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Preface

To my mind, the spine is a constant source of wonderment. There is no other anatomic structure
that can match the spine in terms of the combination of strength, structural stability, and the
capability of multidirectional motion. On superficial inspection, the spine appears to be a
simple structure with a repetitive design. However, a deeper look reveals an exceptionally
complex structure with highly specialized anatomy at each level.

An overarching goal of this text is to introduce the reader to the subtleties of the spine
that may not be commonly covered in radiological anatomy textbooks. Components of
this work will resemble the traditional anatomic atlas. However, the reader will also notice
several points of departure from the anatomic atlas model. Radiological anatomy is presented
in multiple imaging modalities, including plain radiographs, fluoroscopy, myelography,
computed tomography, and magnetic resonance imaging. The configuration and composition
of the spine presents unique challenges to conventional imaging studies. Wherever possible,
detailed anatomic concepts are presented in the imaging modality that is best suited to
displaying that anatomy. Text is used sparingly to broaden the reader’s understanding of the
anatomic concepts and to provide a foundation upon which the anatomy displayed on the
images can be understood. The result is something of a hybrid between an anatomic atlas and
an anatomic textbook, designed to provide the best of both worlds to the reader.

The greatest point of departure of this work from standard radiological anatomy
textbooks is the introduction of the reader to the world of spine intervention, a discipline that
has its base in a firm understanding of spine imaging anatomy. Numerous images from spine
intervention procedures are included to buttress the principles of spinal anatomy covered in
the text and to illustrate how a detailed knowledge of spinal anatomy is exploited by the
interventionalist.

Each chapter is organized into a brief introduction, a detailed gallery of images
in a traditional atlas format, discussion of developmental anatomy, image gallery of
developmental anatomy, a detailed description of adult anatomy with accompanying detailed
figures, a gallery of anatomic variants and common congenital anomalies, and an extensive
collection of suggested readings. The final chapter is a collection of computed tomographic
and magnetic resonance images displaying the anatomy of the paraspinal musculature.

This work is written with the lifelong learner in mind, from the earliest exposure to
this material in medical or graduate school to the resident, fellow, and practicing attending
physician in the fields of diagnostic radiology, interventional radiology, neurology,
neurosurgery, anesthesia, general surgery, orthopedics, and other closely related fields.
Ultimately, it is my hope that readers gain an appreciation of the complex anatomy of the
spine that carries them through their training into practice.

Scott E. Forseen
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1 he craniocervical junction is the anatomic region located at the transition from the

skull to the cervical spine that houses the medulla, cervical spinal cord, multiple
cranial nerves, blood vessels, and lymphatics. Included in the craniocervical junction are
the occipital bone, atlas (C1), and axis (C2), six synovial joints, and multiple ligamentous
structures. The paired atlanto-occipital (CO—C1) and atlantoaxial (C1-C2) joints allow for
significant multidirectional mobility at the craniocervical junction that is distinct from the
subaxial spine. In fact, most of the movement of the cervical segments takes place at the
craniocervical junction.
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EMBRYOLOGY OF THE CRANIOCERVICAL JUNCTION

In order to understand the common anatomic variations that occur at the craniocervical
junction, a basic overview of embryology is needed. As the primitive streak is regressing,
the paraxial mesoderm segments into somites. At the fourth week of gestation, there are four
occipital and eight cervical somites. The somites will eventually differentiate into sclerotomes,
myotomes, and dermatomes, which will eventually form the vertebrae, rib cartilage, muscles,
tendons, ligaments, and skin of the back.

The craniocervical junction is ultimately derived from the four occipital sclerotomes
and the first three cervical sclerotomes. There is general agreement that the transition from
the skull to the cervical spine is located between the fourth and fifth sclerotomes. The first
occipital somite and sclerotome form the basiocciput. The second and third occipital somites
and sclerotomes form the jugular tubercles. The caudal aspect of the fourth somite and the
rostral aspect of the fifth somite combine to form the proatlas sclerotome.

The proatlas sclerotome forms the occipital condyles, basion, opisthion, lateral rim of the
foramen magnum, apical segment of the dens, and lateral masses of the atlas. Ligamentous
structures derived from the proatlas sclerotome include the apical, alar, and cruciform
ligaments. The proatlas and C1 sclerotomes both contribute to the posterior arch of the atlas.

The caudal aspect of the fifth somite and the rostral aspect of the sixth somite form the C1
sclerotome. The C1 sclerotome forms the basal segment of the dens, the anterior arch of the
atlas, and contributes to the posterior arch of the atlas.

The C2 sclerotome is derived from the sixth and seventh somites. The centrum of the C2
sclerotome forms the body of the axis. The neural arch forms the posterior arch and facets of
the axis. Thus, the axis is formed from three sclerotomes: the proatlas, C1, and C2.

The intervertebral border zones located between the apical and basal segments of the
dens and between the basal segment and the body of the dens do not ultimately differentiate
into nucleus pulposis and annulus fibrosis, as is the case in the subaxial cervical spine. This
mesenchyme eventually forms the upper (“apicodental”) and lower (“subdental”) dental
synchondroses. Remnants of the regressed subdental disc elements can occasionally be seen
following fusion of the C2 ossification centers, referred to as the ossiculum Albrecht (Figure 1.1).

1.1

FIGURE 1.1 Coronal reformatted CT image demonstrates a remnant of the regressed
subdental disc elements, called the ossiculum Albrecht.
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DEVELOPMENTAL ANATOMY OF THE CRANIOCERVICAL
JUNCTION

The atlas (C1) is typically derived from three primary ossification centers, one anterior and
two posterior. The anterior ossification center forms the anterior arch. The posterior ossifica-
tion centers form the lateral masses and neural arch. Neurocentral synchondroses are located
between the anterior and posterior ossification centers on both sides of the midline. The intra-
neural synchondrosis is located between the two posterior ossification centers, generally at
the midline. Ossification of the anterior arch and the neurocentral synchondroses is complete
in most individuals by twelve years of age. The posterior arch and intraneural synchondrosis
are generally ossified by 4 to 5 years of age. The atlas has no secondary ossification centers.
The developmental anatomy of the atlas is depicted in Figures 1.2a—f.

1.2a 1.2b

1.2¢c 1.2d

FIGURES 1.2a—f The primary ossification centers of the atlas (C1) at various ages: (a) newborn, (b) 6 months, (c) 2 years,
(d) 3 years, (e) 10 years, and (f) 13 years. There is a wide range of normal ossification of the anterior and posterior arches.
AAOC—anterior arch ossification center, INS—intraneural synchondrosis, NAOC—neural arch ossification center,
NCS—neurocentral synchondrosis.

(continued)
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1.2e

1.2f

FIGURES 1.2e,f (continued) Occasionally, the posterior ossification centers do
not completely ossify at the transverse processes which can simulate fractures.
NFTP—nonfused transverse process.

The axis (C2) is typically made up of five primary ossification centers and four
synchondroses. The centrum is separated from the laterally positioned neural arches by the
neurocentral synchondroses. The subdental synchondrosis separates the centrum from the
paired, mirror image ossification centers that form the base of the dens. The apicodental
synchondrosis separates the apical and basal ossification centers. The neurocentral and
subdental synchondroses are generally ossified after 9 years of age. The secondary ossification
center at the dens apeXx, the ossiculum terminale Bergmann, begins to ossify between years 3 to 6
and fuses to the body of the dens by 12 years of age. Additional secondary ossification centers
that arise and fuse in adolescence are found at the tips of the transverse processes, tips of the
bifid spinous processes, and ring apophysis along the inferior margin of the centrum. The
developmental anatomy of the axis is depicted in Figures 1.3a-r.
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1 month 6 months

1.3a 1.3c

C1 NAOC
C2 NAOC

1.3b 1.3d

FIGURES 1.3a-r Typical appearance of the primary ossification centers of the atlas (C1) and axis (C2) at various ages:

(a,b)—1 month, (c,d)—6 months, (e,£)—9 months, (g,h)—12 months, (i,j)—2 years, (k,1)—3 years, (m,n)—o6 years, (o,p)—10 years,
and (q,r)—17 years. ACS—acrocentral synchondrosis, ADS—apicodental synchondrosis, C—centrum, C1 NAOC—neural arch
ossification center of C1, C2 NAOC—neural arch ossification center of C2, DOC—dens (basal) ossification centers,
NCS—neurocentral synchondrosis, SDS—subdental synchondrosis.

(continued)
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9 months 12 months

1.3f
FIGURES 1.3e-h

1.3h

(continued)
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2 years

1.3i 1.3k

1.3j
FIGURES 1.3i-1 1.3l

(continued)
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6 years 10 years

1.3m 1.30

1.3p

1.3n
FIGURES 1.3m-p

(continued)
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12 years

1.3q

1.3r
FIGURES 1.3g-r
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THE OCCIPUT

The occipital bone (Figure 1.4) forms the superior-most aspect of the craniocervical junction.
The occipital condyles are bony protuberances arising from the exoccipital portion of the
occipital bone, forming the lateral borders of the foramen magnum along with the basioc-
ciput anteriorly and the supraocciput posteriorly.

The occipital condyles are most commonly oval or round in shape, as viewed in the
sagittal plane (Figure 1.5). Occasionally, there is a small divot at the articular surface of the
occipital condyle, referred to as the synchondrosis intraoccipitalis anterior (Figure 1.6). This
represents the ossification border between the basioccipital and exoccipital portions of the
chondrocranium and is considered a normal anatomic variant.

14

FIGURE 1.4 3D surface reconstructed CT image of the occipital bone.
ALAS—alar ligament attachment sites, BP—basilar part of occipital bone,
CCF—condylar canal/fossa, EOC—external occipital crest, FM—foramen
magnum, INL—inferior nuchal line, JE—jugular foramen, JP—jugular process,
MPTB—mastoid portion temporal bone, OC—occipital condyle,
OMS—occipitomastoid suture, PT—pharyngeal tubercle.

1.5 1.6

FIGURE 1.5 Sagittal CT image of the cervical spine FIGURE 1.6 Sagittal CT image of the cervical spine
demonstrating the typical convex inferior, rounded demonstrating a small divot in the occipital condyle, the

contour of the occipital condyles (arrows). synchondrosis intraoccipitalis anterior (arrows).
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THE ATLAS

The atlas (Figures 1.7a-b) is a bony ring that lacks a vertebral body and a spinous process.
Superior and inferior articular processes arise from lateral masses on each side of the midline,
forming the atlanto-occipital and atlantoaxial joints with the occipital condyles and superior
articular processes of the axis, respectively. The lateral masses and foramina transversaria of
the atlas are more laterally located than that of the rest of the cervical spine. There is a small
anterior midline tubercle upon which the anterior longitudinal ligament attaches. There is a
shallow groove on the dorsal margin of the anterior arch that forms an articular facet with
the anterior surface of the dens. The medial tubercles arise from the lateral masses and serve
as attachments for the transverse ligament. Along the superior surface of the neural arch,
just posterior to the lateral masses on both sides of the midline, are shallow grooves for the
vertebral arteries. The C1 nerves course with the vertebral arteries within these grooves. In
approximately 15% of the population, a partial or complete bony arch forms that spans from
the retroglenoid tubercle to the neural arch, most commonly referred to as the ponticulus pos-
ticus (Figure 1.8). The rectus capitus posterior minor muscles attach to the posterior tubercle.

1.7a 1.7b

FIGURES 1.7a-c  Bony surface anatomy of the atlas (C1)
depicted in (a) superior oblique 3D, (b) inferior 3D, and

(c) axial reformatted CT images. AA—anterior arch,
AT—anterior tubercle, D—dens, DF—dens facet,

FT—foramen transversarium, GVA—groove for vertebral artery,
IAF—inferior articular facet, LM—Iateral mass, MT—medial
tubercles (transverse ligament attachments), NA—neural arch,
PT—posterior tubercle, SAF—superior articular facet,
TP—transverse process.

1.7c
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1.8a 1.8b

FIGURES 1.8a,b Sagittal (a) and surface (b) reconstructed CT images demonstrating the arcuate foramen (AF) and ponticulus
posticus (PP).

THE AXIS

The unique configuration of the axis (Figures 1.9a—c) is primarily due to the dens, an elongated
bony process that extends superiorly from the C2 vertebral body and forms a pivot joint with
the atlas. The lateral masses give rise to superior and inferior articular processes that articu-
late with the C1 inferior articular processes and C3 superior articular processes, respectively.
There are shallow depressions along the dorsolateral surface of the dens at the alar ligament
attachment sites. Inferior to the alar ligament attachments on the dorsal surface of the dens is a
transversely oriented groove for the transverse ligament. The anterior surface of the dens is an
articular facet with the anterior arch of the atlas. There is a small midline anterior tubercle that
serves as the attachment for the anterior longitudinal ligament. The spinous process is gener-
ally bifid and is the attachment for the ligamentum nuchae and several muscles, including
semispinalis cervicis, spinalis cervicus, inferior oblique, rectus capitis posterior major, inter-
spinalis, and multifidus.

1.9a 1.9b 1.9¢

FIGURES 1.9a-c Bony anatomy of the axis (C2) depicted in (a) superior oblique 3D (b) lateral, and (c) anterior 3D reformatted
CT images. AFA—articular facet for the atlas, ALA—alar ligament attachments, AT—anterior tubercle for anterior longitudinal
ligament attachment, D—dens, FT—foramina transversarium, GTL—groove for the transverse ligament, [AF—inferior articular
facet, IAP—inferior articular process, L—lamina, P—pedicle, PI—pars interarticularis, SAF—superior articular facet, SP—spinous
process, TP—transverse process, VB—vertebral body.
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THE C0-C1 JOINT COMPLEX

The C0-C1 (occipitoatlantal) joints are formed by convex surfaces of the occipital condyles
and the concave superior articular facets of the atlas (Figures 1.10a—c). They are oriented
superolateral to inferomedial in the coronal plane and angled medially from posterior to
anterior. Both CO-C1 joints are lined by synovium and surrounded by loose capsular liga-
ments. The mechanical properties of the CO-C1 joint are mostly determined by bony struc-
tures. The primary movements at the CO-C1 joint are flexion and extension. The orientation
and shape of the CO-C1 joints restricts axial rotation and lateral bending.

FIGURES 1.10a—c The anatomy of the occipitoatlantal
(C0-C1) joint demonstrated with (a) surface reformatted
anterior, (b) coronal reformatted, and (c) sagittal
reformatted CT images. C0-Cl—occipitoatlantal joints
(C0-C1 joints), D—dens of axis, IAF—inferior articular
facet, LM—Ilateral mass, OC—occipital condyle,
SAF—superior articular facet.

1.10c
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THE C1-C2 JOINT COMPLEX

The C1-C2 (atlantoaxial) joint is a four part joint that includes a synovium lined articulation
between the posterior surface of the C1 arch and anterior surface of the dens, a synovium
lined articulation between the posterior surface of the dens and the anterior surface of the
transverse ligament, and two synovium lined joints between the C1 and C2 lateral masses
that are surrounded by loose capsular ligaments. The mechanical properties of the C1-C2
joint are predominantly determined by ligamentous structures. Axial rotation is the primary
movement at C1-C2, with lesser degrees of flexion, extension, and lateral bending possible at
this articulation. The anatomy of the C1-C2 joints is demonstrated in Figures 1.11a-d.

1.11a 1.11b

1.11c 1.11d

FIGURES 1.11a-d The anatomy of the atlantoaxial (C1-C2) joints demonstrated with (a) surface rendered anterior, (b) sagittal
reformatted, (c) sagittal reformatted, and (d) surface rendered superior oblique CT images. C0—C1—occipitoatlantal joint

(C0-C1), C1-C2—atlantoaxial joint (C1-C2), AAA—anterior arch of C1, AFA—articular facet for the atlas, AMAJ—anterior median
atlantoaxial joint, BP—Dbasilar part of the occipital bone, D—dens, IAF—inferior articular facet of C1, LM—Ilateral mass of C1,
NA-—neural arch of C1, OC—occipital condyle, SAF—superior articular facet of C2, VB—vertebral body of C2.
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LIGAMENTOUS ANATOMY OF THE CRANIOCERVICAL
JUNCTION

The anterior longitudinal ligament attaches to the anterior tubercles of C1 and C2. The anterior
occipitoatlantal membrane is the craniad extension of the anterior longitudinal ligament that
attaches to the anterosuperior margin of the C1 arch and to the clivus (Figure 1.12). The weak
apical ligament attaches to the apex of the dens and to the clivus. The cruciform ligament has
three components: the transverse, ascending, and descending bands. The transverse band or
transverse lignment attaches to the medial tubercles of the C1 lateral masses and courses dorsal
to the dens and posterior median atlantoaxial joint capsule, providing the primary stabiliza-
tion of the atlantoaxial joint (Figures 1.13a—c). This ligament is one of the most important
ligaments of the body. The ascending and descending bands of the cruciform ligament attach
to the dorsal clivus and posterior body of C2, respectively. Immediately posterior to the cru-
ciform ligament is the tectorial membrane, which arises as the craniad continuation of the pos-
terior longitudinal ligament that attaches to the dorsal surface of the clivus (Figure 1.12). The
transition from the posterior longitudinal ligament to the tectorial membrane occurs imper-
ceptibly at the level of the C2 vertebral body.

TM—tectorial membrane.

asterisks (*)—medial tubercles of C1.

1.13a

FIGURE 1.12 The ligamentous anatomy of the craniocervical
junction demonstrated on a mid-sagittal T2 fast spin echo (FSE)
image. ALL—anterior longitudinal ligament, AOAM—anterior
occipitoatlantal membrane, C—clivus, CL—cruciform ligament
(transverse band or transverse ligament), LF—ligamentum flavum,
POAM—posterior occipitoatlantal membrane, SC—spinal cord,

FIGURES 1.13a-c (a) Axial gradient-recalled echo (GRE) image

at the C1-C2 level that demonstrates the transverse band of the
cruciform ligament and its attachments to the medial tubercles of C1.
AAA—anterior arch of atlas (C1), D—dens, LM—Ilateral mass,
SC—spinal cord, TB-CL—transverse band of cruciform ligament,

(continued)
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1.13b 1.13c

FIGURES 1.13b,c  (continued) (b) Axial CT showing a heavily calcified transverse band of the cruciform ligament. (c) Curved
reformatted CT image demonstrating heavy calcification of the ascending, descending, and transverse bands of the cruciform
ligament. AAA—anterior arch of atlas, AB-CL—ascending band of cruciform ligament, D—dens, DB-CL—descending band of
cruciform ligament, LM—Ilateral mass, OC—occipital condyle, TB-CL—transverse band of cruciform ligament, VC—vertebral
canal, (*)—medial tubercles of C1.

FIGURE 1.14 Coronal T1-weighted turbo spin

echo (TSE) image demonstrating the odontoid and
occipital attachments of the alar ligaments. C1—atlas
vertebra, C2—axis vertebra, D—dens, DA-AL—dens
attachment of the alar ligaments, OA-AL—occipital
attachments of the alar ligaments, OC—occipital
condyles.

1.14

The alar ligaments are strong ligaments that attach along the superolateral margins of the
dens and project to the medial margins of the occipital condyles, where they attach to small
tubercles (Figure 1.14). The left alar ligament limits axial rotation to the right and vice versa.
The ligament of Barkow attaches to the anteromedial margins of the occipital condyles anterior
to the odontoid process and alar ligaments. The exact function of the Barkow ligament is
unknown, but it is thought to assist in containing the dens.

The posterior occipitoatlantal membrane (POAM) is a broad ligamentous sheet that attaches
along the posterior margin of the foramen magnum and the superior margin of the C1 neural
arch (Figure 1.12). Laterally, the POAM blends with the C0-C1 articular capsules. There are
small rents in the lateral aspects of the POAM that transmit the V3h segments of the vertebral
arteries. The ponticulus posticus (defined previously) forms along the superior margin of this
ligamentous foramen. The posterior atlantoaxial membrane is also a ligamentous sheet that attaches
to the inferior margin of the C1 neural arch and the superior margin of the C2 neural arch.
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Additional ligaments at the craniocervical junction include the transverse occipital, lateral
atlanto-occipital, and the accessory atlantoaxial ligaments. These are small ligaments that
are generally not well visualized on conventional imaging examinations. The ligamentum
nuchae is discussed in detail in Chapter 2.

ARTERIAL ANATOMY OF THE CRANIOCERVICAL JUNCTION

The primary blood supply to the craniocervical junction is derived from the vertebral arter-
ies and branches of the internal carotid and external carotid arteries. The distal segments of
the vertebral arteries (distal V2, V3, and V4) supply the structures of the craniocervical junc-
tion. The V3 segments extend from the C2 foramina transversaria to the dural opening at the
level of the foramen magnum. The V4 segments begin at the dural opening and extend to the
vertebrobasilar junction. This numbering convention is more commonly used in the spine
literature and will be used in this text. This anatomy is displayed in Figures 1.15a-h.

CCAB

CCA

Subclav Subclav 10 em
cm

Subclav

Subclav

1.15a 1.15b

FIGURES 1.15a-h Multimodality images demonstrating the arterial supply of the craniocervical junction: (a) coronal post contrast
MR angiogram, (b,c) anterior surface rendered CT angiograms, (d) lateral surface rendered CT angiogram, (e) posterior surface
rendered image CT angiogram, (f) axial CT angiographic image at the C1-C2 level displaying the horizontal segments of the

V3 segments (V3h), (g) axial CT angiographic image at C2 displaying the vertical portion of the V2 segment on the left and the
transition from V2 to V3v on the right, and (h) conventional angiogram of the right vertebral artery.

KEY

Arch aortic arch Subclav  subclavian artery V3h horizontal portion V3 segment of

Basi basilar artery svC superior vena cava vertebral artery

CCA common carotid artery (R = right, VB] vertebrobasilar junction V3v vertical portion V3 segment of vertebral
L =left) Vi initial extraforaminal segment of artery

CCAB  common carotid artery bifurcation vertebral artery Vi intradural segment of vertebral

ECA external carotid artery V2 intraforaminal segment of vertebral artery

ICA internal carotid artery artery

INMTA innominate artery

(continued)
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Subclav

Posterior

Anterior

1.15d

FIGURES 1.15c-e

OCCA
Subclav
Vi

V2

V3h
V3v

V4

aortic arch

common carotid artery (R = right, L = left)
common carotid artery bifurcation

dens

external carotid artery

innominate artery

muscular branch

occipital artery

subclavian artery

initial extraforaminal segment of vertebral artery
intraforaminal segment of vertebral artery
horizontal portion V3 segment of vertebral artery
vertical portion V3 segment of vertebral artery
intradural segment of vertebral artery

(continued)
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1.15f

1.15h

1.15g

FIGURES 1.15f-h

dens

external carotid artery

internal carotid artery

internal jugular vein

muscular branch

posterior inferior cerebellar artery

intraforaminal segment of vertebral artery
horizontal portion V3 segment of vertebral artery
vertical portion V3 segment of vertebral artery
junction of V3 and V4 segments of vertebral artery
intradural segment of vertebral artery
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The vertical portions of the V3 segment (V3v) loop posterolaterally and slightly superiorly
as they exit the C2 foramina transversaria, then course superiorly, anteriorly and slightly
laterally prior to entering the C1 foramina transversaria. The horizontal portions (V3h)
loop posteromedially and slightly inferiorly after they exit the C1 foramina transversaria,
positioned within the grooves on the C1 neural arch and eventually turning anteriorly
superiorly and medially to pierce the posterior occipitoatlantal membrane and dura mater at
the level of the foramen magnum (Figure 1.15d,e).

