
623

Systolic pulmonary artery pressure (sPAP),
884, 901, 937

Systolic wall stress, 282e283
Systolicediastolic coupling, 233

gross cardiac anatomy, ventricular myocyte
orientation, and mechanism of
contraction, 227e239

anatomy of heart, 227e229
atrioventricular valve plane displacement,

236e237
cardiac cycle, 234e236
contractile function of myocytes,

231e233
recovering elastic energy during diastole,

237e239
ventricular myocyte orientation and

function, 233e234

T
T-cells, 328
T-r curve, 9
TAGLN gene, 349e350
Takotsubo syndrome, 286
Tapered tube models, 178
Target-to-background ratios (TBRs), 94e95
Telomere, 360

attrition, 361e362
length, 423

Temporal resolution, 78e79
Temporary vascular remodeling, 666
Tenascin-C (Tn-C), 921
Tendons, 299
Tension time index (TTI), 288e289
“Terminal reflection coefficient”, 188
Testicular dysfunction, arterial stiffness and,

162
Testosterone, 381
Tetrabiopterin, 319e320
Tetrahydrobiopterin (BH4), 319e320, 807,

854e855
Tetralogy of Fallot (TOF), 692e693, 727,

739e743
Therapeutic approaches, mechanisms of,

162e166
Therapeutic goals in management of

hypertension, 475e480
blood pressure goals in older adults,

476e477
blood pressure J-curve, 478e480
blood pressure treatment thresholds and

targets in US/EU guidelines, 475e476
chronic kidney disease, 477
diabetes, 477e478

Therapeutic target discovery in
cardiovascular calcification, 335

Thermodilution cardiac output, 548, 884
Thoracic aorta calcification (TAC), 87
Thoracic aortic aneurysm (TAAs), 713

aortic stiffness and pulsatile hemodynamic
as markers of disease activity and,
720e723

aortic wall structure, aortic stiffness, and
arterial biomechanics in, 716e720

BAV, 718e719
degenerative aortopathy, 720
EDS, 719e720
FTAAD, 718
LDS, 718
MFS, 717e718
Turner’s syndrome, 719

clinical management of, 714e715
epidemiology and sex differences of

thoracic aortic disease, 713e714
histopathological links between TAAs and

arterial aging, 715e716
arterial aging and aortic stiffness, 715f
natural aortic aging and thoracic aortic
aneurysms, 716f

Thoracic aortic aneurysms and dissections
(TAADs), 392

Thoracic aortic calcium (TAC), 474
Thoracic aortic disease, epidemiology and

sex differences of, 713e714
Three-dimension (3D)

cell culture models, 334e335
cine PC, 72e73
direction, 115
echocardiography, 40e41, 256
images, 78
reconstruction, 80
shape, 738

“Thrifty genotype” hypothesis, 493
Thrombospondin-1, 203
Tidal volume (VT), 559
Time constant, 888

of pulmonary circulation, 901e903
“Time varying” elastance concept, 242e243
Time-dependent variable, 60e61
Time-domain method, 186, 887

estimating characteristic impedance in, 59
Time-resolved proximal aortic pressure, 270
Tip cell, 198e199
Tissue inhibitors of metalloproteinases

(TIMPs), 714, 799, 921
Tissue transglutaminase (TG2), 926
Tissue-nonspecific alkaline phosphatase

(TNAP), 797e798
Titin, 232
TNF receptor superfamily member 18

(TNFRSF18), 354
“Tomography”, 77
Tonometric Buckberg index, 293
Tonometry, 504
Tortuous aortas, 83
Total arterial compliance (TAC), 5, 415,

548, 735
Total peripheral resistance (TPR), 537, 866
Total pulmonary resistance (TPR), 887, 901
TPR. See Total peripheral resistance (TPR);

Total pulmonary resistance (TPR)
TR. See Tricuspid regurgitation (TR)
Transcatheter aortic valve replacement

(TAVR), 591
Transcriptional enhancer activator domain

(TEAD), 922

Transforming growth factor-b (TGF-b),
196e197, 345, 857, 922

TGF-b1, 795
Transmission coefficients, 171e173, 173t
Transmission line model, 179e180
Transplantation, 557

therapy, 637
Transposition of great arteries (TGAs),

692e693
Transpulmonary gradient (TPG), 936e937
Transpulmonary pressure gradient, 884
Transverse aorta, 727
Transverse aortic constriction model, 147
Transverse tubules (T-tubules), 265e266
Treatment option on horizon, 424
Treprostinil, 944e945
Trials of Hypertension Prevention (TOHP),