There are two sets of segmental branches arising from the vertebral arteries, cervical and
cranial. The cervical branches include muscular, osteoarticular, meningeal, and spinal branches.
Branches of V2 at C1-C2 most commonly are muscular, supplying the semispinalis capitis,
semispinalis cervicis, rectus capitis, and obliquus capitis musculature. The suboccipital
muscles are also supplied by deep descending branches of the occipital arteries. The V3
segments typically do not give off radicular, medullary, or radiculomedullary branches. The
artery of Salmon is a muscular branch of V3 that arises just proximal to the dural opening
that anastomoses with branches of the ascending cervical (thyrocervical trunk) and occipital
(external carotid) arteries. The posterior meningeal artery supplies the dura of the posterior
fossa and typically arises from V3. A small caliber branch to the C0-C1 joints generally arises
from V3. Osseous branches arise at each level and tend to arise ventrally. Intersegmental
anastomoses between C1 and C2 are variably present.

The cranial branches include the posterior inferior cerebellar artery, posterior meningeal,
anterior and posterior spinal arteries. The posterior inferior cerebellar artery is the largest branch
of the vertebral arteries and typically arises from the V4 segment (Figure 1.16), less commonly

W J

FIGURE 1.16 Axial CT angiographic image demonstrating the typical origin of the
posterior inferior cerebellar arteries (PICA) from the V4 segments. C—clivus,
JB—jugular bulb, SS—sigmoid sinus.
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from the distal V3 segment (Figures 1.17a,b). Its branches supply the inferior medulla, inferior
vermis, and posteroinferior cerebellar hemispheres. The anterior spinal artery (ASA) typically
(45%—-80%) forms from small branches arising from the medial aspects of the V4 segments that
fuse at the midline. However, a wide range of variant origins of the ASA, including a number
of unilateral origins, have been reported. Accessory ASAs are commonly encountered (40%).
The posterior spinal arteries arise just outside of the dural openings along the posteromedial
surface of the V3 segments of the vertebral arteries, the proximal V4 segments, or rarely
from the posterior inferior cerebellar arteries. Thus, the vertebral arteries, posterior spinal
arteries, and dorsal rami of C1 (suboccipital nerves) pass though the dural openings together.
The posterior spinal arteries give off ascending and descending branches. The descending
branches course inferiorly between the denticulate ligaments and the dorsal roots to supply
the dorsal spinal cord. The ascending branch enters the foramen magnum.

The odontoid process of C2 is supplied by branches of the vertebral and carotid arteries.
The anterior and posterior ascending arteries branch from the distal V2 segments and course
superiorly along the ventral and dorsal surfaces of C2 meeting superiorly to form an apical
arcade. Branches of the ascending pharyngeal arteries give off perforators that supply the
superior portion of the odontoid.

The dura of the craniocervical junction is supplied by the anterior and posterior meningeal
branches of the vertebral arteries, the ascending pharyngeal and occipital branches of the
external carotid arteries, and the dorsal meningeal branches of the meningohypophyseal
trunks of the internal carotid arteries.

1.17a 1.17b

FIGURES 1.17a,b  Origin of the left posterior inferior cerebellar artery (PICA) from the horizontal portion of the V3 segment
of the left vertebral artery (V3h): (a) 3D time-of-flight MR angiography and (b) maximum intensity projection (MIP) image.
ACA—anterior cerebral artery, Basi—basilar artery, C1—atlas, D—dens, ICA—internal carotid artery, MCA—middle cerebral
artery, V4—intradural segment of the vertebral artery.
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VENOUS ANATOMY OF THE CRANIOCERVICAL JUNCTION

The suboccipital cavernous sinus (SCS) anchors the venous drainage of the craniocervical junc-
tion. The SCS is a venous network that surrounds the V3h segment of the vertebral artery
(Figure 1.18) and has numerous interconnections, including the vertebral artery venous
plexus, marginal sinus, suboccipital venous plexus, internal and external vertebral venous
plexuses, and the anterior, lateral, and posterior condylar veins.

The vertebral artery venous plexus (VAVP) encompasses the V3v segment (Figure 1.19). It
continues inferiorly as the vertebral veins and communicates with the internal and external

1.19
FIGURE 1.18 Axial CT angiographic image FIGURE 1.19 Axial CT angiographic image demonstrating
demonstrating the horizontal portions of the V3 the vertebral artery venous plexuses coursing with the
segments of the vertebral arteries (V3h) coursing vertical portions of the vertebral arteries (V3v) through the
through dense venous plexuses, the suboccipital C1 foramina transversaria. Also visualized is the anastomotic
cavernous sinuses. D—dens, MS—marginal sinus, vein, which is a communication between the vertebral artery
SCS—suboccipital cavernous sinus. venous plexus and the suboccipital venous plexus.

AIVP—anterior internal vertebral venous plexus,
AV—anastomosing vein, VAVP—vertebral artery venous
plexus.



CHAPTER1 THE CRANIOCERVICAL JUNCTION 23

vertebral venous plexuses (Figure 1.20). The marginal sinus is contained within the dura at
the level of CO—C1 and connects the occipital sinus and basilar venous plexus to the vertebral
venous plexuses (Figure 1.18). The suboccipital venous plexus is located within the suboccipital
triangle and communicates with the VAVP via an anastomotic vein (Figure 1.21) that traverses
the posterior occipitoatlantal membrane with the vertebral artery, C1 dorsal ramus, and
posterior spinal arteries. The vertebral venous plexuses are densely interconnected networks
of epidural and paravertebral veins that connect to one another through the intervertebral
veins, across the midline, and to the vertebral venous plexuses of adjacent segments. The

vertebral venous plexuses are discussed in detail in Chapter 2.

1.20

1.21

FIGURE 1.20 Axial CT angiographic image displaying
interconnections between the vertebral artery venous plexus
(VAVP), the anterior internal vertebral venous plexus (AIVP),

and the posterior external vertebral venous plexus (PEVP). The
suboccipital venous plexus (SOVP) is partially visible. V3v—vertical
portion V3 segment of vertebral artery.

FIGURE 1.21 Axial CT angiographic image at the
C0—C1 level showing large caliber anastomotic veins
(AV), which connect the suboccipital cavernous
sinuses (SCS) to the suboccipital venous plexus

(not shown). The communications between the
vertebral artery venous plexus (VAVP), suboccipital
cavernous sinus (SCS), and anastomotic veins are also
visualized. ICA—internal carotid artery, IJV—internal
jugular vein, V3h—horizontal portion V3 segment of
vertebral artery, V3v—vertical portion V3 segment of
vertebral artery.
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The anterior condylar vein arises from the anterior condylar confluence, projects through
the hypoglossal canal, and extends along the internal margin of the occipital bone to the
marginal sinus (Figures 1.22a—c). The lateral condylar vein also arises from the anterior condylar

1.22a

1.22c

1.22b

FIGURES 1.22a-c Axial CT angiographic images
demonstrate: (a) the anterior condylar vein (ACV) arising
from the anterior condylar confluence (ACC) and projecting
through the hypoglossal canal (ACV-HC). (b) The ACV
courses along the inner margin of the occipital bone (OB) and
(c) drains into the marginal sinus (MS). C—clivus,
FM—foramen magnum, ICA—internal carotid artery,
JB—jugular bulb, V4—intradural segments of the vertebral
arteries.
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confluence and courses posteroinferolaterally to the SCS (Figures 1.23a—c). The posterior
condylar vein originates from the sigmoid sinus, jugular bulb, or anterior condylar confluence
and projects through the condylar canal to the SCS. The posterior condylar canal can be
complete or incomplete (Figures 1.24a—c).

1.23a 1.23b

FIGURES 1.23a-c Axial CT angiographic images display

the lateral condylar vein (LCV): (a) arising from the anterior
condylar confluence (ACC), (b) coursing posteriorly and
inferiorly along the lateral margin of the occipital condyle (OC),
and (c) draining into the suboccipital cavernous sinus (S5CS).
ACV—anterior condylar vein, C—clivus, ICA—internal carotid
artery, IJV—internal jugular vein, JB—jugular bulb,
PCV—posterior condylar vein (in condylar canal),
SCS—suboccipital cavernous sinus, V3h—horizontal portion
V3 segment of vertebral artery.

1.23c
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1.24a 1.24b

FIGURES 1.24a-c Axial CT angiographic images show the
course of the posterior condylar vein (PCV). (a) The PCV enters
the condylar canal after arising from the sigmoid sinus (SS),

(b) exits the condylar canal through the condylar fossa, and

(c) drains into the suboccipital cavernous sinus (SCS).
ICA—internal carotid artery, IJV—internal jugular vein,
JB—jugular bulb, OC—occipital condyle, V3h—horizontal
portion V3 segment of vertebral artery.

1.24c
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MENINGES AND SPACES OF THE CRANIOCERVICAL
JUNCTION

The characteristics of the meninges and spaces of the craniocervical junction are similar to
the rest of the spine. The features of the spinal meninges and spaces that are unique to the
craniocervical junction will be discussed here. A detailed description of the spinal meninges
is found in Chapter 2.

The denticulate ligaments are triangular, longitudinally-oriented extensions of the pia
mater that extend from the lateral margins of the spinal cord to the lateral margins of the thecal
sac between the ventral and dorsal nerve roots caudal to C1. The first denticulate ligaments
arise along the lateral margins of the cervicomedullary junction and attach to the outer
layer of the dura of the marginal sinus at the level of the foramen magnum. One-fifth of the
time, the first denticulate ligaments attach to the proximal V4 segment. The first denticulate
ligaments are broader medially and thicker laterally. They travel immediately superior to
the vertebral arteries as they course through the posterior atlanto-occipital membrane and
dural openings. The vertebral arteries are normally positioned along the anterior border of
the denticulate ligaments. The spinal accessory nerves, C1 nerve roots, and posterior spinal
arteries are positioned along the posterior border. The hypoglossal nerves are located just
superior to the lateral attachments of the intracranial denticulate ligaments to the outer layer
of the marginal sinuses.

The spinal cord occupies approximately one-half of the subarachnoid space at C1, versus
three-quarters of the spinal canal in the subaxial cervical spine. Viewed on sagittal images,
the subarachnoid space is greater in diameter, tapering superiorly to inferiorly and forming
a funnel shape (Figures 1.25a,b).

1.25a 1.25b

FIGURES 1.25a,b The unique, tapering configuration of the subarachnoid spaces at the craniocervical junction demonstrated
on (a) sagittal TSE and (b) sagittal CT myelography images. C—clivus, CORD—spinal cord, DSAS—dorsal subarachnoid space,
VSAS—ventral subarachnoid space.
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An anatomic space unique to the craniocervical junction is the supraodontoid space or
apical cave. The primary contents of the apical cave are fat, the apical ligament, a tortuous
venous plexus around the apical ligament, apical arcade, anterior and posterior ascending
arteries. The floor of the apical cave is the superior margin of the alar ligaments and their
covering fascia. The dens apex and anterior atlantodental joint capsule form the contour of
the floor. The sites of attachment of the alar ligaments on the occipital condyles are the lateral
margins of the floor. The roof is comprised of the anterior inferior foramen magnum, the
medial aspects of the occipital condyles, and the intercondylar occipital bone. The anterior
wall is formed by the anterior occipitoatlantal membrane and the posterior wall by the
tectorial membrane (Figure 1.26a,b).

1.26a 1.26b

FIGURES 1.26a,b The boundaries of the apical cave demonstrated on sagittal and coronal T1-weighted TSE images. (a) The
anterior wall is formed by the anterior occipitoatlantal membrane (AOAM) and the tectorial membrane (TM) forms the posterior
wall. (b) The floor of the apical cave is the superior margin of the alar ligaments (AL) and the roof is the anterior inferior foramen
magnum (FM). The primary content is fat, visualized as hyperintense signal (asterisks). ALL—anterior longitudinal ligament,
D—dens.

NEURAL ANATOMY OF THE CRANIOCERVICAL JUNCTION

The transition from the medulla oblongata to the cervical spinal cord, the cervicomedul-
lary junction (CM]J), is defined anatomically as the point of decussation of the corticospinal
tracts. With MR or CT myelography, the CM] position can be estimated by the position of
regional structures. The CM] is typically positioned 3.4 mm (+ 0.9 mm) caudal to the inferior
margin of the olivary bodies and 6.4 mm (+ 1.3 mm) caudal to the obex. The CM]J can be
estimated to reside near the superior margin of the C1 nerve roots, which can be visualized
with high resolution MR and CT myelography (Figure 1.27).

The spinal cord at C1-C2 is more rounded in configuration than the more ovoid subaxial
cervical spinal cord (Figures 1.28a,b). There are eight cervical cord segments, versus seven
cervical vertebral segments, with the C1 segment located at the C0-C1 level. The average
anterior to posterior (AP) measurements of the spinal cord at C2 and C4 are similar, but the
average transverse measurements and cord area are greater at C4-C6. The surface anatomy,
white matter, and gray matter anatomy are described in detail in Chapter 2.

The C1 spinal nerves arise from the C1 segment of the spinal cord, which is positioned
just cranial to the atlas. The anatomy of the C1 spinal nerves is highly variable. Dorsal roots
are absent around 50% of the time (Figure 1.29), dorsal root ganglia are variably present,
and the spinal accessory nerves join with the dorsal rootlets in around 50% of patients.
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1.27

FIGURE 1.27 Axial CT myelogram demonstrating the approximate location of the
cervicomedullary junction (CM]J) as estimated by the superior margins of the C1
nerve roots (C1 NR). Cl—atlas, OC—occipital condyles.

1.28a 1.28b

FIGURES 1.28a,b Axial CT myelogram displaying the rounded shape of the (a) cervicomedullary junction (CM]J) and (b) ovoid
shape of the spinal cord (SC) at C7. C1—atlas, D—dens, OC—occipital condyle.
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FIGURE 1.29 Axial balanced fast field
echo (b-FFE) MR image demonstrating the
ventral roots of C1 (C1 VR) arising from the
spinal cord (SC). The C1 dorsal nerve roots
are absent or very small in caliber.

1.29

The C1 ventral roots frequently share a communicating branch with the ipsilateral spinal
accessory nerve, called the nerve of McKenzie. The C1 spinal nerves course anterior to the V3h
segments of the vertebral arteries within the grooves for the vertebral arteries at the superior
margins of the neural arches of the atlas. The C1 nerves accompany the vertebral arteries as
they pierce the dura and the posterior occipitoatlantal membrane. The C1 spinal nerves then
travel laterally and posteriorly along the posterior margin of the C1 superior articular facets,
giving off ventral and dorsal rami. The C1 ventral rami wrap around the lateral margins of
the C1 superior articular facets and medial to the C1 foramina transversaria. The C1 dorsal
rami or suboccipital nerves innervate the musculature of the suboccipital triangle. The muscles
innervated by the C1 ventral and dorsal rami are summarized in Table 1.1.

The C2 spinal nerve roots arise at the C1-C2 level (Figure 1.30). The C2 dorsal root ganglia
and spinal nerves are located adjacent (lateral) to the lateral C1-C2 joint capsules, inferior
to the C1 neural arch, superior to the C2 laminae, and lateral to the posterior atlantoaxial
membrane. They provide extensive innervation of the C1-C2 lateral joint capsules and the
C2-C3 zygapophyseal joint capsules. The C2 dorsal root ganglia and mixed spinal nerves are
invested by a robust venous plexus that connects the posterior internal vertebral venous plexus
and the vertebral veins (Figures 1.31a,b). The largest of the branches of the dorsal ramus is the
greater occipital nerve that supplies the skin of the occipital scalp. The ventral rami are closely
associated with the lateral C1-C2 joint capsules and ultimately join the cervical plexuses. This
unique anatomic arrangement can explain some cases of cervicogenic headache.

The spinal roots of the accessory nerves coalesce from multiple rootlets that arise from the
posterolateral sulcus of the spinal cord from C1-C5. They ascend between the denticulate
ligaments anteriorly and the dorsal roots posteriorly (Figures 1.32a-d). There are variable
connections of the spinal roots with the C1 dorsal root ganglia, if present. The spinal roots
then enter the foramen magnum positioned just posterior to the vertebral arteries and travel
superolaterally to exit the skull again through the pars vascularis of the jugular foramina.
What has been previously characterized as the cranial roots of the spinal accessory nerves are best
considered components of the vagus nerves.
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The C1-C3 sinuvertebral nerves variably arise from the ventral ramus, dorsal root ganglia,
mixed spinal nerve, vertebral artery sympathetic plexus, and gray rami communicans and
reenter the intervertebral foramina to provide pain sensation to the dura, ligaments, and other
components of the craniocervical junction. The C1 sinuvertebral nerves innervate the C0-C1
joint capsules, posterior arch of C1, and the dura mater. The C2 sinuvertebral nerves innervate
the lateral C1-C2 joints, C2 pedicles, C1 neural arch, anterior internal vertebral venous
plexus, tectorial membrane, transverse ligament, alar ligaments, hypoglossal foramina, and

TABLE 1.1 C1 Spinal Nerve Innervation

VENTRAL RAMUS

cervical plexus

rectus capitis anterior muscle
rectus capitis lateralis muscle
longus capitis muscle
sternothyroid muscle
sternohyoid muscle
omohyoid muscle
thyrohyoid muscle
geniohyoid muscle

Dorsal Ramus (Suboccipital Nerve)

rectus capitis posterior major muscle
obliquus capitis superior muscle
obliquus capitis inferior muscle

FIGURE 1.30 Axial b-FFE MR image
demonstrating the C2 ventral (C2 VR) and
dorsal (C2 DR) nerve roots arising from the
spinal cord (SC) at the C1-C2 level. D—dens.

1.30
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dura mater. The C3 sinuvertebral nerves innervate the median C1-C2 joints, C2 vertebral
body and pedicles, tectorial membrane, alar ligaments, ascending band of the cruciform
ligament, anterior internal vertebral venous plexus, posterior cranial fossa, and dura mater.
The sinuvertebral nerves are not typically visible on conventional imaging examinations, but
are mentioned here as potential cervicogenic pain generators.

FIGURES 1.31a,b The C2 dorsal root ganglia (C2
DRG) are demonstrated on (a) axial CT angiographic
images as ovoid hypodensities against a backdrop of
an extensive enhancing venous plexus. (b) Sagittal CT
angiographic image demonstrates the position of the
C2 DRG immediately posterior to the C1-C2 lateral
joint capsules. V3h—horizontal portion V3 segment of
vertebral artery.

1.31a

1.31b
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1.32a 1.32b

1.32c 1.32d

FIGURES 1.32a-d The course of the left spinal accessory nerve (CN-XI) is displayed on selected axial b-FFE images. (a) CN-XI
forms from a coalescence of rootlets arising from C1 to C5 that course vertically between the dorsal roots and the denticulate
ligament. (b) CN-XI is positioned posterior to the V4 segment of the left vertebral artery at the CO-C1 level. (c) CN-XI travels
superolaterally between the occipital bone and cerebellum and (d) exits through the jugular foramen with the glossopharyngeal
and vagus nerve complex (CN-IX/X). Basi—basilar artery, CN-XII—hypoglossal nerve, D—dens, DR—dorsal roots,
HC—hypoglossal canal, JF—jugular foramen, MO—medulla oblongata, OC—occipital condyle, SC—spinal cord,
V4—intradural segment of the vertebral artery, VR—ventral roots.
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CRANIOMETRY AND MEASUREMENTS OF THE
CRANIOCERVICAL JUNCTION

The complex interrelationships of the craniocervical junction structures can be assessed
clinically with the use of several measurements, collectively referred to as craniometry. Most
of these techniques were developed for use with lateral projection plain film radiographs.
Several of these techniques have been modified for use with multidetector computed tomog-
raphy (MDCT) or MR. As can be seen in Table 1.2, the plain radiography measurements do
not necessarily translate to cross sectional imaging.

The Welcher basal angle is an indicator of skull base flattening. It is measured as the angle
between lines drawn from the nasion to the tuberculum sella and from the basion to the
tuberculum sella (Figure 1.33). A simplified version of the Welcher basal angle for use with
MR has been developed by Koenigsberg et al. (2005). In this technique, the angle formed
between a line drawn along the plane of the anterior cranial fossa and a line drawn through
the dorsum sella along the plane of the clivus is measured (Figure 1.33).

The Wackenheim clivus baseline is drawn along the dorsal margin of the clivus (Figure 1.34).
It is a measure of the position of the dens, which should not project above this line. When
the dens projects through the foramen magnum above the Wackenheim line, either basilar
invagination (congenital) or cranial settling (acquired) is diagnosed. The clivus canal angle is
formed between a line drawn along the posterior vertebral body line and the Wackenheim
clivus baseline (Figure 1.34). This angle is measured in flexion and extension. Spinal cord
compression is more likely when the angle measures less than 150°.

TABLE 1.2 Craniocervical Junction Measurement Techniques

MEASUREMENT NORMAL

Welcher basal angle 125°-143° (plain films)
104°-124° in children (MR); 105°-127° in adults (MR)

Welcher basal angle (modified) 113°-115° in children (MR); 116°-118° in adults

Clivus canal angle 150° in flexion to 180° in extension

Wackenhelm clivus baseline Dens should be completely below this line

McCrae’s line Dens should be completely below this line (plain films,
MDCT, MR)

Chamberlain’s line < 5-6 mm of dens above this line (plain films)

< 6.2 mm of dens above this line (MDCT)
< 5-6 mm of dens above this line (MR)"

McGregor’s line < 4.5 mm of dens above this line (plain films)
< 6.5 mm of dens above this line (MDCT)
< 5.1 mm of dens above this line (MR)*

Redlund-Johnell criterion > 34 mm for men; > 29 mm for women (plain films)

> 31.6 mm for men; > 27.4 mm for women (MDCT)
Ranawat criterion > 15 mm for men; > 13 mm for women (plain films)

> 23.7 mm for men; > 24.2 for women (modified for MDCT)
Basion to dens interval < 12 mm for children (plain films)

< 10.5 mm for children (MDCT); < 8.5 mm for adults (MDCT)
Basion-axial interval < 12 mm (unreliable and not recommended)
Powers ratio < 1.0 (plain films, MDCT, MR)
Atlantooccipital interval < 5 mm for children (plain films)

< 2.5 mm for children (MDCT); 0.5-1.4 mm for adults (MDCT)
Condylar sum < 4.2 mm for adults (MDCT)
Anterior atlantal dental interval < 4.5-5 mm for children (plain films); < 3 mm for adults

(plain films)

< 2.6 mm for children (MDCT); < 2 mm for adults (MDCT)
Posterior atlantal dental interval >14 mm for adults (plain films)
C1-C2 spinolaminar line < 7.8 mm for adults (MDCT)
Atlantoaxial interval < 3.9 mm for children (MDCT); < 3.4 mm for adults (MDCT)

“potential for false positives
MDCT, multidetector computed tomography.
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FIGURE 1.33 The Welcher basal angle (red) designed
for use with plain films and a modified version of the
Welcher basal angle (blue) designed for use in MR are
demonstrated on a mid-sagittal T1-weighted TSE MR
image. B—basion, C—clivus, DS—dorsum sella,
N—nasion, TS—tuberculum sella.

1.33

FIGURE 1.34 Mid-sagittal T1-weighted TSE image
demonstrating the Wackenheim clivus baseline (red
line) and the clivus canal angle (intersection of red and
blue lines). C—<clivus.

1.34
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Other measures of basilar invagination or cranial settling include McCrae’s line,
Chamberlain’s line, McGregor’s line, and Clark’s station. McCrae’s line is drawn from the
basion to the opisthion (Figure 1.35). Chamberlain’s line is drawn from the hard palate to
the opisthion (Figure 1.35). McGregor’s line is used when the opisthion cannot be seen. It
is drawn from the hard palate to the most inferior point of the occipital curve (Figure 1.35).
Clark’s station refers to the position of the anterior arch of the atlas relative to the dens
(Figure 1.36). In this system, the dens is divided into thirds; upper (station I), middle (station
II), and inferior (station III). The anterior arch of the atlas should be located in the rostral one
third of the dens (station I).

FIGURE 1.35 Mid-sagittal cervical
spine CT image demonstrates McCrae’s
line (red), Chamberlain’s line (black),
and McGregor’s line (blue). B—basion,
HP—hard palate, O—opisthion.

1.35

FIGURE 1.36 Clark’s stations
demonstrated on a mid-sagittal cervical
spine CT. If the anterior arch of C1

is level with station II or III, basilar
invagination is diagnosed.

1.36
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When the dens cannot be visualized, different measurement techniques are available
to evaluate for basilar invagination or cranial settling, including the Redlund-Johnell and
Ranawat criterion. The Redlund-Johnell criterion is the distance from the McGregor line to the
inferior margin of the C2 vertebral body (Figure 1.37). The Ranawat criterion is the distance
from the transverse axis of C1 to the center of the C2 pedicle (Figure 1.38).

1.37

1.38

FIGURE 1.37 The Redlund-Johnell criterion
is the distance between the McGregor line and
the midpoint of a line drawn along the inferior
endplate of C2 (red line) as demonstrated on a
mid-sagittal CT of the cervical spine.
HP—hard palate, O—opisthion.

FIGURE 1.38 The Ranawat criterion is the
distance (red line) from the transverse axis of C1
(blue line) to the center of the C2 pedicle (black
dot) and is demonstrated on a lateral radiograph
of the cervical spine.
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Techniques designed to predict occipitoatlantal (C0-C1) dissociation include the basion-
dens interval, basion-axial interval, Powers ratio, and the condylar sum. The basion-dens interval
is the distance from the tip of the dens to the basion (Figure 1.39). The basion-axial interval is the
distance from the basion to the posterior axial line, a line drawn along the posterior margin
of C2 and extended superiorly (Figure 1.39). The Powers ratio is the distance from the basion
to the internal margin of the C1 neural arch divided by the distance from the opisthion to the
internal margin of the C1 anterior arch (Figure 1.40). The condylar sum is the addition of the

—

1.39

1.40

FIGURE 1.39 Mid-sagittal T1-weighted TSE MR
image demonstrates the basion to dens interval (red
line) and the basion-axial interval (blue line), which is
the distance from the basion to the posterior axial line
(green line). B—basion, O—opisthion.

FIGURE 1.40 The Powers ratio is the distance
between the basion and the internal margin of the

C1 neural arch divided by the distance between

the opisthion and the internal margin of the C1
anterior arch. AAA—anterior arch of atlas, B—basion,
NA—neural arch of C1, O—opisthion.



CHAPTER1 THE CRANIOCERVICAL JUNCTION 39

distances from the points of greatest separation of the occipital condyles and the C1 superior
articular processes, measured perpendicular to the articular surfaces (Figure 1.41).

The integrity of the atlantoaxial (C1-C2) joints is assessed with a variety of techniques
that include the anterior atlantodental interval, posterior atlantodental interval, C1-C2
spinolaminar line, and atlantoaxial interval. The anterior atlantodental interval (AADI) is
measured from the inner margin of the C1 anterior arch to the anterior margin of the dens
(Figure 1.42). The measured AADI is greater in children due to relative ligamentous laxity in
childhood. The posterior atlantodental interval (PADI) is measured from the posterior margin

FIGURE 1.41 Sagittal cervical spine CT
image demonstrating the measurement of
the C0-C1 joint space (red line). The C0-C1
joint space measurements from each side are
added together to give the condylar sum.
OC—occipital condyle.

1.41

FIGURE 1.42 Mid-sagittal cervical spine
CT demonstrating the anterior atlantodental
interval (red line), which is drawn between
the internal margin of the C1 anterior arch
(AAA) to the anterior margin of the dens
(D). The posterior atlantodental interval
(blue line) is drawn from the posterior
margin of the dens to the internal margin

of the C1 neural arch (NA). The green line
shows the C1-C2 spinolaminar line.

1.42
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of the dens to the anterior margin of the C1 lamina (Figure 1.42). The PADI provides an
indication of the residual spinal canal diameter in the setting of atlantoaxial instability. The
C1-C2 spinolaminar line is the distance between the inferior margin of the C1 neural arch to the
superior margin of the C2 neural arch, measured at the midline (Figure 1.42). The atlantoaxial
interval is measured from the inferior surface of the C1 inferior articular process to the C2
superior articular process at three points (medial, intermediate, lateral; Figure 1.43).

1.43

FIGURE 1.43 The atlantoaxial interval is measured from the inferior surface of the C1 inferior articular process to the C2 superior
articular process at three points: medial, lateral, and intermediate (red lines). D—dens, OC—occipital condyle.
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GALLERY OF COMMON ANATOMIC VARIANTS

IMAGE 1 Flat occipital condyles (arrow).

IMAGE 2 Triangular occipital condyles. OC—occipital
condyle.

IMAGE 3 Synchondrosis intraoccipitalis anterior (arrow).
OC—occipital condyle.
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4b

IMAGES 4a,b Processus basilaris (asterisks). C—clivus, D—dens.
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IMAGE 5 Prebasioccipital arch (asterisk). C—clivus, D—dens.

6b

IMAGES 6a,b Occipital vertebra (asterisk). C—clivus.
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7a 7b

IMAGES 7a,b Occipitalized atlas (asterisks mark the site of fusion). D—dens,
OC—occipital condyle.

8b

IMAGES 8a,b Paracondylar process (asterisks).
OC—occipital condyle.
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IMAGE 9 Split atlas (white arrows). D—dens. IMAGE 10 Split atlas (white arrows) and nonfusion of the C1
foramina transversaria (black arrows). D—dens.

IMAGE 11 Nonfused C1 neural arch centrally
(white arrow). D—dens.

IMAGE 12 Nonfused C1 neural arch on the left (white arrow).
D—dens.
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IMAGE 13 Nonfused C1 neural arch on the right (white arrow). IMAGE 14 Partially nonfused neural arch centrally
D—dens. (white arrow). D—dens.

IMAGE 15 Partially nonfused
neural arch on the left (white arrow).
D—dens.

IMAGE 16 Nonfused anterior arch
(white arrow). D—dens.
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IMAGE 17 Nonfused left neural arch
(white arrow) and absent right neural
arch. D—dens.

IMAGE 18 Absent right neural arch.
D—dens.

IMAGE 19 Nonfused right C1
transverse foramen (white arrow).
D—dens.
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IMAGE 20 Variant arcuate foramina (white arrows).
D—dens.

IMAGE 21 Retroverted dens (white arrow).

IMAGE 22 Variant C2 spinous process (white arrow).
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IMAGE 23 Nonfused C2 neural arch (white arrow).

IMAGE 24 Os odontoideum (white arrow).
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IMAGE 25 Asymmetric fusion of the right acrocentral synchondrosis (ACS). Normal ossiculum
terminale (black arrow).

IMAGE 26 Fused left C1-C2 lateral masses (asterisks). D—dens.
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IMAGE 27 Ossiculum terminale of
Bergmann (arrow) and a small ossicle
located at the inferior margin of the
C1 anterior arch (arrowhead).

IMAGE 28 Large caliber anterior spinal
artery (ASA) arising from the post-PICA V4
segment of the right vertebral artery. AICA/
PICA—common trunk of the anterior
inferior cerebellar and posterior inferior
cerebellar arteries, BA—basilar artery,
PICA—posterior inferior cerebellar artery,
VBJ—vertebrobasilar artery,
V3h—horizontal portion V3 segment of
vertebral artery, V3v—uvertical portion

V3 segment of vertebral artery,
V4—intradural segment of the vertebral
artery.

post-PICA V4
PICA
pre-PICA V4 T

S

V3h
i h-.a.'.

V3v—=
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1 he subaxial cervical spine is the anatomic region that includes the C3-C7 vertebrae, the

cervical spinal cord, C3-C8 spinal nerves, the spinal accessory nerve, blood vessels,
multiple synovial joints, ligaments, and lymphatics. As opposed to the specialized structure
and function of the C1 and C2 segments, the subaxial cervical segmental morphology is more
uniform. As such, the subaxial cervical segments are commonly referred to as the typical
cervical segments.
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DEVELOPMENTAL ANATOMY OF THE SUBAXIAL
CERVICAL SPINE

The subaxial segments are formed from three primary ossification centers: a centrum, right,
and left neural arches. The neurocentral synchondroses are located between the centrum and
each neural arch. The intraneural synchondrosis is located between the dorsal tips of the
neural arches (Figure 2.1).

The subaxial segments develop over the first 4 months of fetal life, starting with C7 early
in fetal life and progressing rostrally to C3. At birth, the subaxial segments are characterized
by shallow divots along the anterolateral margins of the neural arches at the sites of the
developing foramina transversaria. The centra have a characteristic configuration in the
sagittal plane, with slight downward sloping of the superior endplates, flat inferior endplates,
and rounded anterior superior corners.

The neural arches fuse posteriorly around 2 years of age and fuse to the centra around 3 to
4 years of age. The ventral bars of the transverse processes ossify between 3 and 4 years of age,
forming complete foramina transversaria. The subaxial segments typically have six secondary
ossification centers that fuse in adolescence, including the tips of the transverse processes, tips
of the bifid spinous processes, and ring apophyses along the superior and inferior endplates.
A single secondary ossification center arises at the tip of the monofid C7 spinous process. The
developmental sequence of the subaxial cervical vertebrae is displayed in Figures 2.2a-t.

FIGURE 2.1 The typical subaxial cervical segments are derived from three primary
ossification centers, a centrum (C) and two neural arch ossification centers (NAOC).
The neurocentral synchondroses (NCS) are located between the centrum and the
neural arch ossification centers. The intraneural synchondrosis (INS) is located
between the neural arch ossification centers posteriorly.
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Newborn 3 months

2.2a 2.2c

2.2b 2.2d

FIGURES 2.2a-t The typical appearance of the primary ossification centers of the typical subaxial cervical segments at various ages:
(a,b)—newborn, (c,d)—3 months, (e,f)—6 months, (gh)—12 months, (ij)—2 years, (k,1)—3 years, (m,n)—4 years, (o,p)—>5 years,
10 years (q,r), and 18 years (s,t).

(continued)
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6 months 12 months

2.2e 2.2g

2.2f 2.2h
FIGURES 2.2e-h

(continued)



CHAPTER2 THE SUBAXIAL CERVICAL SPINE 59

2 years 3 years

2.2 2.2k

2.2j 2.21
FIGURES 2.2i-

(continued)
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4 years 5 years

2.2n
FIGURES 2.2m-p

(continued)
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10 years 18 years

2.2q 2.2s

2.2r 2.2t

FIGURES 2.2g-t
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MULTIMODALITY ATLAS IMAGES OF THE SUBAXIAL
CERVICAL SPINE

The primary modalities used to image the subaxial cervical spine are plain films, computed
tomography (CT), and magnetic resonance imaging (MRI). The basic anatomy of the subaxial
cervical segments is presented in Figures 2.3a-r in order to provide a foundation prior to the
more detailed anatomic descriptions to follow.

B PLAIN FILMS (FIGURES 2.3a-2.3e)

T1 rib

2.3a 2.3b

FIGURES 2.3a-r Multimodal image gallery demonstrating the anatomy of the subaxial cervical spine on plain films (a—e), CT (f-),
and MR (m-r).

KEY
EC echancrure SLL spinolaminar line
IAP inferior articular SP spinous process
process TP transverse process
ILS interlaminar space UP uncinate process
. IVDS intervertebral disc space  ZJ zygapophyseal joint
Flexion L lamina red line anterior spinal line
LM lateral mass blue line  posterior spinal line
Mand  mandible green line spinolaminar line
SAP superior articular
process

2.3c
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2.3d
FIGURES 2.3d,e
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Extension
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SAP
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(continued)
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B CT (FIGURES 2.3f-2.3I)

Anterior

2.3f

2.39

FIGURES 2.3f-h
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2.3h

(continued)
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2.3i

2.3]

FIGURES 2.3i,j
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(continued)



66 IMAGING ANATOMY OF THE HUMAN SPINE: A COMPREHENSIVE ATLAS INCLUDING ADJACENT STRUCTURES

FIGURES 2.3kl
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H MR (FIGURES 2.3m-2.3r)

FIGURES 2.3m,n
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SC spinal cord

SP spinous process

2.3m

2.3n

(continued)
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FIGURES 2.30,p
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(continued)
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FIGURES 2.3q,r
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OSTEOLOGY OF THE C3-C7 SEGMENTS

The long axis of the C3—C7 vertebral bodies is transverse. There is relatively little difference
between the anterior and posterior heights of the C3-C7 vertebral bodies. The cervical lor-
dosis is primarily derived from the configuration of the intervertebral discs in the subaxial
cervical segments. The anterior to posterior length and transverse width of the vertebral bod-
ies increases from C3 to C7. The anterior to posterior length of the inferior endplates is con-
sistently larger than that of the adjacent superior endplate of the next caudal vertebral body.
Projecting superiorly from the posterolateral margins of the C3-C7 superior endplates are
the uncinate processes. The uncinate processes articulate with shallow depressions in the pos-
terolateral margins of the adjacent inferior endplates, forming the uncovertebral or Luschka
joints (Figures 2.4a—d).

The transverse processes arise from the lateral aspects of the vertebral bodies on both
sides of the midline. The transverse processes are composed of ventral and dorsal bony bars
that terminate laterally in the anterior and posterior tubercles, respectively. The anterior bar is
the homologue of the thoracic rib and is called the costal process or costal element. The anterior
tubercles progressively increase in size from C3 to C6. The anterior tubercles at C6 are variable
in shape and size and are referred to as the carotid tubercles of Chassaignac (Figures 2.5a—c),
against which the carotid arteries can be compressed. The Chassaignac tubercles are also
a target for the stellate ganglion blockade. The anterior and posterior tubercles are joined
laterally by a short bony bridge referred to as the costotransverse bar or costotransverse lamella.
The foramina transversaria are formed by the pedicles medially, anteriorly by the ventral
bar and anterior tubercle, laterally by the costotransverse lamella, and posteriorly by the
transverse process. Rarely, the transverse foramina are duplicated or triplicated. The foramina
transversaria arise more anteriorly from the vertebral bodies from C3 to C6 and return to a
more posterior position at C7. The distance between the foramina transversaria increases
progressively from C3 to C7. The C7 foramina transversaria tend to be smaller in caliber due
to the fact that they typically do not transmit the vertebral arteries.

FIGURES 2.4a-d (a) coronal
surface rendered CT, (b) curved
reformatted CT, (c) axial CT,

and (d) axial T2 turbo spin echo
(TSE) images demonstrating the
anatomy of the uncovertebral joints.
EC—echancrure, IEP—inferior
endplate, [VDS—intervertebral disc
space, SEP—superior endplate, TP—
transverse process, UP—uncinate
process.

2.4a

(continued)
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2.4c

FIGURES 2.4b,c (continued) AT—anterior tubercle, C—centrum, EC—echancrure, IAP—inferior
articular process, [IVF—intervertebral foramen, SAP—superior articular process, SP—spinous
process, UP—uncinate process, UV]—uncoverteberal joint, Z]—zygapophyseal joint.

(continued)
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2.4d

FIGURE 2.4d (continued) C—centrum, EC—echancrure, IAP—inferior articular process, [IVF—intervertebral foramen,
L—lamina, SAP—superior articular process, SC—spinal cord, SP—spinous process, UP—uncinate process, UV]—uncoverteberal
joint, V2—intraforaminal segment vertebral artery, Z]—zygapophyseal joint.

FIGURES 2.5a-c The anterior tubercles of C6
(carotid tubercles of Chassaignac) are displayed in
(a) an anterior projection surface rendered 3D CT
image, (b) AP radiograph of the cervical spine, and
(c) axial CT image. The asterisks (*) mark the sites
of fluoroscopically guided stellate ganglion block
at the junction of the anterior tubercle and vertebral
body within the vertebral gutter (VG), just inferior
to the uncinate process of C6. AP—articular pillar,
AT—anterior tubercle, C—centrum, CP—costal
process, CTB—costotransverse bar, F[—foramina
transversaria, L—lamina, P—pedicle, PT—posterior
tubercle.

(continued)
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FIGURES 2.5b,c  The anterior tubercles

of C6 (carotid tubercles of Chassaignac)

are displayed in (a) an anterior projection
surface rendered 3D CT image, (b) AP
radiograph of the cervical spine, and (c)
axial CT image. The asterisks (*) mark the
sites of fluoroscopically guided stellate
ganglion block at the junction of the anterior
tubercle and vertebral body within the
vertebral gutter (VG), just inferior to the
uncinate process of C6. AP—articular pillar,
AT—anterior tubercle, C—centrum, CP—
costal process, CTB—costotransverse bar,
FT—foramina transversaria, L—lamina,
P—pedicle, PT—posterior tubercle.

2.5b

2.5¢
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The pedicles arise just inferior to the uncinate processes along the posterolateral
aspects of the vertebral bodies. At the junction of the pedicles and lamina are the articular
pillars, including the superior articular processes, inferior articular processes, and the pars
interarticularis. The lamina meet at the midline posterior to the spinal canal to form the
spinous process. The C3-C6 spinous processes are bifid. The C7 spinous process is elongated
and monofid, similar to the thoracic spinous processes (Figure 2.6).

The subaxial cervical spinal canal is formed by the posterior margin of the vertebral body,
medial margins of the pedicles, anterior margins of the lamina, and anterior margin of the
spinous process (Figure 2.7). The cervical spinal canal is triangular or trefoil in shape. The
effective spinal canal dimensions are reduced in the subaxial segments due to the cervical
enlargement at C3-T1 (Figure 2.35). The lateral borders of the spinal canal are funnel-shaped
with apex oriented laterally toward the neural foramina, forming the cervical equivalent of
the lateral recess that is found in the lumbar segments (Figure 2.8).

FIGURE 2.6 Surface rendered reformatted image of the cervical spine
from a posterior projection shows characteristically bifid upper spinous
processes (bSP) and a monofid (mSP), thoracic-type spinous process at C7.
Variation of the subaxial cervical spinous processes is common, as seen in
this case with a monofid C3 spinous process.

FIGURE 2.7 The subaxial cervical spinal canal is
bounded anteriorly by the posterior margin of the
vertebral body (VB), anterolaterally by the medial
margins of the pedicles (P), posterolaterally by
the lamina (L), and posteriorly by the spinous
process (SP). FT—foramina transversaria,
LM—lateral mass.
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2.8

FIGURE 2.8 Axial T2-weighted TSE image displaying the funnel-shaped anterolateral aspects of the spinal canal that point to
the intervertebral foramina (IVF). L—lamina, SC—spinal cord, SP—spinous process, V2—intraforaminal segment of the vertebral
artery, VB—vertebral body.

The borders of the neural foramina are formed by the uncovertebral joints medially and
the zygapophyseal joints laterally (Figure 2.4d). The floors of the neural foramina are formed
by the superior margins of the pedicles medially and the dorsal bony bars and costotransverse
lamella laterally. The superior surface of the costotransverse lamella is concave and forms a
shallow groove in which the anterior ramus of the exiting spinal nerve resides at each level
(Figures 2.9a,b).
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2.9a

2.9b

FIGURES 2.9a,b (a) Lateral
oblique surface rendered CT image
demonstrating the anatomy of the
subaxial cervical intervertebral
foramina. The superior margin of
the intervertebral foramen (IVF)

is formed by the inferior vertebral
notch (IVN) and the inferior margin
is formed by the superior vertebral
notch (SVN) of the pedicle (P). The
anterior margin is the uncovertebral
joint (UV]) and the posterior margin
is the zygapophyseal joint (Z]). The
exiting spinal nerve is bounded
anteriorly by the anterior tubercle
(AT), posteriorly by the posterior
tubercle (PT), and inferiorly by a
groove for the spinal nerve (GSN)
in the costotransverse bar (CTB).

(b) Sagittal T2-weighted TSE image
displays the subaxial cervical spinal
nerves (SN) surrounded by fat and
positioned within shallow grooves
of the costotransverse bars (CTB) as
they exit the intervertebral foramina.
AP—articular pillar, DRG—dorsal
root ganglia, IVD—intervertebral disc,
OC—occipital condyle.
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THE INTERVERTEBRAL DISCS OF THE SUBAXIAL
CERVICAL SPINE

Intervertebral disc morphology is the primary determinant of the cervical lordosis. The ventral
height of the subaxial cervical intervertebral discs is greater than the dorsal height (Figure 2.3m).
The structure of the annulus fibrosis in the subaxial cervical segments differs from that in the
thoracic and lumbar segments. The anterior annulus is thick and progressively thins posterolat-
erally to the margin of the uncinate processes. There is no significant substance to the annulus
fibrosis in the region of the uncovertebral joints. The posterior annulus consists of a single band
of vertically oriented fibers. In the transverse plane, this results in a crescentic configuration.

The composition of the cervical intervertebral discs differs from that of the thoracic and
lumbar discs. At birth, the nucleus pulposis comprises approximately one quarter of the
entire disc. Early in life, the cervical intervertebral disc has greater collagen composition and
relatively lower proteoglycan content. By the end of the third decade, the nucleus pulposis
is nearly indistinguishable from the annulus fibrosis. A well-defined nucleus pulposis is
generally only observed in children and young adults. This corresponds to more homogeneous
low T2 signal within the cervical intervertebral discs (Figures 2.10 a—d).