852
Tricarboxylic acid (TCA), 926
Tricuspid annular plane systolic excursion

(TAPSE), 906e907
Tricuspid regurgitation (TR), 547
Tricuspid valves, 229
Triggering receptor expressed on myeloid

cells (TREM) -1, 353e354
Tropoelastin (TE), 299e300
Tropoelastin, synthesis and secretion of, 301
Tube modeletoo simple as paradigm, 57
Tumor necrosis factor (TNF), 394

TNF-a, 196e197, 352, 922
Turner’s syndrome, 719
TurnereDanlos syndrome, 713
Two-dimension (2D)

2D-derived LVOT area, 41
echocardiography, 256

Two-element windkessel model, 53
Type 1 diabetes (T1D), 692
Type 2 diabetes mellitus (T2DM), 493, 692,

801, 817e819

U
Ubiquitin-like containing PHD and RING

finger domains 1 (UHRF1), 352
UK Prospective Diabetes Study (UKPDS),

494
Ultrasonography (US), 77
Ultrasound, 142, 776

waves, 40
Unc-5 homolog b expression, 198e199
US “Swan” Heart Study, 438e439

V
Validation studies, 30
Valsartan Antihypertensive Long-term Use

Evaluation (VALUE), 473e474
Valve disease, 558e559

paradoxical LG AS, 558
severe TR with pericardial restraint,

558e559
Valve endothelial cells (VECs), 330
Valve myofibroblasts, 330e331
Valvuloearterial impedance, 595
“Variability”, 707e708
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Vasa vasorum, 82
Vascular
component, 613e614
coupling, 611
dysfunction, 334
endothelium, 333
hypertrophy, 519e520
load, 548e550
mitochondrial oxidative stress, 797
remodeling, 666e668, 917, 922
resistance, 532e533, 666e668, 883

Vascular aging (VA), 352, 391, 421
adaptation to oxidative stresses, 396e397
atherosclerosis vs. arteriosclerosis, 421e422

vascular aging and contributing, 422f
background and characteristics of EVA, 421
cellular and molecular mechanisms of,

394e398
concept and usefulness of supernormal

vascular aging, 424e425
cross-talk between micro-and

macrocirculation, 423
genetics and epigenetics, 423
intervention studies on, 424
low socioeconomic status and, 423e424
oxidative stress, 395e396

mechanisms involved in vascular aging,
395f

role of calcification, 398e399
senescence, 397e398
stiffening, 248
structural components of arterial wall aging,

422
and target organ damage, 423
vascular inflammation, 394e395

Vascular calcification (VC), 77, 306e307,
397, 642e644, 797e799

advanced glycation endproducts, 643
changes in vessel wall proteins, 643, 643t
endothelial dysfunction, 644
extracellular matrix damage and

calcification, 798f
hemodynamic shear stress role in, 332e333
inflammation/oxidative stress, 644
renin system activation, 643

Vascular cell adhesion protein 1 (VCAM1),
394

Vascular Contributions to Cognitive
Impairment and Dementia (VCID),
649

Vascular disease, 30
interaction between, 611e615
progression, 304

Vascular EhlerseDanlos syndrome, 710
Vascular endothelial dysfunction, risk factors

in, 333e334
Vascular endothelial growth factor (VEGF),

198, 200, 666, 922
VEGFR-1, 666
VEGFR-2, 198e199, 922

Vascular impedance, 18e24
arterial properties determine relationship

of pulsatile pressure and flow, 21
of steady pressure and flow, 19

blood viscosity and pulsatile flow, 22
frequency analysis and impedance

calculation, 18b
input impedance, 22e23
oscillatory pressure and flow, 19e22
pressure and flow relationship in time

domain, 24
relation between characteristic impedance

and pulse wave velocity, 24
steady pressure and flow, 18e19
system linearity, 24
vascular impedance determined from

frequency components, 21f
Womersley’s theory, 20b

Vascular inflammation, 95, 316, 394e395
Vascular smooth muscle, 643

function, 709
Vascular smooth muscle cells (VSMCs), 82,

95, 111, 162, 320, 341e342, 342t,
392, 446, 582e583, 715, 795,
808e809, 856e857

contractile tone of, 342e345
myogenic tone, 344e345
vascular tone, 342e344
VSMCs relaxation, 345

endocytosis and phagocytosis abilities of,
345e348

endocytosis, 346
phagocytosis, 346e347
scavenger receptors and eat me signaling,

347e348
integrin-mediated and nuclear

mechanotransduction in, 348e349
membrane mechanotransduction,

348e349
nuclear mechanotransduction, 349

participation of inflammation and immunity
in, 353e354

cytokines et chemokines, 353
failure in resolution of inflammation, 354
innate immunity and extracellular

vesicles, 353e354
plasticity, 349e353
cell senescence, 352e353
epigenetic determinants of, 351e352
growth factors and transcriptional factors,