2.10a | 2.10b

2.10c 2.10d

FIGURES 2.10a-d Sagittal T2-weighted TSE images of the cervical spine demonstrating the typical appearance of the intervertebral
discs (IVD) at various ages: (a) 5 years, (b) 20 years, (c) 30 years, and (d) 40 years. AF—annulus fibrosis, NP—nucleus pulposis.
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THE ZYGAPOPHYSEAL (FACET) JOINTS

The superior and inferior articular processes arise from the pedicle lamina junction. The
superior articular facets arise on the dorsal surface of the superior articular process and face
superiorly. The inferior articular facets arise on the ventral surface of the inferior articular
process and face inferiorly (Figure 2.11). The facet surfaces are lined by a thin layer of smooth
articular cartilage, are surrounded by a fibrous capsule, and are lubricated by synovial fluid.
The cervical zygapophyseal joint capsules are lax and elongated compared with the thoracic
and lumbar segments.

The zygapophyseal joints are variable in their orientation within the subaxial cervical
spine. The C3 superior articular facets are oriented posteromedially. Approximately 75% of the
time, the C4 superior articular facets are oriented posteromedially. The C7 superior articular
facets are oriented posterolaterally. The transition from posteromedial to posterolateral
facet orientation most commonly occurs at C6 and is gradual. The angle of inclination of
the zygapophyseal joints, as measured in the sagittal plane, increases progressively from
C3to T1.

FIGURE 2.11 Lateral projection surface
rendered CT image demonstrating

the zygapophyseal joints (Z]) of the
subaxial cervical spine. Superior (SAP)
and inferior articular processes (IAP)
arise from the lateral masses that have
relatively flat articular facets (SAF,
IAF) that appose to form the Z]. The
bone located between the superior and
inferior articular processes is the pars
interarticularis (PT).

THE UNCOVERTEBRAL (LUSCHKA) JOINTS

The uncovertebral joints are formed by the uncinate processes and the echancrures. The
uncinate processes arise from the posterolateral margins of the C3—C7 superior endplates.
The echancrures are shallow depressions located along the posterolateral margins of the infe-
rior endplates that appose the uncinate processes. The uncovertebral joints form the anterior
wall of the neural foramina from C3 to C7 and are in close proximity to the medial wall of the
transverse foramina (Figures 2.4a—d).

Distinct capsules surround the uncovertebral joints and synoviocytes have been
demonstrated in the lateral capsular tissue. The uncinate processes progressively shift from
a more anterior position at C3 to a more posterior position at C7. The C7 uncinate processes
are occasionally absent and distinct uncinate processes are rarely observed at T1 and T2.
Rudimentary uncinate processes are visible in full-term neonates and continue to enlarge
until 9 to 14 years of age.
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LIGAMENTOUS ANATOMY OF THE SUBAXIAL CERVICAL SPINE

The major ligaments of the subaxial cervical spine include the anterior longitudinal liga-
ment, posterior longitudinal ligament, ligamenta flava (“yellow ligaments”), interspinous
ligaments, ligamentum nuchae, and supraspinous ligament. The bulk of the supraspinous
ligament is found in the thoracic and lumbar spine and will be discussed in depth within
those chapters. The intertransverse ligaments are not well-developed in the subaxial cervical
segments and not well demonstrated on neuroimaging studies.

The anterior longitudinal ligament (ALL) is a multilayered structure that extends inferiorly
from a cord-like attachment to the anterior tubercle of the atlas and gradually increases in
width from C3 to C7 (Figures 2.12a,b and 2.13a,b). The anterior to posterior thickness of the
ALL is greatest at the vertebral body levels and thinnest at the intervertebral disc levels. The
ALL is firmly adherent to the anterior superior and inferior endplates, infrequently adherent
to the intervertebral discs (20%), and variably adherent to the central portion of the vertebral
bodies (40%) of the subaxial cervical segments. The deepest layer of the ALL projects laterally
to the anterior margin of the uncovertebral joints. It plays a major role in spine stability,
resists hyperextension, and supports the intervertebral discs.

The posterior longitudinal ligament (PLL) arises inconspicuously from the inferior margin
of the tectorial membrane at the C2 body level and extends to the sacrum. Like the ALL, the
PLL contains multiple layers that are variable in length and configuration. The transverse
dimension and anterior to posterior thickness of the PLL are greatest in the cervical spine.
The PLL attaches to the dorsal annulus and posterior margins of the vertebral bodies, with
loose attachments in the central regions of the vertebral bodies. The deepest layer of the PLL
extends laterally to the margin of the uncovertebral joint. The functions of the PLL include
support of the intervertebral discs, resisting hyperflexion, and enhancing zygapophyseal
joint stability. The PLL is displayed in Figures 2.12a,b and 2.14a,b.

2.12a | 2.12b

FIGURES 2.12a,b (a) Sagittal T2-weighted TSE image showing the normal anterior longitudinal ligament (ALL), posterior
longitudinal ligament (PLL), ligamenta flava (LF), and ligamentum nuchae (LN). (b) ossification of the anterior longitudinal
ligament (O-ALL), also known as diffuse idiopathic skeletal hyperostosis. SC—spinal cord.
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2.13a 2.13b

FIGURES 2.13a,b The subaxial cervical component of the anterior longitudinal ligament (ALL) is demonstrated with
(a) T1-weighted TSE and (b) T2-weighted TSE images. AAA—anterior arch of atlas, AOAM—anterior occipitoatlantal membrane,
SC—spinal cord.

2.14a 2.14b

FIGURES 2.14a,b (a) axial and (b) sagittal CT images showing mixed type ossification of the posterior longitudinal ligament
(O-PLL) that is continuous at C3-C4 and segmental at C5 and C6. AP—articular pillar, C—centrum, L—lamina, SP—spinous
process.
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The ligamenta flava are found from C1-C2 to L5-S1. The ligamenta flava increase in size
proportional to the increase in the interlaminar distances from C2-C3 to C7-T1. The ligamenta
flava are thinnest in anterior to posterior dimension in the cervical segments, becoming more
prominent in the thoracic and lumbar segments. The ligamenta flava are paired ligaments
that are positioned on either side of the midline, extending from the anterior inferior margin
of the lamina above to the posterior superior margin of the lamina below. The lateral aspects
of the ligamenta flava cover and support the medial portions of the zygapophyseal joints
(Figures 2.12a and 2.15a—d). The ligamenta flava contain approximately 80% elastin, which may
prevent spinal canal encroachment resulting from ligamentous buckling during extension.

FIGURES 2.15a-d (a) Sagittal T1-weighted TSE image
demonstrating the increase in size of the ligamenta flava (LF) from
craniad to caudad. (b) Axial T2-weighted TSE image showing the
LF as hypointense bands along the inner margins of the lamina.

A small gap between the LF is present at the midline between the
left ligamentum flavum (LF - left) and right ligamentum flavum
(LF - right), a finding commonly observed on MR. C—centrum,
DRG—dorsal root ganglion, ICA—internal carotid artery,
IJV—internal jugular vein, SC—spinal cord, SP—spinous process,
T—trachea, Z]—zygapophyseal joint.

2.15a

2.15b

(continued)
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LF - left

LF - right

2.15¢

2.15d

FIGURES 2.15¢,d  (continued) (c) Axial CT myelogram at C7 showing the soft tissue density ligamenta flava (LF) and emergence
of the intervening interlaminar fat pad (FP). (d) Axial noncontrasted CT image demonstrating heavy calcification of the ligamenta
flava (black arrowheads). Ossification of the posterior longitudinal ligament (short white arrow) and heavy calcification of the
common carotid bifurcations (CCB) are also present. C—centrum, CCB—common carotid bifurcations, ETT—endotracheal tube,
IVE—intervertebral foramen, L—lamina, NGT—nasogastric tube, SC—spinal cord, SP—spinous process, TP—transverse

process, Z]—zygapophyseal joint.
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2.16a 2.16b

FIGURES 2.16a,b The ligamentum nuchae is demonstrated on T1-weighted TSE images. (a) The funicular component (LN-F)

is visualized as a craniad extension of the supraspinous ligament (SSL) projecting from the C6 or C7 spinous process (LN-S) to
the external occipital protuberance (LN-O). (b) On axial images, the funicular component is typically triangular in shape. The
lamellar component (LN-L) is often visible as a thin hypointense band. The funicular component serves as a site of attachment of
the aponeuroses of the trapezius (TM), multifidis-semispinalis cervicus (M-SSCM), semispinalis capitis (SSCpM), and splenius
capitis (SpCM) muscles. C—centrum, CCA—common carotid artery, IJV—internal jugular vein, L—lamina, SP—spinous process,
V2—intraforaminal segment vertebral artery, Z]—zygapophyseal joint.

The interspinous ligaments extend from the inferior margins of the spinous processes
above to the superior margins of the spinous processes below in the sagittal plane and from
the root to the apex of the spinous processes in the transverse plane. The cervical interspinous
ligaments are rudimentary in comparison with the more developed interspinous ligaments
in the thoracic and lumbar spine. The rudimentary interspinous ligaments blend with the
funicular portion of the ligamentum nuchae discussed in the following.

The ligamentum nuchae has two components, the funicular (dorsal) and lamellar (ventral),
demonstrated on Figures 2.16a,b. The funicular component s a thick, fibrous band that extends
from the C7 spinous process, less commonly C6, to the external occipital protuberance,
forming firm attachments proximally and distally. The funicular component serves as a site
of attachment of the aponeuroses of the trapezius, semispinalis, serratus posterior superior,
rhomboid minor, and splenius capitis muscles. The trapezius muscles attach along the entire
length of the funicular component of the ligamentum nuchae. The lamellar component projects
anteriorly from the ventral margin of the funicular component to the C1 posterior tubercle and
cervical spinous processes and superiorly to attach along the median occipital protuberance
from the posterior margin of the foramen magnum to the external occipital protuberance. The
most anterior lamellar component blends significantly with the interspinous ligaments. There
are well-established connective tissue attachments between the ligamentum nuchae and the
posterior dura at the C0-C1 and C1-C2 levels. The ligamentum nuchae functions to limit
neck flexion and maintain cervical lordosis.

Anterior subluxation of C2 on C3 is seen in approximately 10%—20% of children ages
1 to 8 years. Factors that contribute to physiologic subluxation in children include horizontal
orientation of the zygapophyseal joints, ligamentous laxity, underdeveloped uncovertebral
joints, high fulcrum for neck flexion, and relatively large skull. Anterior subluxation of C3
on C4 is less commonly observed, but may also be physiologic. The Swischuk line is drawn
from the anterior margin of the C1 neural arch to the anterior margin of the C3 neural arch.
Physiologic subluxation (“pseudosubluxation”) is present when this line passes through the
anterior cortex of the C2 neural arch, when this line touches the anterior cortex of the C2
neural arch, or the anterior cortex of the C2 neural arch resides up to 1 mm posterior to this
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line. If this line passes 2 mm or more anterior to the cortex of the C2 neural arch, pathologic
subluxation is assumed. Physiologic subluxation is accentuated in the flexion and resolves in
extension (Figure 2.17).

FIGURE 2.17 Pseudosubluxation in a 7 year-old. There is a 2-mm
anterior subluxation of C2 with respect to C3 (black lines). The
Swischuk line (white line) is drawn from the inner margin of the C1
neural arch to the inner margin of the C3 neural arch and is normal
in this case. The mild kyphosis observed in this case can be a normal
finding in this age group. Incidental note is made of the emergence of
secondary ossification centers (SOC) at C6, C7, and T1.
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ARTERIAL ANATOMY OF THE SUBAXIAL CERVICAL SPINE

The blood supply to the cervical subaxial segments is primarily derived from the vertebral
arteries. There are four segments of the vertebral arteries (Figures 2.18a—c). The V1 segments
extend from the vertebral artery origins to their entrance into the foramina transversaria. The
V2 segments travel through the foraminal transversaria, typically from C2 to C6. The V3 seg-
ments begin at the point the vertebral arteries exit the C2 foramina transversaria and end at
the point they pierce the dura at the foramen magnum. The V4 segments are the intracranial
portions of the vertebral arteries.

The vertebral arteries arise from the subclavian arteries greater than 90% of the time. The
most common variant origin of the vertebral arteries is from the aortic arch between the left
common carotid and left subclavian arteries (Figures 2.19a,b). Numerous rare variant origins
have been described, comprising less than 1%. The left vertebral artery is typically larger in
caliber than the right vertebral artery. About 12% the population has a unilateral hypoplastic
vertebral artery that either terminates in the ipsilateral posterior inferior cerebellar artery
(Figures 2.20a—c) or there is a hypoplastic post-PICA V4 segment (Figure 2.21).

The vertebral arteries enter the C6 foramina transversaria the great majority of the time,
with exit points at C7 (6%), C5 (4%), and other levels (1%) comprising the remaining cases.
The diameter of the foramina transversaria does not have a direct relationship to the size
of the vertebral artery contained therein, as small caliber vessels within large foramina
are commonly encountered (Figure 2.22). However, vertebral artery size does tend to be
consistent throughout the course of the vessel on the same side. Tortuosity of the V2 segments
is common, including remodeling or erosion of the adjacent bony foramina transversaria
(Figures 2.23a—c).

The longitudinal arteries of the cervical spine include the vertebral arteries, deep
cervical arteries, ascending cervical arteries, and the costocervical trunks. The vertebral
arteries give off the segmental branches within the upper cervical segments (Figure 2.24).
The segmental arteries tend to arise from the deep cervical artery, ascending cervical
artery, and costocervical trunk in the lower cervical segments. However, a rich anastamotic
network is the rule in the cervical spine, making the cervical spinal cord relatively resistant
to infarction. The segmental arteries from vertebral artery origin arise on both sides of the
midline and give off anterior and posterior rami. The posterior rami give off spinal arterial
and muscular branches.
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Anterior

Subclav

2.18a
2.18b

Subclav

2.18c

FIGURES 2.18a-c (a) Frontal projection surface rendered computed tomography angiography (CTA) image demonstrating the
vertebral artery segments (V1-V4). (b) Lateral projection surface rendered CTA image showing the course of the V1-V4 segments.
(c) Anterior maximum intensity projection image from a contrast enhanced magnetic resonance angiography (MRA) of the neck
demonstrates the origins and course of the vertebral arteries (V1-V4). The origin of the right ascending cervical artery (AscCA)
from the thyrocervical trunk (TCT) is well visualized. arch—aortic arch, Basi—basilar artery, CCA—common carotid artery
(L—left, R—right), CCAB—common carotid artery bifurcation, ECA—external carotid artery, ICA—internal carotid artery,
INMTA—innominate artery, Subclav—subclavian artery, SVC—superior vena cava, V3h—horizontal portion V3 segment of
vertebral artery, V3v—vertical portion V3 segment of vertebral artery, VBJ—vertebrobasilar junction.
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2.1%

FIGURES 2.19a,b Origin of the left vertebral artery (V1) from the aortic arch (arch) between
the left common carotid artery (L-CCA) and the left subclavian artery (L-SCA) demonstrated
on (a) axial CTA and (b) sagittal oblique CTA images. INMTA—innominate artery, LIV—left
innominate vein, SVC—superior vena cava.
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2.20a

2.20b

FIGURES 2.20a-c Hypoplastic left
vertebral artery (L-VA) that ends in
the left posterior inferior cerebellar
artery (PICA). (a) Axial CTA image

at C7 showing the hypoplastic left
vertebral artery (L-VA) entering the
left C7 transverse foramen, a normal
anatomic variant. The dominant right
vertebral artery (R-VA) is located
ventral to the foramen and will enter
the right C6 transverse foramen

(not shown). (b) At C5, the vertebral
arteries are both located within

the foramina transversaria and are
surrounded by the vertebral artery
venous plexuses (VAVP).
CCA—common carotid artery,
IJV—internal jugular vein, T—trachea,
TG—thyroid gland, VA—vertebral
artery (L—left, R—right).

(continued)



CHAPTER 2 THE SUBAXIAL CERVICAL SPINE 89

2.20c

post-PICAVA4
PICA
pre-PICA V4

2.21

FIGURE 2.20c (continued) (c) Surface rendered 3D
image shows the hypoplastic left vertebral artery
terminating in the left posterior inferior cerebellar
artery (L-PICA). ACA—anterior cerebral artery,
Basi—basilar artery, MCA—middle cerebral artery,
PICA—posterior inferior cerebellar artery

(L—left, R—right), VA—vertebral artery

(L—left, R—right).

FIGURE 2.21 Hypoplastic
right-sided post-PICA V4
segment demonstrated on
an axial maximum intensity
projection MRA image.
The majority of the flow
from the nondominant
right vertebral artery

is directed to the right
posterior inferior
cerebellar artery (PICA).
ACA—anterior cerebral
artery, Basi—basilar artery,
ICA—internal carotid
artery, MCA—middle
cerebral artery, PCA—
posterior cerebral artery,
PICA—posterior inferior
cerebellar artery.
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FIGURE 2.22 The size of the foramina
transversaria does not necessarily
reflect the caliber of the vertebral artery.
The right transverse foramen is larger
in size than the left, even though the
left vertebral artery is dominant. This
has to do with right V2 tortuosity

and a somewhat prominent vertebral
artery venous plexus (VAVP). ETT—
endotracheal tube, ICA—internal
carotid artery, IJV—internal jugular
vein, V2—intraforaminal segment of the
vertebral artery (L—left, R—right).

2.22

2.23a 2.23b

FIGURES 2.23a-c Variant anatomy of the V2 segments. (a) Axial CTA showing tortuosity of the left V2 segment (L-V2) with
projection into the left C3—C4 intervertebral foramen (IVF). (b) Axial CTA demonstrates a tortuous right V2 segment (R-V2) that
significantly remodels the C4 centrum (asterisk). CCB—common carotid bifurcation, ETT—endotracheal tube, IJV—internal jugular
vein, L-V2—Left V2 segment, R-V2—right V2 segment, Z]—zygapophyseal joint.

(continued)
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2.23c

2.24

FIGURE 2.23c (continued) (c) Coronal planar
reformatted CTA images demonstrate a tortuous
right V2 segment (R-V2) that significantly
remodels the C4 centrum (asterisk). L-V2—Left
V2 segment, R-V2—right V2 segment,
OC—occipital condyles.

FIGURE 2.24 Digital subtraction angiogram

of the right vertebral artery showing multiple
segmental branches (SB) arising from the

V2 segment. The most inferior segmental branch
displayed gives rise to a radiculomedullary
artery (asterisk) that supplies the anterior

spinal artery (ASA). MB—muscular branches,
PICA—posterior inferior cerebellar artery,
V2—intraforaminal segment of vertebral artery,
V3h—horizontal portion V3 segment of vertebral
artery, V3v—vertical portion V3 segment of
vertebral artery, V4—intradural segment of
vertebral artery.
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FIGURE 2.25 Digital subtraction
angiographic image obtained following
a selective left vertebral artery injection
shows the anterior spinal artery (black
arrowheads) arising from the left
post-PICA V4 segment just proximal to
the vertebrobasilar junction (VBJ) and
retrograde filling of the right vertebral
(V4) and posterior inferior cerebellar
arteries (PICA). AICA—anterior inferior
cerebellar artery, Basi—basilar artery,
PCA—posterior cerebral artery,
SCA—superior cerebellar artery.

2.25

The spinal branches course through the neural foramina and branch into anterior and
posterior radicular arteries. The radicular arteries may supply the nerve roots, dura mater,
spinal ganglia, spinal cord, or combinations thereof. The radicular arteries that supply the
spinal cord are referred to as radiculomedullary arteries and tend to travel with the ventral
roots. Radiculomedullary arteries are more equally distributed in the cervical region, without
the left-sidedness that is typical of the thoracic and lumbar segments. The anterior spinal
artery in the cervical spine consists of anterior radiculomedullary arteries in series, ranging
in number from zero to six. The dominant cervical radiculomedullary artery has been termed
the cervical radiculomedullary artery of Lazorthes (Figure 2.24). A variable number of posterior
radiculomedullary arteries make up the posterior spinal arteries.

The origins of the anterior and posterior spinal arteries are discussed in Chapter 1. The
origin of the anterior spinal artery is frequently observed on cerebral angiograms, generally
arising from two small branches of the distal vertebral arteries (Figure 2.25). The anterior
spinal artery resides in the anterior median fissure and supplies the anterior two-thirds of
the spinal cord. The paired posterior spinal arteries are positioned lateral to the posterior
median sulcus (medial to the dorsal root entry zones) and supply the posterior one-third of
the spinal cord. The central arteries branch from the anterior spinal arteries and penetrate
deeply into the anterior median fissure to supply the central cord. The anterior and posterior
spinal arteries contribute to a network of arteries that encircle the spinal cord, the pial arterial
plexus or vasa coronae.
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VENOUS ANATOMY OF THE SUBAXIAL CERVICAL SPINE

Venous drainage of the subaxial cervical spine and spinal cord is carried out through a
heavily interconnected venous network that has three main divisions: intrinsic, extrinsic,
and extradural. The intrinsic system includes the venous network that drains the spinal cord
central gray matter and peripheral white matter. The pia mater marks the border of the
extrinsic system, which includes the coronal venous plexus and radiculomedullary veins. The
extradural system includes the anterior internal vertebral venous plexus, posterior internal
vertebral venous plexus, anterior external vertebral venous plexus, and posterior external
vertebral venous plexus.

The anterior sulcal vein is located in the anterior median fissure of the spinal cord. The
posterior sulcal vein is located in the posterior sulcus. The anterior and posterior central veins
drain the central gray matter. The white matter is drained by small caliber radial veins within
the pia that form a network called the coronal venous plexus. Transmedullary anastomotic veins
are larger in caliber than the sulcal veins and project through the substance of the spinal cord,
connecting ventral and dorsal surfaces. Some of the larger caliber longitudinally oriented
veins within the coronal plexus form a variable number of anterior and posterior median and
lateral spinal veins (Figure 2.26a).

The anterior and posterior radiculomedullary veins drain the spinal cord and spinal nerve
roots and function to connect the extrinsic and extradural systems. The radiculomedullary

2.26a

FIGURES 2.26a-e (a) Sagittal post contrast T1-weighted TSE image demonstrating
the anterior median spinal vein (white arrows) continuing cranially as the anterior
medullary vein (AMV). (b) Axial post contrast T1-weighted TSE image demonstrating
adequate visibility of the anterior median spinal vein (AMSV) and posterior

median spinal vein (PMSV). (c) Axial fat saturated post contrast T1-weighted image
demonstrating the anterior and posterior radiculomedullary veins (ARV, PRV).
BVV—basivertebral veins, PEVP—posterior external vertebral venous plexus,
PMSV—posterior median spinal vein, SOVP—suboccipital venous plexus.

(continued)
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FIGURES 2.26b,c  (continued)
AEVP—anterior external
vertebral venous plexus, AIVP—
anterior internal vertebral
venous plexus, AMSV—anterior
median spinal vein, ARV—
anterior radiculomedullary
vein, BVV—basivertebral

veins, CCA—common carotid
artery, IJV—internal jugular
vein, PEVP—posterior external
vertebral venous plexus,
PMSV—posterior median
spinal vein, PRV—posterior
radiculomedullary vein,
V2—intraforaminal segment of
the vertebral artery, VAVP—
vertebral artery venous plexus.

2.26b

..(_—k__ V2
' VAVP

2.26¢

(continued)
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2.26d

FIGURES 2.26d,e (continued)

(d) Axial post contrast T1-weighted
image showing the right anterior
radiculomedullary vein (ARV) arising
from the anterior median spinal vein
(AMSV) and a distinct structure
from the adjacent ventral root

(VR). (e) Fat saturated post contrast
T1-weighted image demonstrating a
left intervertebral vein (IVV) draining
into the vertebral artery venous
plexus (VAVP). AIVP—anterior
internal vertebral venous plexus,
AMSV—anterior median spinal vein,
ARV—anterior radiculomedullary
veins, CCA—common carotid artery,
IJV—internal jugular vein, IVV—
intervertebral vein, PEVP—posterior
external vertebral venous plexus,
PIVP—posterior internal vertebral
venous plexus, PMSV—posterior
median spinal vein, PRV—posterior
radiculomedullary vein, VAVP—
vertebral artery venous plexus, VR—
ventral root.

2.26e
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veins are equipped with a complex valveless system that prevents reflux into the intrinsic and
extrinsic venous systems. The radiculomedullary veins and anterior and posterior external
vertebral venous plexuses drain into the intervertebral veins (Figures 2.26b—-e).

The anterior internal vertebral venous plexus resides within two layers of the posterior
longitudinal ligament, separated by the dorsomedian septum. It is generally composed of
two large, longitudinally oriented veins on either side of the posterior longitudinal ligament
(Figures 2.27a,b). The anterior internal vertebral venous plexus is typically less prominent

2.27a

FIGURES 2.27a,b Axial (a) and parasagittal (b) post contrast
T1-weighted images displaying the anterior internal vertebral
venous plexus (AIVP). AMSV—anterior median spinal vein, CCA—
common carotid artery, IJV—internal jugular vein, PEVP—posterior
external vertebral venous plexus, PMSV—posterior median spinal
vein, V2—intraforaminal segment of the vertebral artery, VAVP—
vertebral artery venous plexus.

2.27b
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at the level of the intervertebral discs and courses medially at the pedicle level, where it
connects through transversely oriented venous anastamoses to the basivertebral veins, the
valved system that provides the primary drainage of the vertebral bodies (Figure 2.26a,b). The
minor venous drainage of the vertebral bodies occurs through small peripheral tributaries
that communicate directly with the anterior external vertebral venous plexus. The anterior
internal vertebral venous plexus also anastamoses with the posterior internal vertebral
venous plexus and anterior external vertebral venous plexus (Figure 2.28).

The posterior internal vertebral venous plexus is generally smaller in size than the anterior
internal vertebral venous plexus and is composed of longitudinally oriented veins traversing
the dorsal epidural space that tend to be more laterally located in the cervical spinal canal. In the
thoracic and lumbar spinal canal, this plexus is embedded within epidural fat. However, there is
little epidural fat within the cervical spinal canal other than a scant dorsal epidural fat pad at C7.
The posterior internal vertebral venous plexus receives small draining branches from the lateral
masses, lamina, and spinous processes. It also connects with the posterior external vertebral
venous plexus via small perforating veins through the ligamenta flava.

The anterior external vertebral venous plexus is located anterior the vertebral bodies
and has extensive connections with the intervertebral and basivertebral veins. The posterior
external vertebral venous plexus is located dorsal to the spine and drains the paravertebral
muscles and the posterior elements (Figure 2.28). It is best developed in the cervical region
and has extensive connections with the posterior internal vertebral venous plexus (through
the ligamenta flava) and intervertebral veins. Bicuspid valves are variably present within the
veins comprising the posterior external vertebral venous plexus.

The intervertebral veins connect the internal and external vertebral venous plexuses
and primarily drain into the vertebral veins. There is also venous drainage into the deep
cervical and jugular veins. The vertebral veins arise from the suboccipital venous plexus
and enter the foramina transversaria at the level of the atlas. The vertebral veins traverse

2.28

FIGURE 2.28 The vertebral venous plexuses. There are extensive anastomotic connections between the anterior external vertebral
venous plexus (AEVP), anterior internal vertebral venous plexus (AIVP), vertebral artery venous plexus (VAVP), posterior internal
vertebral venous plexus (PIVP), and posterior external vertebral venous plexus (PEVP). The anterior internal vertebral venous plexus
resides within two layers of the posterior longitudinal ligament, separated by the dorsomedian septum (DMS). ECA—external
carotid artery, ICA—internal carotid artery, IJV—internal jugular vein, V2—intraforaminal segment of the vertebral artery.
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the C1-C6 foramina transversaria as a single vessel, two vessels, or as a dense plexus
(Figures 2.29a,b). The distal vertebral veins display significant variability. Most commonly,
the vertebral veins exit the foramina transversaria at C6 (range C4-C7) through a single
foramen (versus two or more), as a single vessel (versus two or more), descends ventral
to the subclavian artery (versus dorsal or both), and drain into the upper (versus lower)
portion of the brachiocephalic veins.

2.29a

2.29b

FIGURES 2.29a,b Variation
of the intervertebral

vein (IVV) displayed on
T1-weighted fat saturated
post contrast images as

(a) a single vessel or

(b) a dense plexus.
PEVP—posterior external
vertebral venous plexus,
PIVP—posterior internal
vertebral venous plexus,
V2—intraforaminal segment
of the vertebral artery,
VAVP—vertebral artery
venous plexus.
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MENINGES AND SPACES OF THE SUBAXIAL CERVICAL SPINE

The spinal cord is surrounded by three meninges: pia mater, arachnoid mater, and dura
mater. The pia mater is a vascularized membrane that is tightly adherent to the spinal cord,
envelopes the anterior spinal artery, projects into the ventral median fissure (linea splendans),
and forms the denticulate ligaments. The denticulate ligaments are longitudinally oriented,
discontinuous ligaments that extend from the lateral margins of the spinal cord to the lateral
margins of the spinal dura mater and arachnoid between the ventral and dorsal nerve roots.
Pia mater also covers the nerve rootlets and roots. In rare instances, pathologic processes
(eg, hemorrhage, abscess) disrupt the astrocytic footplates that firmly connect the pia mater
to cord parenchyma. Although likely technically incorrect, pathologic processes in this space
are commonly referred to as residing within the “subpial space.”

The arachnoid mater is composed of two layers, a loose inner layer and a compact outer
layer. The loose inner layer is composed of arachnoid trabeculations which form a loose
collagenous network that connects the pia mater and the outer layer of arachnoid. This
space is referred to as the subarachnoid space and is where the cerebrospinal fluid is found
(Figures 2.30a—d). This layer forms a mechanical suspension system for the neural elements
and the collagen content of the spinal arachnoid is more prominent than that found in the
cranial arachnoid.

The dura mater is the outermost layer of the meninges that is made up of three distinct
components, the innermost dural border cells, the meningeal dura, and the outer dural
border layer. The dural border cells form a structurally weak interface between the outer
layer of arachnoid mater and the meningeal layer of the dura mater through which pathologic
processes can dissect (eg, blood, injectates). Although a misnomer, this is commonly referred
to as the “subdural space” (Figures 2.31a—c). The meningeal dura is the thickest layer, is highly
vascular, and has sparse innervation. The endosteal layer of the cranial dura mater continues
as the spinal periosteum. The spinal dura mater attaches firmly to the foramen magnum,

2.30a

FIGURES 2.30a-d Subarachnoid spaces of the subaxial cervical spine. (a) Axial T2-weighted
TSE image demonstrating the ventral (VSS) and dorsal subarachnoid spaces (DSS) surrounding
the spinal cord (SC). (b) T2-weighted TSE image demonstrating the appearance of the
subarachnoid spaces in the sagittal plane. (c) Axial CT myelogram image in soft tissue
algorithm displaying the relationship of the subarachnoid spaces with the epidural fat pads
(EFP) and ligamenta flava (LF). (d) Axial image from a CT myelogram in bone algorithm
showing contrast opacification of the subarachnoid spaces and outline of the ventral (VR) and
dorsal roots (DR). Each set of ventral and dorsal roots exit the subarachnoid space through a
dural sleeve (DS). C—centrum, DRG—dorsal root ganglion, SP—spinous process,
ZJ—zygapophyseal joint.

(continued)
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2.30b 2.30c

FIGURES 2.30b-d (continued)
C—centrum, CCA—common
carotid artery, DR—dorsal root,
DS—dural sleeve, DSS—dorsal
subarachnoid spaces,
EFP—epidural fat pads,
IJV—internal jugular vein,
IVF—intervertebral foramen,
LF— ligamenta flava, SC—spinal
cord, SP—spinous process,
TG—thyroid gland, VR—ventral
roots, VSS—ventral subarachnoid
spaces.

2.30d

posterior margins of the C2-C3 vertebral bodies, and the posterior longitudinal ligament. The
dura and arachnoid also surround the exiting ventral and dorsal nerve roots along the lateral
aspect of the spinal canal, extending toward the neural foramina. The dura blends with the
epineurium and the arachnoid blends with the perineurium where the ventral and dorsal
nerve roots join to form the spinal nerves.

The epidural space lies between the outer dural layer and the periosteum lining the
spinal canal (Figure 2.32). The anterior boundary includes the dorsal margin of the posterior
longitudinal ligament, dorsal periostium of the vertebral bodies, and dorsal annulus of the
intervertebral discs. The lateral boundary includes the periostium covering the uncovertebral
joints, pedicles, transverse processes, and articular processes. The posterior boundary includes
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2.31a 2.31b

FIGURES 2.31a-c (a) Axial CT myelogram
demonstrating dissection of intrathecally
administered contrast between outer layer of
arachnoid mater and the meningeal layer of the dura
mater or the “subdural space” (black arrowheads).
(b) Sagittal reformatted image from a CT myelogram
showing communication of the “subdural” injection
(black arrowheads) with the subdural spaces along
the tectorial membrane (white arrow), posterior
fossa and tentorial leaflets (white arrowheads).

(c) Delayed images from the same patient display
filling of the ventral (VSS) and dorsal subarachnoid
spaces (DSS) in addition to more concentrated
contrast in the “subdural space” (black arrowheads).
SC—spinal cord.

2.31c

the periostium covering the vertebral laminae, the ventral margin of the ligamenta flava, and
the ventral periostium of the spinous process roots. The epidural space of the cervical spinal
canal contains loose areolar connective tissue, the internal vertebral venous plexuses, arteries,
lymphatics, and spinal nerve roots within the intervertebral foramina. There is a paucity of
epidural fat within the cervical spinal canal, except for small triangular interlaminar fat pads
at C7 and less commonly at C6 (Figures 2.33a,b).

Steroids can be injected into the epidural space through an interlaminar or a transforaminal
approach for pain relief in the clinical setting. The epidural location of the needle can be
confirmed by injecting a small amount of contrast into the epidural space (Figure 2.34).



102 TMAGING ANATOMY OF THE HUMAN SPINE: A COMPREHENSIVE ATLAS INCLUDING ADJACENT STRUCTURES

FIGURE 2.32 The dorsal epidural space (white
arrow) is distinguished from the “subdural space”
(black arrowheads) by its more dorsal location and
less concentrated contrast on this axial image from a
CT myelogram. Contrast within the epidural space
has escaped through the left C2—-C3 intervertebral
foramen (not shown) and can be seen outside of the
spinal canal on the left (black arrows).

2.32

LY
2.33a 2.33b

FIGURES 2.33a,b The epidural fat pads at C7. (a) Axial and (b) sagittal T1-weighted image showing the triangular interlaminar
fat pad (ILEFP) and the crescent-shaped foraminal epidural fat pads (FEFP). SC—spinal cord, TP—transverse process.
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2.34a

2.34b

2.34c

FIGURES 2.34a-c Epidural steroid injections.

(a) CT-guided epidural steroid injection via a C6-C7
interlaminar approach. The spinal needle (black
arrowheads) is advanced to the dorsal epidural space
through the C6-C7 interlaminar space. (b) A small
amount of contrast (white arrowheads) is injected

to confirm the epidural location of the needle

tip. (c) Lateral oblique fluoroscopic image from a
fluoroscopically guided epidural steroid injection
displaying the posterolateral interlaminar approach
of the needle (black arrowheads) and the epidural
location of injected contrast (black arrows) at the level
of C7-T1. SP—spinous process, Z]— zygapophyseal
joint. (Figures 2.34a,b, courtesy of Dr. Sumir Patel)



104 IMAGING ANATOMY OF THE HUMAN SPINE: A COMPREHENSIVE ATLAS INCLUDING ADJACENT STRUCTURES

NEURAL ANATOMY OF THE SUBAXIAL CERVICAL SPINE

The cervical spine cord has a circular elliptical shape at C1-C2, increases in transverse
dimension to form a broader and larger ellipse at C4-C5, then gradually returns to a circular
elliptical shape in the upper thoracic segments. The increase in transverse dimension between
C3 and T2 is referred to as the cervical enlargement and corresponds to increased numbers of
efferent and afferent neurons associated with the upper extremities. Because the spinal canal
within the subaxial cervical segments is relatively constant in diameter, the subarachnoid
spaces around the cervical enlargement are smaller relative to those of the upper cervical and
mid to lower thoracic segments (Figure 2.35).

The outer contour of the cervical spinal cord is formed by a deep ventral median fissure
and a shallow dorsal median sulcus. A short distance lateral to the dorsal median sulcus is a
shallow groove called the dorsal intermediate sulcus, rarely seen on imaging. The dorsolateral
sulcus corresponds to the dorsal root entry zone. Located just lateral to the ventral median
fissure is the ventrolateral sulcus which corresponds to the ventral root entry zone. The anterior
spinal artery courses in the ventral median fissure. The posterior spinal arteries course just
medial to the dorsolateral sulci. Spinal cord surface anatomy is summarized in Figure 2.36.

FIGURE 2.35 The cervical enlargement. Coronal curved
reformatted CT image following injection of contrast into

the subarachnoid space (CT myelography) demonstrates a
progressive increase in the transverse dimension of the spinal
cord (SC) from C4 to C7, with a corresponding progressive
decrease in the size of the subarachnoid spaces (SAS). Nerve
roots (black arrows) within the subarachnoid space can be seen
along the lateral margin of the spinal canal. SC—spinal cord.

2.35

FIGURE 2.36 Axial image from a cervical CT
myelogram displays the surface anatomy of

the subaxial cervical spinal cord. The root entry
zones of the ventral (VR) and dorsal roots (DR)
mark the positions of the ventrolateral (VLS)
and dorsolateral sulci (DLS). The ventral median
fissure (VMF) and dorsal median sulcus (DMS)
are seen as shallow ventral and dorsal grooves,
respectively.

2.36
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In contradistinction to the cerebrum, the white matter of the spinal cord is located at the
periphery. The central gray matter has a butterfly or H-shape formed by two ventral horns,
two dorsal horns, and the gray commissure. The ventral horns are prominent C4-C7 and
contain the cell bodies for motor neurons that form the ventral roots. These neurons coalesce into
multiple rootlets that exit the cord (ventral root entry zone) at the ventrolateral sulci. The dorsal
horns receive second order afferents from the dorsal root ganglia. The dorsal root entry zones are
the dorsolateral sulci. The internal organization of the spinal cord gray matter has been further
subdivided into 10 layers called the Rexed laminae. The Rexed lamina are arranged in numerical
order from lamina I in the tip of the dorsal horns to lamina IX in the ventral horn. Lamina X
comprises the ventral and dorsal gray matter commissures surrounding the central canal of
the spinal cord. The central canal is an ependyma-lined extension of the fourth ventricle that
obliterates with increasing age. The central canal is located between the anterior and posterior
gray commissures. Spinal cord internal anatomy is summarized in Figure 2.37.

The white matter of the cervical spinal cord is disproportionate relative to cord gray
matter and can be subdivided into the ventral, dorsal, and lateral funiculi. Each funiculus
contains multiple fiber tracts that are either ascending (sensory), descending (motor), or
transverse. The ventral funiculi contain mainly descending tracts, including the medial
reticulospinal tracts, anterior corticospinal tracts, tectospinal tracts, and vestibulospinal
tracts. The ventral funiculi or dorsal columns contain ascending tracts, including the fasciculus
gracilis and fasciculus cuneatus. Lissauer’s tracts are thin columns of white matter that are
situated between the dorsal horns and the surface of the cord at the dorsal root entry zones.
The lateral funiculi contain both ascending and descending tracts. Ascending tracts within
the lateral funiculi include the anterior spinocerebellar tracts, lateral spinothalamic tracts,
and posterior spinocerebellar tracts. Descending tracts within the lateral funiculi include the
rubrospinal tracts, lateral corticospinal tracts, and lateral reticulospinal tracts.

Individual fiber tracts are generally not visible on standard imaging studies, with the
exception of some of the larger caliber tracts with the use of diffusion tensor imaging. How-
ever, knowledge of the expected location of the major ascending and descending tracts can
be useful when lesions are encountered and correlation with neurological deficits is required.
Figure 2.38 demonstrates the typical location of the major ascending and descending tracts.

Multiple rootlets arise from the ventrolateral (6-8) and dorsolateral sulci (2-13) that
coalesce to form the ventral and dorsal roots, respectively. On axial images, the ventral and
dorsal roots in the subaxial segments course ventrolaterally at about a 45 degree angle into

FIGURE 2.37 White and gray matter
organization of the spinal cord. The
ventral (VF), lateral (LF), and dorsal
funiculi (DF) are displayed on the right
of the image. Gray matter structures
include the gray commissure (GC),
ventral horn (VH), and dorsal horn
(DH) are shown on the left side of

the image. DLS—dorsolateral sulcus,
VLS—ventral lateral sulcus.

2.37
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LCST

\CF

GF

2.38

FIGURE 2.38 The expected positions of the ascending (red) and descending (blue) tracts are superimposed upon an

axial multi-fast field echo (m-FFE) image of the cervical spinal cord. ACST—anterior corticospinal tract, ASCT—anterior
spinocerebellar tract, ASTT—anterior spinothalamic tract, CF—cuneate fasciculus, GF—gracile fasciculus, LCST—Ilateral
corticospinal tract, LSTT—Ilateral spinothalamic tract, MReST—medial reticulospinal tract, OST—olivospinal tract, PSCT—
posterior spinothalamic tract, RuST /LReST—rubrospinal tract/lateral reticulospinal tract, VST—vestibulospinal tract.

the neural foramina (Figure 2.36). The C3—C7 nerve roots travel caudad one vertebral segment
from their root entry zones to their exit through the intervertebral foramina (Figure 2.39).
For example, the C4 nerve root entry zones are located at the C3 vertebral level and they
exit through the C4-C5 intervertebral foramina. The C8 nerve roots exit the cord at the C6
vertebral level and exit through the C7-T1 intervertebral foramina (Figure 2.40). The more
caudal cervical nerve roots arise closer to the midline of the spinal cord.

The dorsal root ganglia are found along the lateral margin of the neural foramina and
are visualized as ovoid enlargements. The dorsal root ganglia contain the cell bodies of
the sensory fibers. The dorsal root ganglia lack a blood-nerve barrier and enhance avidly
following iodinated and gadolinium contrast administration (Figure 2.41). Just distal to the
dorsal root ganglia, the ventral and dorsal roots coalesce to form mixed spinal nerves. The
spinal nerves exit the neural foramina and divide into ventral and dorsal rami.

The innervation of the spine can be roughly divided into two compartments, ventral and
dorsal. The ventral compartment is innervated by the sinuvertebral nerves and branches of
the ventral rami and includes the intervertebral discs, ventral dura mater, nerve roots, and
longitudinal ligaments. The dorsal compartment is innervated by the dorsal rami and mixed
spinal nerves and includes the zygapophyseal joints, posterior ligamentous complex, and
dorsal paraspinal musculature.

The arrangement of the cervical nerve roots differs from that seen in the thoracic, lumbar,
and sacral levels. The C3-C7 spinal nerves exit the neural foramina above their corresponding
level. For example, the C3 spinal nerves exit the C2-C3 neural foramina. The C8 spinal nerves
exit the C7-T1 neural foramina.
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2.39 2.40
FIGURE 2.39 The C3—C7 nerve root entry zones FIGURE 2.40 The C8 nerve root entry zones
(REZ) are located one segment above their points of (C8 REZ) are located at the C6 level. The C8
exit through the dural sleeves (DS). SC—spinal cord. nerve roots course inferiorly to exit through the

dural sleeves (DS) at C7-T1. SC—spinal cord.

FIGURE 2.41 Fat saturated post

contrast T1-weighted image at C5-C6
demonstrating the avid enhancement of
the dorsal root ganglia (white arrows).
ICA—internal carotid artery, I[JV—internal
jugular vein, VA—vertebral artery.

2.4
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GALLERY OF ANATOMIC VARIANTS AND VARIOUS
CONGENITAL ANOMALIES

IMAGE 1 Sagittal reformatted CT image showing a C4 limbus = IMAGE 2 Sagittal reformatted CT image
vertebra (white arrow) and partial fusion of the C4-C5 vertebral =~ demonstrating incomplete ossification of the ring
bodies and posterior elements (black arrows). apophyses (white arrowheads).

IMAGE 3 Axial CT image displaying a duplicated left foramen IMAGE 4 Axial CT image showing incomplete ossification of
transversarium (white arrows). the left costal element, exposing the left foramen transversarium
ventrally (white arrow).
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IMAGE 5 Axial CT image of C7 demonstrating nonfusion of IMAGE 6 Axial CT image displaying nonfusion of the ventral
the right transverse process secondary ossification center (white ~ bar on the right (white arrowheads).

arrow), nonfusion of a spinous process secondary ossification

center (black arrow), and nonfusion of the left lamina with the

spinous process (white arrowhead).

IMAGE 7 Axial CT image showing an absent left foramen IMAGE 8 Axial CT image demonstrating congenital absence
transversarium (white arrow). of the left pedicle (white arrow).
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IMAGE 9 Axial CT showing bilateral C4 pars interarticularis defects (white arrows) IMAGE 10 Sagittal reformatted CT
and a bifid spinous process (black arrow). image displaying nonfusion of the
right C6 pedicle with the right pars
interarticularis. The normal pattern
of fusion (asterisks) is shown for
comparison. The reader may also
notice the dysplastic appearance of
the right C6 superior and inferior
articular processes.

projection shows nonsegmentation of the left C4 and C5
lamina and articular processes (white arrow).
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12a 12b

IMAGES 12a,b Hypoplastic left C7-T1 zygapophyseal joint. (a) Surface rendered image from a CT myelogram captured from a
posterior projection showing a hypoplasia of the left C7-T1 zygapophyseal joint (*). The patient has undergone a left C6 laminotomy
(top white arrow) and left C7 laminectomy (bottom white arrow). (b) Axial image from a CT myelogram demonstrating the significant
asymmetry in the size of the left (black arrow) and right (white arrow) zygapophyseal joints. The left-sided laminectomy is better
visualized (white arrowheads).