351
schematic showing strategies for lineage

labeling, 350f
Vascular stiffening, 548
Vascular stiffness, 924
Vascular tone, 342e344

intercellular communications, 344f
molecular signaling pathways, 343f

Vasculitis, 316
Vasculogenesis, 197e198
Vasoactive drugs, 795
Vasoactive substances, 537e538
Vasoconstriction, 529e530
Vasodilating b-blockers, 785e789, 790t
Vasodilators, 580
Vasopressin, 939
Veillonella sp., 752e753, 817
Veins, 302

Velocity-encoding sensitivity (VENC), 42
Venoarterial extracorporeal membrane

oxygenation (VA-ECMO), 951
Ventilation, 559
Ventilatory efficiency, 559
Ventricles, 169, 227
Ventricular
afterload, 255e256
anatomy, 889
ejection, 236
filling mechanisms, 215e217
function, 889
interaction, 892
interdependence, 220
myocyte orientation, 227e239

and function, 233e234
physiology, 227
stiffening, 548
ventricular pressureevolume relation,

889e890
Ventricular elastance (Ees), 530, 593
Ventricular septal defect (VSD), 732e734
Ventricular wave re-reflection, 182e183
Ventricular-vascular interactions, 49
Ventricularearterial coupling (VA coupling),

159, 241, 255, 553, 884
anatomical interaction between LV, aortic

valve, and aortic root, 591e592
anatomical interrelation between LV outflow

tract, aortic valve, and aortic root, 591
impact of arterial load following aortic valve

replacement, 603
assessing consequences of primary LV

dysfunction, changes in arterial load
and

bicuspid aortic valve and aortopathy, 592
effective arterial elastance and assessment of

VA coupling in pressureevolume
plane, 245e246

functional interaction between left ventricle,
aortic valve, and aorta, 593e595

impact of aortic regurgitation on
ventriculoearterial coupling, 595

impact of aortic stenosis on
ventriculoearterial coupling,
593e595

ventriculoevalvuloearterial coupling, 593
interaction between aorta, aortic valve, and

LV in AS, 600e603
interaction between aorta and aortic valve in

aortic valve disease, 598e600
aortic regurgitation, 600
aortic stenosis, 598e600

interaction between LV outflow tract and
aortic valve, 595e598

LV chamber as time-varying elastance,
242e243

pressure volume plane, 241e242
relationship between PVA and LV

energetics, 243e244
Ventricularevascular coupling, 530e531,

941e942
pulmonary hypertension, 942t
RC curve, 943f
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Ventriculoearterial coupling, 892
energetic coupling, 892
pressureevolume plane, 892
pressureevolume relation, 892

“Ventriculoearterial decoupling”, 593e595
Ventriculoevalvuloearterial coupling, 593
Vessel segment, 14
Vessel wall remodeling, 195
VGVAPG peptide, 304
Visceral obesity, 842
Viscoelastic, arteries consist of, 115
Vitamin B12/folate supplementation, 801
Vitamin K-dependent protein, 331
Volume compliance, 53
Volume renderings (VRs), 80
Volumetric flow rate, 11
Vsascular smooth muscle cells (VSMC), 422

W
Wall shear stress (WSS), 73e74, 204
Wall stress, 282e283, 911
Warburg effect, 925e926
Water hammer equations, 59, 169e170,

271e272
Wave, 59, 901

arterial system, 57e59
characteristic impedance revisited, 55e56
left panels, 56f

energetics in arterial circulation, 62e63
estimating characteristic impedance in time

domain, 59
fingerprint of arterial wave reflections,

56e57
power
analysis, 60e61
to assess nature and timing of wave

reflection, 61e62
pressure-flow relations in time domain, 59
separation, 186e187
speed, 14e16, 156e158
increased aortic stiffness, 157f

wave-based methods, 69
wave-system perspective, 55e63

Wave horizon effect, 182
Wave intensity, 59e61, 188e190
Wave intensity analysis (WIA), 285, 735,

903, 905
Wave power analysis, 60e61

pressure waveform, 61f
Wave propagation phenomena, 14e18

pulse wave propagation and oscillatory
phenomena, 17e18

pulse wave velocity and pressure-
independent arterial stiffness index
beta, 16

wave speed and pulse wave velocity, 14e16
pulse wave generated, 15f
pulse wave velocity, 16
wave speed, 14e16

Wave reflection, 126, 159e160, 183e184,
222e224, 261, 417, 446, 448e449,
571e572, 577e578, 735e736,
835e837, 888, 903, 905e907

aging effects on, 415e417
basis of, 170e175

aneurysms, 175
arterial junctions, 173e174
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