13b

IMAGES 13a,b Omovertebral bones. Surface rendered (a) and axial (b) CT images from a posterior projection displays bilateral
omovertebral bones (OVB), projecting from the C5 spinous processes to high-riding scapulae (SCAP). There are segmentation
anomalies of the C5 and C6 posterior elements.
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14d

IMAGES 14a-d The Klippel-Feil syndrome is characterized by congenital fusion of any two cervical segments and is demonstrated
on (a) lateral x-ray and (b) sagittal T2-weighted TSE MR images. (c) Coronal T2-weighted TSE MR image demonstrates the presence
of butterfly vertebrae (white arrows) and a left-sided hemivertebra (white arrowhead). (d) Axial T2-weighted TSE MR image from
the same patient displaying coexisting nonfusion of the left lamina with the spinous process (white arrow) and incomplete fusion of
the right lamina (white arrowhead).
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15a 15b

IMAGES 15a,b  Sagittal oblique maximum intensity projection CTA image (a) and axial CTA image (b) demonstrating origin of
the left vertebral artery (L-VA) from the aortic arch between the left common carotid artery (L-CCA) and the left subclavian artery
(L-SCA), the second most common origin of the left vertebral artery. The left vertebral artery enters the C5 foramen transversarium
(white arrow). INMTA—innominate artery.

16a 16b

IMAGES 16a,b (a) Sagittal oblique CTA image showing the left vertebral artery (L-VA) entering the left C4 foramen transversarium
(white arrow). (b) Axial CTA image at C5 displays a small caliber left foramen transversarium that houses only the vertebral artery
venous plexus (VAVP), while the L-VA is positioned in the vertebral groove prior to entering the C4 foramen transversarium. The
right vertebral artery (R-VA) at this level is located within the foramen transversarium.
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IMAGE 17 Axial CTA image demonstrates a nondominant left vertebral artery
that enters the C7 foramen transversarium (white arrow). The dominant right
vertebral artery (white arrowhead) is located within the vertebral groove prior to
its entry at C6.

18a 18b

IMAGES 18a,b Duplicated V1 segments. (a) Sagittal oblique maximum intensity projection image from a CTA demonstrating

two right V1 segments that both arise from the subclavian artery. The posteriorly located V1 segment enters the C5 foramen
transversarium (lower white arrow) and the anterior V1 enters the C4 foramen transversarium (upper white arrow). A single

V2 segment is present C2-C4 (white arrowhead). (b) Axial CTA image at C5 shows the posterior V1 segment within the right foramen
transversarium (white arrow) and the anterior V1 segment adjacent to the anterior tubercle (white arrowhead). PEJV—posterior
external jugular vein.
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19a

19b ' ' 19¢

IMAGES 19a—c Unilateral cervical ribs. (a) Axial CT image showing a small left-sided C7 rib (arrow). (b) Surface rendered

CT image from a frontal projection showing a small right C7 rib. There is partial fusion of the C4 and C5 vertebral bodies (asterisk)
that is associated with a right convex cervical scoliosis. (c) Surface rendered CT image from a frontal projection showing a right-
sided C7 rib that has a more elongated configuration.
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IMAGE 21 Surface rendered CT image from a frontal projection showing a small,
floating left C7 rib (white arrowhead) and a full right C7 rib (white arrow) that
articulates with the sternum (not shown).
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IMAGE 22 Surface rendered CT image from

a frontal projection displaying full C7 ribs
bilaterally (white arrows) that articulate with the
sternum (not shown).

IMAGE 23 Surface rendered CT image from a
frontal projection demonstrating a bifid T1 rib
(BR) that articulates with C7 (upper arrow) and
T1 (lower arrow). The ipsilateral C7 uncinate
process is hypoplastic (HUP).
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1 he thoracic spine is the longest portion of the spine, containing 12 segments. The

thoracic kyphosis is one of the primary curves of the spine, forming during fetal
development along with the sacral kyphosis. The unique anatomy of the thoracic segments
results in relative immobility in comparison to the cervical and lumbar segments.
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DEVELOPMENTAL ANATOMY OF THE THORACIC SPINE

The thoracic segments are formed from the centrum, and right and left neural arches. The
neurocentral synchondroses are located between the central and neural arches. The posterior
synchondroses are located between the dorsal tips of the neural arches (Figure 3.1). The pos-
terior synchondroses close within 2 to 3 postnatal months. The neurocentral synchondroses of
the thoracic segments close later than the cervical and lumbar segments and close in a rostral
to caudal fashion beginning around 5 to 6 years of age. It is not uncommon to see partially
unfused thoracic neurocentral synchondroses in adults.

There are five typical secondary ossification centers found within each thoracic segment,
including ring apophyses along the superior and inferior margins of the vertebral body,
the tip of each transverse process, and the tip of the spinous process. Additional secondary
ossification centers can be found along the articular and nonarticular surfaces of the
transverse processes, upper costal demifacets, and lower costal demifacets (discussed in
the following). Complete fusion of the secondary ossification centers can occur as early as
15 years of age. Incomplete fusion of the secondary ossification centers may be seen in the
early part of the third decade. Complete fusion is usually present by the mid-20s. Fusion of
the neurocentral synchondroses in the thoracic segments may be incomplete in adulthood.
The typical appearance of the ossification centers of the typical thoracic vertebrae at various
ages is summarized in Figures 3.2a—p.

3.1

FIGURE 3.1 The typical thoracic vertebrae are derived from three primary
ossification centers, a centrum (C) and two neural arches. The neurocentral
synchondroses (NCS) are located between the C and the neural arch ossification
centers (NAOC). The intraneural synchondrosis (INS) is located between the
NAOC posteriorly.
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Newborn 3 months

3.2a 3.2c

3.2b 3.2d

FIGURES 3.2a-p The appearance of the primary ossification centers of the typical thoracic vertebrae at various ages on CT:
(a,b)—newborn, (c,d)—3 months, (e,f)—12 months, (g,h)—2 years, (i,j)—3 years, (k,1)—b5 years, (m,n)—10 years, (o,p)—18 years.

(continued)
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1 year 2 years

3.2e 3.29

3.2f 3.2h
FIGURES 3.2e-h

(continued)
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3 years 5 years

3.2i 3.2k

3.2j 3.21
FIGURES 3.2i-1

(continued)
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10 years 18 years

3.2m 3.20

3.2n 3.2p
FIGURES 3.2m-p
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MULTIMODALITY ATLAS IMAGES OF THE THORACIC SPINE

The primary modalities used to image the thoracic spine are plain films, computed tomog-
raphy (CT), and magnetic resonance imaging (MRI). The basic anatomy of the thoracic seg-
ments is presented in Figures 3.3a-zz in order to provide a foundation for the more detailed
anatomic descriptions to follow.

B PLAIN FILMS (FIGURES 3.3a-3.3b)

3.3a 3.3b

FIGURES 3.3a-zz Multimodal image gallery demonstrating the anatomy of the thoracic spine on plain films (a,b), CT (c-1),
and MR (m—zz).
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CTJ costotransverse joint IVN inferior vertebral notch SP spinous process
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(continued)
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B CT (FIGURES 3.3c-3.3I)
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3.3e
FIGURES 3.3c—f
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(continued)



CHAPTER 3 THE THORACIC SPINE 129

SUPERIOR ENDPLATE LEVEL

3.3h

PEDICLE LEVEL LOWER PEDICLE LEVEL
3.3i 3.3j

FIGURES 3.3g-j
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(continued)
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FIGURES 3.3k,l

(continued)
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B MR (FIGURES 3.3m-3.32z2)

3.3m

3.30
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FIGURES 3.3m-p
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3.3t

3.3v

FIGURES 3.3t-v
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FIGURES 3.3w-y
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3.3z

3.3zz
FIGURES 3.3z-zz
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OSTEOLOGY OF THE THORACIC SEGMENTS

The “typical” thoracic segments are T2-T8. The T1 vertebral body has transitional features,
including uncinate processes and a more “cervical” configuration of the vertebral body (Figure
3.4). The T9-T12 segments progressively reveal lumbar transitional features.

The thoracic kyphosis results from the wedge-shaped configuration of the thoracic
vertebral bodies, which increases T1-T8. In general, the bone mineral content, trabecular
density, volume, and compressive strength of the thoracic vertebral bodies all increase
T1-T12. As viewed in the coronal plane, the lateral widths of the thoracic vertebral bodies
at the superior endplates are smaller than the lateral widths of the vertebral bodies at the
inferior endplates, resulting in a trapezoidal configuration. The lateral width of the thoracic
vertebral bodies is greater than the anterior-posterior dimension. In the axial plane, the typical
thoracic vertebral bodies have a dorsal midline concavity that produces an upside-down
heart configuration (Figure 3.5). There is a shallow contour deformity along the anterolateral
margin of the vertebral bodies to the left of midline, adjacent to the aorta. Attachments to the
thoracic vertebral bodies include the anterior longitudinal ligament and longus coli muscles
(T1-T3) anteriorly, psoas major and minor muscles (T12) laterally, and posterior longitudinal
ligament posteriorly.

The pedicles of the thoracic spine arise from a more superior position on the vertebral
bodies and are significantly longer and broader than the cervical pedicles. The T1 pedicles
display deep superior vertebral notches. The pedicles of the typical thoracic segments do
not have a superior vertebral notches, but have deep inferior vertebral notches (Figure 3.6).
Superior vertebral notches are frequently found T10-T12 (Figures 3.3b,c,f). The thoracic
pedicles are narrow in the transverse plane and broad in the sagittal plane, forming an
ovoid shape as viewed in the coronal and coronal oblique planes (Figure 3.7a). The T4-T5
pedicles are the narrowest in the transverse plane and increase in size caudally. There
is a smooth tapering of the pedicles within the middle one third that is referred to as the
isthmus. The thoracic pedicles are primarily composed of cancellous bone. The cortical bone
is thicker on the medial margins and thinner on the lateral margins. The thoracic pedicles are
oriented slightly anteromedial to posterolateral in the transverse plane and anteroinferior
to posterosuperior in the sagittal plane. The size and configuration of the thoracic pedicles
allows safe access to the thoracic vertebral bodies for percutaneous biopsy (Figure 3.7b) or
augmentation (Figures 3.7c¢—f).

FIGURE 3.4 Surface rendered CT from a frontal projection
demonstrates the transitional features of T1, including small
uncinate processes (arrows) and a more “cervical” configuration
of the vertebral body as compared with the more trapezoidal
shape of the T2 vertebral body.
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FIGURE 3.5 Axial CT image showing the upside-down
heart configuration of the typical thoracic vertebral body.

FIGURE 3.6 Sagittal reformatted CT image
demonstrating a deep superior vertebral notch (SVN)
along the superior margin of the T1 pedicle (P). There
isno SVN at T2 (white arrow). There are deep inferior
vertebral notches at T1 (IVN) and T2 (black arrowhead).
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pedicle

lesion

3.7a 3.7b

3.7d
3.7c

FIGURES 3.7a—f (a) Curved coronal reformatted CT image displaying the ovoid shape of the typical thoracic pedicles (P).

(b) Axial CT fluoroscopy image showing a right T10 transpedicular approach bone biopsy needle (arrowheads) entering a lytic
lesion in the T10 vertebral body. (c) Positioning of a needle (arrowheads) through the left T4 pedicle with the use of CT fluoroscopy
during kyphoplasty. (d) Inflation of the kyphoplasty balloon within the T4 vertebral body under lateral fluoroscopic guidance.

The arrowheads indicate the position of the needle within the pedicle. Injection of methyl methacrylate (cement) into the cavity
formed by the balloon is demonstrated with (e) lateral fluoroscopy and (f) axial CT fluoroscopy. R—ribs.

(continued)



CHAPTER 3 THE THORACIC SPINE 139

cement

3.7e
FIGURES 3.7e,f

3.7f
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3.8b

3.8a

FIGURES 3.8a—c (a) The transverse costal facets (TCF) arise
along the lateral margins of the transverse processes (TP),
face anterolaterally, and articulate with small facets arising
from the rib tubercles (RT) to form the costotransverse

joints (CT]). (b) Axial mage from a CT-guided blood patch
of a leaking meningeal cyst demonstrating percutaneous
needle (arrowheads) access into the left T1-T2 intervertebral

epidural : foramen through the costovertebral joint (CTJ). (c) Contrast is
co‘ntrast X injected to confirm needle positioning that shows the outline
- :_ - . \ the cyst within the intervertebral foramen and tracks into the

dorsal epidural space.

3.8c

The transverse processes assume a more posterior position in the thoracic segments,
located posterior to the zygapophyseal joints, neural foramina, and pedicles. The thoracic
transverse processes are broader than the cervical transverse processes and are posterolaterally
oriented (Figures 3.3h,p,u,z). They decrease in length from T1 to T12. There are small facets
located along the anterior margins of the transverse processes that are called the transverse
costal facets. These facets face slightly anterolaterally (T1-T5) or anterosuperolaterally (T6-T12)
and articulate with tubercles arising from the ribs of the same segment, forming the
costotransverse joints (Figure 3.8).

The superior articular processes of the thoracic segments arise at the junction of the
pedicles and laminae and are vertically oriented. The superior articular facets are oriented
posteriorly and slightly superolaterally. The inferior articular processes arise from the laminae
(Figure 3.9). The inferior articular facets face anteriorly and slightly inferomedially.

The thoracic lamina are thick anteriorly to posteriorly, elongated craniad to caudad,
and short in the transverse dimension. Elongation of the thoracic laminae affords greater
protection of the spinal canal contents and results in narrowing of the interlaminar spaces in
the thoracic region (Figures 3.10a,b). Laminar length decreases T1-T5 and increases T5-T12.
Careful inspection of the thoracic segments frequently reveals tiny spicules of bone or calcium
arising from the anterior and inferior margins of the lamina at the lateral attachment sites
of the ligamenta flava, called paraarticular processes (Figure 3.11). They are most commonly
found in the lower thoracic segments, are typically bilateral, and are considered normal
imaging findings.
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3.10a

FIGURE 3.9 Sagittal reformatted CT image demonstrating the
superior (SAP) and inferior (IAP) articular processes arising from
the pars interarticularis (PI). The superior articular facets (SAF)
are located on the dorsal surface of the SAP. The inferior articular
facets (IAF) arise on the ventral surface of the inferior articular
processes (IAPs). IVF—intervertebral foramen, P—pedicle, Z]—
zygapophyseal joint.

3.10b

FIGURES 3.10a,b Surface rendered CT images from posterior (a) and posterolateral oblique (b) projections display the elongated
laminae (L) of the typical thoracic segments. The interlaminar spaces (ILS) (asterisks) are correspondingly narrow. R—rib,

SP—spinous process, TP—transverse process.
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FIGURE 3.11 Axial CT image showing two, fine bony spicules
arising from the ventral margins of the laminae (L), referred to as
paraarticular processes (white arrows). C—centrum,
IVF—intervertebral foramen, SP—spinous process,
TP—transverse process.

3.1

The thoracic spinous processes have an elongated rectangular shape, similar to the C7
spinous process. The T1-T4 spinous processes are oriented in the horizontal plane. The T5-T8§
spinous processes are oriented inferiorly. The T9-T12 spinous processes take on features of
the lumbar spinous processes, such as a more square configuration and orientation in the
horizontal plane (Figures 3.12a,b). The posterior margins serve as attachment points for
the supraspinous ligaments. The superior and inferior margins are the attachment points
for the interspinous ligaments. Muscles that attach to the thoracic spinous processes include
the trapezius, latissimus dorsi, rhomboid major and minor, serratus posterior superior and
inferior, erector spinae and transversospinalis.

The thoracic vertebrae at the cervicothoracic and thoracolumbar transitions differ from
the “typical” thoracic segments that have been described in the preceding paragraphs. The T1
retains certain cervical vertebral features, including uncovertebral joints, superior vertebral
notches, and a rectangular shape. The lower thoracic segments progressively take on lumbar
features. The T10 segment typically has oval facets that articulate with the T10 rib heads and
variable facets on the transverse processes that articulate with the anterior tubercles of the
T10 ribs. The T11 segment has facets arising from the pedicles that articulate with the T11
ribs. There are generally no facets arising from the T11 vertebra that articulate with the T11
ribs. The T12 segment has small processes that are homologues of the transverse processes,
mammillary, and accessory processes (Figures 3.13a—c).

The boundaries of the thoracic spinal canal include the vertebral body anteriorly, pedicles
anterolaterally, laminae posterolaterally, and spinous processes posteriorly. The width of the
thoracic spinal canal decreases from T1 to T6 and increases from T7 to T12. The length increases
from T1 to T5 and decreases from T6 to T12. This results in a more rounded configuration of
the thoracic spinal canal than the cervical and lumbar regions. The caliber of the thoracic
spinal canal is smaller than the cervical and lumbar spinal canal.

The thoracic intervertebral foramina are formed by the inferior vertebral notch of the
pedicle superiorly, posterolateral margin of the vertebral body anterosuperiorly, demifacets
and rib head anteroinferiorly, superior vertebral notch inferiorly, and the superior articular
process posteriorly (Figure 3.14). The intervertebral foramina of the thoracic spine are oriented
laterally, like those of the upper lumbar segments.
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3.12b

FIGURES 3.12a,b Surface rendered CT reformatted images in the (a) lateral and (b) posterior projections
display the typical horizontal orientation of the T1-T4 spinous processes (SP) and inferior orientation of the
T5-T8 SPs. The T9-T12 SPs progressively take on a squared, “lumbar” appearance.

FIGURES 3.13a-c¢ Axial maximum intensity projection CT
images at (a) T10, (b) T11, and (c) T12 demonstrating the
typical progression to “lumbar” features. The T10 rib heads
(RH) articulate with a single oval-shaped facet (OF) and
there are variable costotransverse joints (CTJ). Small articular
facets (AF) arise from the lateral margins of the pedicle (P)
and articulate with rib heads (RH) to form the costovertebral
joints (CV]). There are no CTJ at T11, the transverse costal
facets (TCF) are absent and rib tubercles (RT) may be

absent (left) or rudimentary (right). The T12 vertebra has
rudimentary transverse processes (TP) and mammillary
processes (MP).

(continued)
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3.13c

3.13b

FIGURES 3.13b,c  (continued) AF—articular facets, CV]—costovertebral joints, MP—mammillary processes, P—pedicle, RH—rib
heads, RT—rib tubercles, TP—transverse processes.

FIGURE 3.14 Sagittal CT image displaying the osteology of
the intervertebral foramen (IVF). The anterior wall is formed
by the posterior margin of the vertebral body rostrally and
dorsal margin of the intervertebral disc (IVD) caudally. The
inferior wall is formed by the rostral margin of the pedicle
(P). The posterior wall is made up of the inferior articular
process (IAP) superiorly and the superior articular process
(SAP) inferiorly. The superior wall is formed by the inferior
vertebral notch (IVN) of the pedicle. PI—pars interarticularis,
Z]—zygapophyseal joint.

3.14
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THE INTERVERTEBRAL DISCS OF THE THORACIC SPINE

The thoracic intervertebral discs are similar in height anteriorly and posteriorly, unlike the
cervical and lumbar intervertebral discs. The thoracic kyphosis is primarily determined by
the shape of the vertebral bodies, rather than the intervertebral discs (Figure 3.3m,s,w). The
thoracic intervertebral discs are narrower superiorly to inferiorly than the cervical and lum-
bar discs and increase in height T1-T12. Viewed in the coronal plane, the thoracic interverte-
bral discs have an inverted trapezoidal shape.

THE ZYGAPOPHYSEAL (FACET) JOINTS

As is the case in the rest of the spine, the zygapophyseal joints are composed of opposing
articular cartilages lining the superior and inferior facets that are surrounded by a synovium-
lined fibrous capsule. The zygapophyseal joints function to transmit compressive loads, resist
shearing forces, and prevent excessive segmental translation and distraction.

The zygapophyseal joints are formed by articular facets arising from superior and inferior
articular processes of adjacent segments (Figures 3.3k,q,v, 3.9, and 3.14). Like the articular
facets of the subaxial cervical segments, the typical thoracic articular facets are relatively
flat. The articular processes of the thoracic segments are more vertically oriented than the
cervical articular processes. Viewed in the axial and sagittal planes, the superior articular
processes are positioned anterior to the inferior articular processes. The superior articular
facets are oriented posteriorly and slightly superolaterally. The inferior articular facets are
oriented anteriorly and slightly inferomedially. This orientation allows for ample rotation
while restricting flexion, extension, and lateral bending. The tensile strength of the capsular
ligaments is greatest at the cervicothoracic and thoracolumbar junctions.

The orientation of the articular facets transitions at the thoracolumbar junction from the
more coronally oriented thoracic type facets to the posterolaterally oriented lumbar type
facets. This transition is most commonly abrupt (94%) and occurs at the T12 level (76%).
Figures 3.15a,b display the most commonly encountered thoracolumbar facet transition, with
the superior articular facets of T12 facing posteriorly and slightly superomedially and the T12
inferior articular facets facing anterolaterally.

3.15a 3.15b

FIGURES 3.15a,b The typical thoracolumbar facet transition occurs at T12. (a) Transverse oblique CT image showing the
posteromedial orientation of the T12 superior facets (SAF). The T11 inferior articular facets (IAF), lamina (L), and spinous
process (SP) are visible in this orientation. (b) Transverse oblique maximum intensity projection CT image demonstrating the
posteromedial orientation of the T12 IAF. The L1 superior articular facets (SAF) are visible in this view. P—pedicle,
Z]J—zygapophyseal joint.
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THE COSTOVERTEBRAL AND COSTOTRANSVERSE JOINTS

The typical thoracic vertebrae have two articulations with ribs, the costovertebral and cos-
totransverse joints. These synovial joints contribute added stability to the thoracic segments
and serve to limit axial rotation and lateral bending.

The costovertebral joints are articulations between rib heads and two adjacent vertebral
bodies. Rib heads forming joints with typical thoracic vertebrae have two convex facets that
articulate with two concave facets (demifacets) located along the superior endplate of the
same segment and the inferior endplate of the segment immediately above (Figures 3.16a,b).
The intra-articular ligament attaches to a thin ridge of bone on the rib head located between the
articular facets, the interarticular crest, and the adjacent intervertebral disc. Single ovoid facets
are typically found at T1, T10, T11, and T12. Demifacets are infrequently encountered at T1
and T10. The intra-articular ligaments, capsular ligaments, and radiate ligaments function to
stabilize the costovertebral joints.

The costotransverse joints are formed by small facets arising from the posteriorly facing
tubercles of the ribs and the facets located along the anterior surface of the transverse
processes (Figures 3.3h,p,1,t,y and 3.8a). They are planar type synovial joints that allow a
small amount of gliding motion under normal physiological conditions. There are no
costotransverse joints at T11 and T12. Ligaments that stabilize the costotransverse joints
include the capsular ligament, costotransverse ligament, superior and lateral costovertebral
ligaments. Percutaneous access to certain lesions may only be possible by traversing the
costotransverse joints (Figures 3.8b,c).

3.16a 3.16b

FIGURES 3.16a,b Thoracic demifacets. (a) Surface rendered lateral oblique and (b) curved reformatted CT images showing small,
concave superior (SDF) and inferior demifacets (IDF) located at the posterolateral margins of adjacent superior (SEP) and inferior
endplates (IEP) that articulate with convex facets located on rib heads (RH). [AP—inferior articular process, [VF—intervertebral
foramen, IVN—inferior vertebral notch, SAP—superior articular process, TP—transverse process.
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LIGAMENTOUS ANATOMY OF THE THORACIC SPINE

The major ligaments of the thoracic spine include the anterior longitudinal ligament, pos-
terior longitudinal ligament, ligamenta flava, interspinous ligaments, and supraspinous
ligament. Other notable ligaments found in the thoracic spine include the intra-articular
ligaments, capsular ligaments, and radiate ligaments of the costovertebral joints and the
costotransverse ligament, superior and lateral costovertebral ligaments of the costotrans-
verse joints.

The anterior longitudinal ligament (ALL) is greater in anterior to posterior thickness and
thinner in transverse dimension in the thoracic region than the cervical and lumbar regions.
Like the cervical and lumbar levels, the anterior to posterior thickness of the ALL is greatest
at the vertebral body levels and thinnest at the intervertebral disc levels. The ALL is firmly
attached to the anterior superior and anterior inferior endplates and has sparse attachments
to the central aspect of the vertebral bodies (Figures 3.17a—d). Strong attachments to the
intervertebral discs are present in one half of thoracic spines. The tensile strength of the ALL
is greatest in the lower thoracic region.

The posterior longitudinal ligament (PLL) is located along the anterior margin of the spinal
canal and has attachments to the superior and inferior vertebral margins and intervertebral
discs (Figures 3.17a,b,ef). It is broader in the transverse dimension at the level of the
intervertebral discs and relatively narrow over the vertebral bodies, giving it a denticulate
configuration. The PLL has two layers, superficial and deep. The superficial layer is located
posterior to the deep layer, is centrally located, measures 8 to 10 mm in width, and has broad
attachments to the intervertebral discs. The deep layer is narrower than the superficial layer
(2-3 mm in width), is firmly adherent to the superficial layer at the midline, and also has a
denticulate appearance. Fibers of both the superficial and deep layers attach to a midline
bony septum at the level of the vertebral bodies.

The ligamenta flava (“yellow ligaments”) are found throughout the thoracic spinal
segments. The ligamenta flava are paired ligaments that are positioned on either side of the
midline, extending from the anterior inferior margin of the lamina above to the posterior
superior margin of the lamina below (Figures 3.17a,b,g,h). Lateral extensions of the ligamenta
flava form the medial capsules of the zygapophyseal joints. The thoracic ligamenta flava are
thicker than the cervical ligamenta flava, but not as thick as the lumbar ligamenta flava.
Midline gaps in the caudal third of the ligamenta flava are almost always found at T1-T2, are
infrequent in the mid-thoracic segments, and increase in frequency T10-T12. It is important to
take this into consideration when attempting use the loss of resistance technique for epidural
injections in these spinal regions.

The interspinous ligaments extend from the inferior margins of the spinous processes
above to the superior margins of the spinous processes below in the sagittal plane and
from the root to the apex of the spinous processes in the transverse plane. The interspinous
ligaments are absent in the upper thoracic spine (T1-T5) and are replaced by loose connective
tissue positioned between the multifidus muscles. In the lower thoracic spine (T6-T12), the
interspinous ligaments are formed by anterior extensions of the thoracolumbar fascia. The
interspinous ligaments increase in thickness and tensile strength in the lower thoracic spine.
However, the interspinous ligaments are among the weakest of the spinal ligaments.

The supraspinous ligament on imaging appears as a discreet band-like structure
(Figures 3.17a,b,g). However, it is formed by a combination of tendinous muscle attachments
and fascia. In the upper thoracic spine (T1-T5), the spinal tendinous attachments of the
trapezius, rhomboideus major, and splenius cervicis muscles combine with the deep fascia
to form the supraspinous ligament. In the power thoracic spine (T6-T12), the posterior layer
of the thoracolumbar fascia is the primary contributor to the supraspinous ligament, with
a smaller contribution from the trapezius aponeurosis. The supraspinous ligament blends
anteriorly with the interspinous ligaments in the lower thoracic spine (T6-T12). The strength
of the supraspinous ligament increases from T1 to T12.
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3.17a

3.17c

3.17b

FIGURES 3.17a-h Ligamentous anatomy of the thoracic
spine. (a) Sagittal T2-weighted and (b) sagittal T1-weighted
images demonstrating the anterior longitudinal ligament
(ALL), posterior longitudinal ligament (PLL), ligamenta
flava (LF), and supraspinous ligaments (SSL). Sagittal (c) and
axial (d) CT images showing ossification of the anterior
longitudinal ligament (O-ALL). Sagittal (e) and axial (f) CT
images showing ossification of the posterior longitudinal
ligament (arrows). (g) Sagittal CT image showing ossification
of the ligamenta flava (white arrows) and SSL (black
arrows). (h) Axial CT image displaying ossification of the
ligamenta flava where they form the medial portion of the
zygapophyseal joint (Z]) capsules (white arrows).

(continued)
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3.17h

FIGURES 3.17d-h  (continued) O-ALL—ossification of the
anterior longitudinal ligament.
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ARTERIAL ANATOMY OF THE THORACIC SPINE

The longitudinal artery supplying the thoracic spine is the descending thoracic aorta. The
descending thoracic aorta is situated to the left of the spine, gradually coursing medially
in the lower thoracic region. The segmental arteries of the thoracic spine are nine pairs of
posterior intercostal arteries and one pair of subcostal arteries. Occasionally, multiple adjacent
segmental arteries arise from a common origin in the upper thoracic spine, called the superior
(or supreme) intercostal artery. The superior intercostal arteries may arise from the costocervi-
cal trunks, aorta, or the vertebral arteries. There is a rich anastomotic network that includes
intersegmental, prevertebral, pretransverse, and posttransverse components.

The intercostal arteries (Figures 3.18a-d) branch into anterior and posterior rami.
The anterior rami course laterally to supply the tissues of the intercostal spaces, skin, and
mammary glands. The anterior rami ultimately anastomose with the superior epigastric
and musculophrenic arteries. The posterior rami give off muscular and spinal branches. The
muscular branches course posteriorly, along the lateral margins of the vertebral bodies and
supply the soft tissues along the inferior margins of the neural foramina, inferior aspects of
the spinal nerves, intercostal muscles, and soft tissues. The spinal branches course through the
neural foramina and branch into anterior and posterior radicular arteries.

The radicular arteries may supply the nerve roots, dura mater, spinal ganglia, spinal
cord, or various combinations of the above. A variable number of radicular arteries send
branches along the anterior and/or posterior nerve roots to supply the spinal cord, called
the radiculomedullary arteries. Radiculomedullary arteries that supply the anterior spinal
artery are called anterior radiculomedullary arteries. Posterior radiculomedullary arteries supply
the posterior spinal arteries. A variable number of radiculomedullary arteries make up the
anterior and posterior spinal arteries.

The dominant thoracolumbar anterior radiculomedullary artery supplying the lower
spinal cord is the great anterior radiculomedullary artery of Adamkiewicz, or simply the artery
of Adamkiewicz (AKA). The AKA most commonly arises on the left (65%) between T9-T11
(72%). It may originate as high as T5 or as low as L3. The AKA ascends within the spinal canal
and takes a characteristic “hairpin turn” as it joins the anterior spinal artery (Figures 3.19a,b).

The anterior and posterior spinal arteries are discussed in Chapter 1. The anterior spinal
artery resides in the anterior median fissure and supplies the anterior two-thirds of the spinal
cord. The paired posterior spinal arteries are positioned lateral to the posterior median sulcus
and supply the posterior one-third of the spinal cord. The central arteries branch from the
anterior spinal arteries and penetrate deeply into the anterior median fissure to supply the
central cord. The anterior and posterior spinal arteries contribute to a network of arteries that
encircle the spinal cord, the pial arterial plexus or vasa coronae.
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3.18a

3.18c 3.18d

FIGURES 3.18a-d The arterial supply of the thoracic spine. (a) Surface rendered reformatted image from an aortic CT angiogram
in lateral oblique orientation demonstrates the typical appearance of the segmental arteries of the thoracic spine, the posterior
intercostal arteries (PIA), as they arise from the descending thoracic aorta. The left posterior intercostal artery is absent and the T11
rami are supplied by the left T12 posterior intercostal artery (asterisks). The anterior rami (AR) course within the intercostal spaces.
(b) Surface rendered reformatted image from an aortic CT angiogram in anterior projection displays the right PIA (arrows), which
are longer than the left PIA as a result of the position of the aorta to the left of midline. The position of the AR (arrowheads) within
the intercostal spaces is also demonstrated. (c) Coronal maximum intensity projection image shows the position of the PIA within
the concavities along the lateral cortex of the vertebral bodies. The left T11 posterior intercostal artery is absent (asterisks). (d) Axial
maximum intensity projection image from an aortic CT angiogram shows the PIA arising from the descending thoracic aorta and
giving off the anterior (AR) and posterior rami (PR). The posterior rami give off muscular (MB) and radiculomedullary or radicular
branches (RMB). R—rib, RH—rib head, SP—spinous process, TP—transverse process.
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3.19a

FIGURES 3.19a,b The artery of Adamkiewicz. (a) Digital
subtraction angiographic image obtained during a left T12
segmental artery (subcostal artery = arrowheads) injection
demonstrating the extradural (EDS) and intradural segment
(IDS) of the radiculomedullary artery of Adamkiewicz
(RMA). The intradural segment takes a characteristic hairpin
turn at the point it supplies the anterior spinal artery (ASA).
(b) Coronal reformatted maximum intensity projection
image from a CT angiogram shows the great RMA arising
on the left at T9. The characteristic hairpin turn (HPT) is well
demonstrated as it supplies the ASA.

3.19b
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VENOUS ANATOMY OF THE THORACIC SPINE

Venous drainage of the subaxial thoracic spine and spinal cord is carried out through a heavily
interconnected venous network that has three main divisions: intrinsic, extrinsic, and extra-
dural. The intrinsic system includes the venous network that drains the spinal cord central
gray matter and peripheral white matter. The pia mater marks the border of the extrinsic sys-
tem, which includes the coronal venous plexus and radiculomedullary veins. The extradural
system includes the anterior internal vertebral venous plexus, posterior internal vertebral
venous plexus, anterior external vertebral venous plexus, and posterior external vertebral
venous plexus.

The anterior sulcal vein is located in the anterior median fissure of the spinal cord. The
posterior sulcal vein is located in the posterior sulcus. The anterior and posterior central veins
drain the central gray matter. The white matter is drained by small caliber radial veins within
the pia that form the coronal venous plexus. Transmedullary anastomotic veins are larger in
caliber than the sulcal veins and project through the substance of the spinal cord, connecting
ventral and dorsal surfaces. Some of the larger caliber longitudinally oriented veins within
the coronal plexus form a variable number of anterior and posterior median and lateral spinal
veins, which drain into the anterior and posterior radiculomedullary veins.

The anterior and posterior radiculomedullary veins drain the spinal cord and spinal
nerve roots and function to connect the extrinsic and extradural systems. There is a variable
number of anterior and posterior radiculomedullary veins draining the spinal cord. The
largest anterior radiculomedullary vein draining the thoracolumbar spinal cord is the great
anterior radiculomedullary vein (GARV). On imaging studies, the GARV may be confused
with the AKA due to the similarity of the GARVs more obtuse “coat hook” turn to the acute
“hairpin turn” of the AKA. Features distinguishing the GARV from the AKA include lower
position of the GARV (T11-L3), larger caliber of the GARV, and later contrast opacification
of the GARV on multiphase postcontrast imaging. Because it is most commonly found
in the lumbar region, the imaging appearance of the GARV is covered in Chapter 4. The
radiculomedullary veins and anterior and posterior external vertebral venous plexuses drain
into the intervertebral veins.

The anterior internal vertebral venous plexus resides within two layers of the posterior
longitudinal ligament (Figures 3.3y,z,zz and 3.20a,b,d). It is generally composed of two
large, longitudinally oriented veins on either side of the posterior longitudinal ligament.
The anterior internal vertebral venous plexus is typically less prominent at the level of the
intervertebral discs and courses medially at the pedicle level, where it connects through
transversely oriented venous anastomoses to the basivertebral veins, the valved system that
provides the primary drainage of the vertebral bodies. The minor venous drainage of the
vertebral bodies occurs through small peripheral tributaries that communicate directly with
the anterior external vertebral venous plexus. The anterior internal vertebral venous plexus
also anastomoses with the posterior internal vertebral venous plexus and anterior external
vertebral venous plexus (Figures 3.20a,c,d).

The posterior internal vertebral venous plexus is generally smaller in size than the
anterior internal vertebral venous plexus and is composed of longitudinally oriented veins
traversing the dorsal epidural space that tend to be more laterally located in the cervical spinal
canal (Figures 3.4x-z,zz and 3.20a-d). In the thoracic region, this plexus is embedded within
an ample epidural fat pad. The posterior internal vertebral venous plexus receives small
draining branches from the lateral masses, lamina, and spinous processes. It also connects
with the posterior external vertebral venous plexus via small perforating veins through the
ligamenta flava.

The anterior external vertebral venous plexus is located anterior the vertebral bodies
and has extensive connections with the intervertebral and basivertebral veins. The posterior
external vertebral venous plexus is located dorsal to the vertebrae and drains the paraver-
tebral muscles and the posterior elements. It has extensive connections with the posterior
internal vertebral venous plexus and intervertebral veins (Figures 3.20a,b,d).

The intervertebral veins connect the internal and external vertebral venous plexuses and
primarily drain into the segmental (posterior intercostal) veins (Figures 3.3zz, 3.20a,c,d). The
segmental veins subsequently drain into the azygos vein on the right (Figure 3.20c—e) and
the hemiazygos and accessory hemiazygos veins on the left. The azygos, hemiazygos, and
accessory hemiazygos veins drain into the superior vena cava (Figure 3.20e).
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3.20a 3.20b

3.20d

FIGURES 3.20a-e CT angiogram in a patient with an occluded right innominate
vein and extensive collateral flow demonstrating the extensive interconnections

of the vertebral venous plexuses. (a) Axial image showing one of the anastomotic
connections (anast) between the anterior internal (AIVP) and anterior external
vertebral venous plexuses (AEVP) through the basivertebral vein (BVV). The
intervertebral veins (IVV) connect the anterior (AIVP) and posterior internal
vertebral venous plexuses (PIVP) with the external vertebral venous plexuses. There
are several connections between the posterior internal (PIVP) and posterior external
vertebral venous plexuses (PEVP) that are not shown. (b) Axial image from a
contiguous slice showing the right posterior intercostal vein (PIV). (c) and (d) Axial
images showing drainage of the PIV draining into the azygos vein. Connections
between the PIVP and PEVDP, the IVV, and the PIV are visible in this slice. (e) Thick
sagittal maximum intensity projection image showing extensive collaterals draining
into the PIV. The posterior intercostal veins subsequently drain into the azygos vein
and, ultimately, the superior vena cava (SVC). DRG—dorsal root ganglion,
IVC—inferior vena cava.

3.20e



CHAPTER 3 THE THORACIC SPINE 155

MENINGES AND SPACES OF THE THORACIC SPINE

The spinal meninges and spaces of the thoracic region are largely the same as the meninges of
the subaxial cervical segments, which are covered in detail in Chapter 2. The anatomy of the
meninges that is unique to the thoracic region will be discussed in this section.

The bony thoracic spinal canal narrows in the mid-thoracic region. However, the
subarachnoid spaces remain ample due to a corresponding decrease in the caliber of the mid-
thoracic spinal cord. The size of the thoracic subarachnoid spaces varies according to the
segmental level and the position of the spinal cord within the thecal sac. The spinal cord
is positioned within the central one-third of the spinal canal at the cervicothoracic junction
and the ventral and dorsal subarachnoid spaces are similar in size. The ventral subarachnoid
space progressively narrows over the apex of the thoracic kyphosis, with a corresponding
progressive increase in the size of the dorsal subarachnoid space. Caudal to the apex of the
thoracic kyphosis, the spinal cord assumes a progressively more ventral position from craniad
to caudad, resulting in progressive widening of the ventral and narrowing of the dorsal
subarachnoid spaces. The spinal cord assumes a more dorsal position at the thoracolumbar
junction (Figure 3.3m).

In the sitting position with the head down, the denticulate ligaments allow for a small
amount of spinal cord translation ventrally. This results in further narrowing of the ventral
subarachnoid space and widening of the dorsal subarachnoid space. This concept can be used
to guide the approach to patient positioning for spinal anesthesia.

The arachnoid condenses to form incomplete septa within the lower cervical, thoracic,
and lumbar subarachnoid spaces. The septa, along with the denticulate ligaments, form
partitions in the dorsal and dorsolateral subarachnoid space. The most continuous of these
septa extends from the dorsal midline pia mater to the dorsal midline arachnoid mater, called
the septum posticum of Schwalbe. The septum posticum is best formed in the lower cervical and
thoracic spine and is proposed to be the site of origin of intradural extramedullary arachnoid
cysts.

The epidural space of the thoracic region is characterized by prominent dorsal fat pads.
In the sagittal plane, the thoracic dorsal epidural fat pads have a biconvex to planoconvex
configuration. The depth of the thoracic epidural fat pads in the AP dimension is smallest at
the disc level and greatest at the pedicle level (Figure 3.21a). The shape of the dorsal epidural
fat pads in the axial plane gradually transitions from a dorsal convex half ring configuration
in the upper and mid-thoracic segments (Figure 3.21b) to the triangular interlaminar fat pad
characteristic of the lower thoracic and lumbar segments (Figure 3.21c).

The epidural spaces of the thoracic spine can be accessed via an interlaminar or
transforaminal approach in order to inject a variety of substances, such as anesthetics, steroids,
autologous blood, fibrin glue, and other substances. Percutaneous access to the epidural space
is most commonly achieved with the use of CT (Figure 3.22a,b) and fluoroscopy (Figure 3.22c).

The epidural spaces of the thoracic region are partially compartmentalized by the
meningovertebral ligaments, similar to the cervical and lumbar regions. The meningovertebral
ligaments of the thoracic spine are less prominent and less frequently encountered than the
lumbar and cervical regions.
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3.21a

3.21c

3.21b

FIGURES 3.21a-c The dorsal epidural fat pads of

the thoracic spine. (a) Sagittal T1-weighted MR image
demonstrating the planoconvex shape of the thoracic
interlaminar epidural fat pads (ILEFP). (b) Axial T1-weighted
MR image showing the crescentic shape of the ILEFP at

T3. (c) Axial T1-weighted MR image demonstrating the

more triangular configuration of the T11 ILEFP. L—lamina,
LF—ligamentum flavum, P—pedicle, R—rib, SP—spinous
process, TP—transverse process.
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3.22a

3.22c

pedicle
screw

pedicle
5Crew

epidural
contrast

3.22b

FIGURES 3.22a-c Thoracic interlaminar epidural steroid
injections. CT-guided epidural steroid injection showing
the needle (arrowheads) positioned along the dorsal margin
of the spinal canal just deep to the ligamentum flavum

(a) prior to and (b) following contrast administration.

The contrast confirms the dorsal epidural location of the
needle. (c) Lateral oblique fluoroscopically guided T5-T6
interlaminar epidural steroid injection demonstrating

the position of the needle (arrowheads) and confirmation
of dorsal epidural positioning by the injection of a small
amount of contrast.
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NEURAL ANATOMY OF THE THORACIC SPINE

The thoracic spinal cord has a circular elliptical shape in the upper thoracic segments. The
caudal-most, tapering portion of the cervical enlargement is found at T1-T2. The transverse
diameter of the thoracic spinal cord decreases progressively T1-T7. The transverse diam-
eter of the cord is relatively constant T7-T11, beginning to increase at T12 in association
with the lumbar enlargement (Figure 3.23). The AP diameter of the spinal cord decreases
slightly T1-T7 and increases slightly T8-T12. The length of the thoracic cord segments
increases T1-T7 and decreases T8-T12.

As has been stated previously, the central canal of the spinal cord tends to narrow and
occlude with increasing age. Stenosis of the central canal is most common from T2 to T8
and occlusion occurs earliest at T6. Next to the L5-S2 segments, the lowest patency rates
of the central canal are found in the mid- to lower thoracic spine. In approximately 1.5% of
the population, there is persistence of the central canal that is visible on MR examinations.
The persistent central canal in these cases is characterized by a filiform or fusiform shape,
caliber measuring 2 to 4 mm, and predominantly mid- to lower thoracic cord location
(Figures 3.24a,b).

The T1 nerve roots arise from the spinal cord at the level of the C7 vertebral body and
ultimately exit through the T1-T2 intervertebral foramen. The T2 nerve roots arise from the
spinal cord one and one-half vertebral segments above the level of their exit through the
intervertebral foramina 75% of the time. The T3-T12 nerve roots arise from the spinal cord
two vertebral segments above their eventual exit points through the intervertebral foramina
(Figures 3.25a,b).

The C8 spinal nerves exit through the C7-T1 neural foramina. From T1-T2 to T12-L1, the
exiting spinal nerves are numbered according to the vertebral segment above. For example,
the T7 spinal nerves exit the T7-T8 intervertebral foramina.

FIGURE 3.23 Curved reformatted coronal CT myelogram displaying
thoracic spinal cord (SC) contour. The transverse diameter of the thoracic SC
decreases T1-T7, is relatively constant T7-T11, and increases at the lumbar
enlargement (LE). CE—cauda equine, CM—conus medullaris.
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3.24b

FIGURES 3.24a,b T2-weighted TSE images in the sagittal
(a) and axial (b) planes demonstrating persistence of the
central canal of the spinal cord (CC-SC) from the T7-T10
levels.

3.24a

3.25a 3.25b

FIGURES 3.25a,b  (a) Coronal reformatted CT myelogram of the upper thoracic segments displays the difference between

cord level and foraminal level. The nerve roots that exit the T4-T5 neural foramen arise from the spinal cord (SC) at T2. The root

entry zone (REZ) and root exit zone (RExZ) are well demonstrated. (b) Curved reformatted coronal image from a CT myelogram
demonstrating the course of the thoracic nerve roots (NR) inferolaterally under the pedicles, ultimately exiting via a dural sheath
(DS). P—pedicle, R—rib, RMV—radiculomedullary vein.
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GALLERY OF ANATOMIC VARIANTS AND VARIOUS CONGENITAL ANOMALIES

13

|

IMAGE 2 Sagittal reformatted IMAGE 3 Sagittal reformatted CT

IMAG E.1 Sagittal reformatted CT showing CT showing a limbus vertebra demonstrating a limbus vertebra
congemtal fusion of the T8 and T9 vertebral (LV) along the anterior inferior (LV) along the anterior inferior
bodies. endplate (IEP) of T7 in the setting endplate of T10.

of multiple incompletely fused ring

apophyses (RA).

IMAGE 4 Sagittal reformatted IMAGE 5 Axial CT image displaying incompletely fused
CT demonstrating a limbus neurocentral synchondroses (NCS) bilaterally.

vertebra (LV) along the anterior

superior endplate of T12.
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IMAGE 6 Lateral plain radiograph of the
thoracic spine showing early ossification
of the ring apophyses (RA) in an 8-year
old child.

non-fused

IMAGE 7 Lateral plain radiograph of the thoracic
spine demonstrating near complete fusion of the
ring apophyses (RA) in a 10-year-old child.

IMAGE 8 Axial CT image showing nonfusion of the left T5
pedicle. L—lamina, NCS—neurocentral synchondrosis,
P—pedicle, R—rib, TP—transverse process.
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IMAGE 9 Axial T2-weighted MR image demonstrating
incomplete fusion of the right lamina (long arrow) and a
bifid spinous process (short arrow). L—lamina, SC—spinal
cord, SP— spinous processes, TP—transverse processes.

IMAGE 10 Axial maximum intensity projection image at
T11 showing incomplete fusion at the spinolaminar junction
on the right (arrow).

IMAGE 12 Axial CT image demonstrating nonfused
secondary ossification centers at the tip of the right
transverse process (arrow) and the left mammillary process
(arrowhead).

IMAGE 11 Axial CT image showing an enlarged, nonfused
right transverse process (arrow). The T12 vertebra has a
typical lumbar configuration.
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IMAGE 13 Axial maximum intensity projection CT image
showing nonfusion of the left T2 transverse process (long
arrow) and the spinous process (short arrow).

IMAGE 14 Axial image from a CT myelogram showing
a dysplastic left transverse process (long arrow) and an
anomalous left costovertebral articulation (short arrow).

IMAGE 15 Axial maximum intensity projection CT image
showing facet tropism, with a posterolaterally oriented left
zygapophyseal joint (Z]) (short arrow) and a more coronally
oriented right ZJ (long arrow).

IMAGE 16 Axial CT image showing facet tropism, with

a posterolaterally oriented right zygapophyseal joint (long
arrow) and more coronally oriented left zygapophyseal joint
(short arrow).
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IMAGE 17 Axial CT image displaying a more extreme
example of facet tropism (long arrows). The arrowhead
identifies the position of a spinal cord stimulator device.

18a

IMAGES 18a,b (a) Axial CT image demonstrates spinous
process hypoplasia, (arrows) with a bifid configuration

that is more typical of the subaxial cervical segments. (b)
Sagittal CT image from the same patient shows the blunted,
hypoplastic spinous process (arrow).

18b



CHAPTER 3 THE THORACIC SPINE 165

IMAGE 21 AP plain radiograph of the chest shows dorsal
fusion (black arrow) of the right T4 and T5 ribs in a patient
treated for pulmonary abscess (black arrowhead)

IMAGE 19 Sagittal CT image demonstrates nonfusion of
the T1 spinous process secondary ossification center (arrow).

IMAGE 20 Coronal maximum intensity projection CT image shows a
bifid left T1 rib (arrows).
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(IR Y .

IMAGE 23 Surface rendered reformatted image of
the thoracic spine from an anterior projection displays
a hypoplastic right T12 rib (arrowhead) and a broad,
nonfused left T12 transverse process (arrow).

L

IMAGE 22 AP plain radiograph of the
lumbar spine demonstrating fusion of the
right T11 and T12 rib heads (arrow).

IMAGE 24 Surface rendered reformatted image of the
thoracic spine from an anterior projection displays a
hypoplastic right T12 rib (arrow) and a thin, nonfused left
T12 transverse process (arrowhead).
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IMAGE 26 Surface rendered

of the thoracic spine from an anterior projection reformatted image of the thoracic spine
displays a large, floating right T12 rib (arrow) and from an anterior projection displays
a hypoplastic left T12 rib (arrowhead). hypoplastic T12 ribs bilaterally (arrows).
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1 he lumbar spine is the most intensively investigated of the spinal regions, owing to the

ubiquity of low back pain in adults. It is typically composed of five mobile vertebrae.
The mobility of the lumbar segments stands in stark contrast to the restricted mobility of the
thoracic segments above and immobility of the sacral segments below. No other region of the
spine possesses the remarkable combination of strength, stability, multidirectional mobility,
and flexibility of the lumbar spine.
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DEVELOPMENTAL ANATOMY OF THE LUMBAR SPINE

Similar to the cervical and thoracic spine, lumbar segments are formed from a centrum and
neural arches on both sides of the midline. The centra begin to ossify prior to the neural
arches. Ossification proceeds from L1 to L5 and all lumbar segments are visible by the fourth
fetal month (Figures 4.1a—c). At birth, three ossification centers are observed. The neurocen-
tral synchondroses are located between the centra and neural arches. The posterior or intra-
neural synchondroses are located between the dorsal tips of the neural arches. The posterior
synchondroses of L1-L4 fuse at about one year of age. The range of posterior synchondroseal
fusion at L5 is more variable, and may take place up to 5 years of age. Nonfusion of the
laminae of the lower lumbar segments is common, particularly at L5 (Figures 4.2a—d). There
is 75% closure of the lumbar neurocentral synchondroses by four years of age and complete
closure by 10 years of age. The typical appearance of the lumbar primary ossification centers
at various ages is summarized in Figures 4.3a—p.

There are seven secondary ossification centers found within each lumbar segment,
including ring apophyses along the superior and inferior margins of the vertebral body, two
mammillary processes, the tips of the transverse processes, and the tip of the spinous process.
The sequence of secondary ossification center closure generally starts with the mammillary
processes, followed by the transverse processes, spinous processes, and ring apophyses.
Complete fusion of the secondary ossification centers is usually attained by the middle of the
third decade.

During the embryonic period (9-16 weeks gestation), the vertebral column elongates
more rapidly than the spinal cord. This results in a change in the position of the distal spinal
cord relative to that of the most caudad segments of the vertebral canal, commonly referred
to as “ascent”of the cord tip. This results in a discrepancy between the sites the lumbar nerve
roots exit from the spinal cord (segmental level) and where they exit the spinal canal into the
vertebral neural foramina (vertebral level). For example, the L3 nerve roots exit through the
L3-L4 intervertebral foramina, but because of the more rostral termination of the spinal cord,
the L3 nerve roots arise from the spinal cord at the T10-T11 vertebral level.

The lumbar lordosis is a secondary spinal curve. The primary curve of the spine in utero
in the first few months of life is apex posterior (kyphotic) until the secondary lordosis of the
cervical spine develops when infants begin to raise their heads. The lumbar lordosis starts to
form in conjunction with upright posture and progresses until 14 to 16 years of age.
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FIGURES 4.1a-c  CT performed on a female
involved in a level I trauma demonstrating

the fetal ossification centers at four months
gestation. The primary ossification centers of the
lumbar segments include a centrum (C) and two
neural arches. The neurocentral synchondroses
(NCS) are located between the C and the neural
arch ossification centers (NAOC). The images
are oriented in the (a) axial, (b) coronal, and

(c) sagittal planes with respect to the fetus.
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——

4.2¢ 4.2d

FIGURES 4.2a-d Spina bifida occulta at L5 demonstrated with (a) plain films, (b) surface reformatted CT from a posterior projection,
(c) axial CT, and (d) axial T1-weighted TSE MR image. The arrowheads identify coexisting bilateral L5 pars interarticularis (PI) defects.
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4.3a 4.3c

4.3b 4.3d

FIGURES 4.3a-p The appearance of the lumbar primary ossification centers at various ages: (a,b)—newborn, (c,d)—6 months,
(e,f)—12 months, (g,h)—2 years, (i,j)—3 years, (k1)—5 years, (m,n)—10 years, (o,p)—18 years.

(continued)
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12 months 2 years

4.3f
FIGURES 4.3e-h

(continued)
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3 years 5 years

4.3i 4.3k

4.3] 4.3l
FIGURES 4.3i-|

(continued)
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10 years 18 years

4.3n
FIGURES 4.3m-p
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MULTIMODALITY ATLAS IMAGES OF THE LUMBAR SPINE

The primary modalities used to image the lumbar spine are plain films, computed tomography
(CT), and magnetic resonance imaging (MRI). The basic anatomy of the lumbar segments is
presented in Figures 4.4a—y in order to provide a foundation for the more detailed anatomic

descriptions to follow.

B PLAIN FILMS (FIGURES 4.4a-4.4c)

4.4a 4.4b

and MR (r-y).
KEY
IAF inferior articular facet
IAP inferior articular process
1IEP inferior endplate
ILS interlaminar space
1SS interspinous space
IVD intervertebral disc
IVF intervertebral foramen
L lamina
P pedicle
PI pars interarticularis

R
S1-SB
SAF
SAP
SEP
S1J
SP
TP
VB
zJ

FIGURES 4.4a-y Multimodal image gallery demonstrating
the anatomy of the lumbar spine on plain films (a—c), CT (d—q),

rib

spina bifida at S1
superior articular facet
superior articular process
superior endplate
sacroiliac joint

spinous process
transverse process
vertebral body
zygapophyseal joint

(continued)
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B CT (FIGURES 4.4d-4.4q)

FIGURES 4.4d-f

KEY

IAP inferior articular process SAP superior articular process
IEP inferior endplate SEP superior endplate

IVD intervertebral disc SIJ sacroiliac joint

IVF intervertebral foramen SP spinous process

IL lamina SVN superior vertebral notch
P pedicle TP transverse process

PI pars interarticularis V4| zygapophyseal joint

R rib

(continued)
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4.4i

4.4h
FIGURES 4.4g-i
KEY
BVV basivertebral vein
DRG dorsal root ganglion
IAF inferior articular facet
IAP inferior articular process
IEP inferior endplate
ILEFP  interlaminar epidural fat
pad
ILS interlaminar space
IVD intervertebral disc
IVF intervertebral foramen
IVN inferior vertebral notch
1L lamina

pedicle

pars interarticularis
ring apophyses
superior articular facet
superior articular process
spinal canal

superior endplate
spinous process
superior vertebral notch
transverse process
zygapophyseal joint

(continued)
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4.4] 4.4k

4.4l

FIGURES 4.4j-1
KEY
AP accessory process
BVV basivertebral vein
C centrum
IAF inferior articular facet
L, lamina
MP mammillary process
P pedicle
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superior articular facet
superior articular
process

spinous process
transverse process
zygapophyseal joint

(continued)
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4.40

FIGURES 4.4m-o

accessory process
centrum

dorsal root ganglion
inferior articular facet
intervertebral foramen
lamina

ligamentum flavum
pedicle

superior articular facet
spinous process
transverse process
zygapophyseal joint

(continued)
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FIGURES 4.4p,q
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ILEFP interlaminar
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(continued)
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H MR (FIGURES 4.4r-4.4y)

4.4r 4.4s

FIGURES 4.4r-t

KEY

AF annulus fibrosis LF ligamentum flavum

ALL anterior longitudinal NP nucleus pulposis
ligament NR nerve root

BVV basivertebral vein P pedicle

CE cauda equina SAF superior articular facet

DRG dorsal root ganglion SAP superior articular

FV foraminal vein process

IAF inferior articular facet SP spinous process

ILEFP  interlaminar epidural SSI supraspinous ligament
fat pad TS thecal sac

IVD intervertebral disc VEFP  ventral epidural fat pad

LC lumbar cistern 7] zygapophyseal joint

4.4t

(continued)
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4.4w

L1-L2 IVD

4.4v

FIGURES 4.4u-w
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(continued)
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FIGURES 4.4x,y
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OSTEOLOGY OF THE LUMBAR SEGMENTS

The lumbar lordosis is more pronounced than the cervical lordosis and results from a com-
bination of vertebral body and intervertebral disc wedging. The vertebral body wedging at
L4 and L5 is the opposite of that seen in the thoracic segments, with greater height anteriorly
than posteriorly. The lumbar vertebral bodies are greater in size in the transverse dimension
than the anterior to posterior dimension. In the axial plane, the L1-L4 vertebral bodies have a
dorsal concavity that produces a kidney shape (Figure 4.5). The L5 vertebral body has a con-
vex dorsal margin, forming an ellipse (Figure 4.4y). The bone mineral content, trabecular
density, volume, and compressive strength of the lumbar vertebral bodies increase L1-L3 and
decrease slightly L4-L5. The strength and stiffness of the posterolateral aspect of the L3-L5
vertebral endplates is greater than the central aspects of the vertebral endplates.

The lumbar pedicles are shorter than the thoracic pedicles. They are larger in height
than width. The width of the lumbar pedicles increases L1-L5 (Figure 4.6). They arise more
inferiorly from the vertebral body than the thoracic pedicles, forming shallow superior
vertebral notches. The inferior vertebral notches, formed by upward concavity along the
inferior margin of the pedicles, are comparatively deep. The L1 pedicles are smaller in caliber
than the T10-T12 pedicles. They are angled anteromedial to posterolateral in the transverse
plane. This angle increases from L1 to L5. In the sagittal plane, the lumbar pedicles are angled
slightly anterosuperior to posteroinferior. The lumbar pedicle is commonly accessed for
percutaneous vertebral biopsies (Figure 4.7a), vertebral augmentation (Figures 4.7b-d), and
occasionally disc aspiration/biopsy.

The transverse processes of the lumbar segments are flat and primarily oriented in the
coronal plane, with slight posterolateral angulation. They increase in length L1-L3 and

4.5 4.6
FIGURE 4.5 Surface rendered CT image from a superior projection demonstrating FIGURE 4.6 Coronal curved reformatted
the shape of the L1-L4 vertebral bodies. The transverse dimension is greater than CT image demonstrating the ovoid
the anterior to posterior dimension and the posterior wall of the centrum (C) is shape of the lumbar pedicles (P), which
concave. L—lamina, P—pedicle, SAF—superior articular facet, SAP—superior increase in size and are progressively

articular process, SCan —spinal canal, SP—spinous process, TP—transverse process. posterolaterally oriented from L1-L5.
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4.7a 4.7b

4.7¢ 4.7d

FIGURES 4.7a-d (a) Axial image from a CT-guided biopsy. The needle (arrowheads) traverses the left pedicle en route to the
lytic lesion within the vertebral body (VB). (b) CT-guided left-sided transpedicular needle (arrowheads) approach to the L1 VB for
kyphoplasty of a compression fracture that has retropulsed fragments (white arrow). (c) Lateral fluoroscopic image demonstrating
positioning of the needle (arrowheads) within the pedicle and injection of methyl methacrylate cement into a previously formed
cavity (arrow). (d) Axial CT fluoroscopic image shows good distribution of cement within the central and anterior aspect of the

L1 VB (arrow).
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decreases L4-L5. The L5 transverse processes are thicker (AP) and broader (craniad to caudad)
than the L1-L4 transverse processes. The lumbar transverse processes arise at the pedicle-
lamina junction just posterior to the intervertebral foramina and anterior to the articular
processes. There are small posteriorly projecting osseous protuberances located at the junction
of the transverse processes and lamina along their posteroinferior margin, called accessory
processes (Figure 4.8). They represent the sites of attachment of the longissimus thoracis and
intertransversarii lumborum muscles and are not found outside of the lumbar segments.

The laminae of the lumbar segments are broad, flat, and vertically-oriented. In the sagittal
plane, they are angled slightly anterosuperior to posteroinferior. The superior margins of the
lumbar laminae have a downward concavity. The inferior margins of the lumbar laminae have
an upward concavity. This results in round to ovoid lumbar interlaminar spaces (Figure 4.9).
The height of the lumbar laminae is less than that of the lower thoracic lamina. Laminar
height in the lumbar spine increases slightly L1-L3 and then decreases L4-L5. As a result,
the L1-L2 to L3-L4 interlaminar spaces are similar in size. The L4-L5 and L5-51 interlaminar
spaces are large (Figure 4.9). The width of the lumbar laminae increases L1-L5.

The short segment of bone that occupies the space between the superior and inferior articular
processes is called the pars interarticularis. The trabecular pattern within the L4 and L5 pedicles
suggests additional stress on the pars interarticularis at these levels. Further, the cortical bone
of the laminae is thickest in the region of the pars interarticularis. Despite this reinforcement,
fractures (defects) of the pars interarticularis are common. Defects in the pars interarticularis
are most common at L5 (85%-95%), with L4 (5%—15%) the next most affected level. On lumbar
plain x-rays, the pars interarticularis is easily identified as the “neck”of the Scottie dog (Figures
4.4b, 4.4f, 4.4g). The pars defect is visible on plain x-ray as a “broken neck”of the Scottie dog
(Figure 4.10a) or a discontinuity of the pars interarticularis on parasagittal CT (Figure 4.10b) or
MR (Figure 4.10c) images.

The superior and inferior articular processes of the lumbar spine arise from the superior
and inferior margins of the par interarticularis, respectively. The superior articular processes
are vertically oriented and their facets face posteromedially. The inferior articular processes
are also vertically oriented and their facets face anterolaterally. The superior articular facets
have a concave curvature and are positioned more anteriorly. The inferior articular facets
have a convex curvature and are located more posteriorly (Figures 4.11, 4.4g, 4.4i, 4.4j, 4.5).
The zygapophyseal joints are discussed in the following.

4.8
. 4.9
FIGURE 4.8 Surface rendered reformatted CT image
showing the accessory processes (AP) positioned at the FIGURE 4.9 Frontal projection plain film of the lumbar spine
junction of the transverse processes (TP) and lamina (L) demonstrating the round to ovoid configuration of the lumbar
along the posteroinferior margin. C—centrum, P—pedicle, interlaminar spaces (ILS) (black arrowheads). The L4-L5 and
SAP—superior articular process, SP—spinous process, L5-51 ILSs (black arrows) are larger than the L1-L2, L.2-L.3, and

TP—transverse process. L3-L4 ILSs.
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4.10c

FIGURES 4.10a-c Pars interarticularis defects (PI-D) at L5 displayed on (a) plain films, (b) CT, and (c) MR. IAP—inferior
articular process, P—pedicle, PI—pars interarticularis, SAP—superior articular process, TP—transverse process,
Z]—zygapophyseal joint
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The mamillary processes are bony projections that arise from the superior articular processes
and project posteriorly. The multifidi lumborum muscles attach to the mamillary processes.
There is a shallow depression located between the accessory and mamillary processes, the
mamillo-accessory notch (Figure 4.12), that is bridged by the mamillo-accessory ligament
(MAL). The MAL calcifies approximately 10% of the time and may form a discreet foramen.
The medial branches of the dorsal rami are housed within the mamillo-accessory notches.
This notch is a target in CT-guided percutaneous medial branch denervation procedures.

The spinous processes of the lumbar segments are broad, flat, rectangular, and project
in a straight line posteriorly. The lumbar spinous processes decrease in size in the AP and
craniocaudal dimensions L1-L4. The L5 spinous process is typically significantly smaller,
projects slightly inferiorly and often has an apex posterior triangular configuration. The
lumbar spinous processes may undergo elongation and progressive squaring with age.

A wide range of spinal canal configurations have been reported, the details of which are
beyond the scope of this text. Generally speaking, the upper lumbar spinal canal is round to
ovoid and the lower spinal canal is trefoil to triangular in shape. The spinal canal normally
measures greater than 13 mm AP in the mid-sagittal plane (area 1.45 cm?). Lumbar spinal
canal dimensions vary in accordance with multiple factors that include height, ethnicity, and
dynamic factors. Greater overall body height is correlated with larger mid-sagittal spinal canal
diameters. Smaller canal diameters have been reported in Asian and Egyptian populations
relative to European and African populations.

FIGURE 4.11 Surface rendered reformatted CT
image from a lateral projection shows the vertical
orientation of the superior articular processes
(SAP) and inferior articular processes (IAP). The
SAP arise more anteriorly than the inferior articular
processes. IAP—inferior articular process, [VN—
inferior vertebral notch, P—pedicle, SAP—superior
articular process, SP—spinous process, SVN—
superior vertebral notch, TP—transverse process.

4.11

FIGURE 4.12 Axial CT image demonstrating the
shallow groove located between the accessory
(AP) and mamillary processes (MP), the mamillo-
accessory notch (MAN). The medial branch of

the dorsal ramus is reliably located within the
mamillo-accessory notch, which can be utilized as
a target in CT-guided percutaneous denervation
procedures. C—centrum, L—lamina, P—pedicle,
TP—transverse process.
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THE ZYGAPOPHYSEAL JOINTS

The superior and inferior articular processes of the lumbar segments arise from the pars interar-
ticularis of the lamina. The superior articular facets arise on the dorsal surfaces of the superior
articular processes and face posteromedially. The inferior articular facets arise on the ventral
surfaces of the inferior articular processes and face anterolaterally (Figures 4.4f, 4.4g, 4.4i, 4.4j,
4.5,4.11). The facet surfaces are lined by a thin layer of smooth articular cartilage, are surrounded
by a fibrous capsule, and are lubricated by synovial fluid. There are prominent fibrofatty pads
along the superior and inferior recesses of the zygapophyseal joint capsules. The articular sur-
faces are variably curved. The lumbar zygapophyseal joints are oriented posterolaterally. This
degree of posterolateral angulation increases from L1-L2 to L4-L5. The L5-S1 zygapophyseal
joints are generally smaller, flatter, and more variable in orientation than the other lumbar levels.
The zygapophyseal joints may display mixed orientations, with one of the joints more coronally-
oriented and the other more sagittally oriented, termed facet tropism (Figure 4.13). Facet tropism
may also refer to differential size of the facets and is often a precursor to facet degeneration.

The zygapophyseal joints allow a wide range of motion in the lumbar segments, including
flexion (60 degrees), extension (25 degrees), and lateral flexion (25 degrees). However,
the configuration of the zygapophyseal joints significantly limits rotational motion of the
lumbar segments.

Percutaneous access to the zygapophyseal joint capsules for diagnostic or therapeutic
injections is most commonly performed with CT or fluoroscopic guidance. Depending on the
level of the zygapophyseal joint, the joint is accessed from variable posterolateral obliquities
(Figures 4.14a, 4.14b).

FIGURE 4.13 Facet tropism. The left
zygapophyseal joint (Z]) is oriented
posterolaterally (arrowhead) and the right ZJ
is coronally-oriented (arrow).

4.14a 4.14b

FIGURES 4.14a,b CT-guided facet injections. (a) Left and (b) right zygapophyseal joint (arrows) steroid injections displaying the
typical posterolateral approach of the needles (arrowheads).
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LUMBOSACRAL TRANSITIONAL ANATOMY

Lumbosacral transitional vertebrae (LSTV) are anatomic normal variants that are common
in the general population. There is a wide range of prevalence estimates, ranging from
4% to 35.9%, that are derived from varying sample sizes and populations. The most com-
monly encountered LSTV is an L5 segment that is partially or completely incorporated
into the sacrum, called sacralization. When the S1 segment displays lumbar-type features,
it is referred to as lumbarization. However, a wide range of anomalies are observed at the
lumbosacral transition.

A useful classification system for LSTV has been published by Castellvi, et al (1984). Type
ILSTV are dysplastic transverse processes, triangular in shape, and measuring at least 19 mm
in width. In type II, there is an enlarged transverse process that forms a diarthrodial joint with
the adjacent sacral ala. Type IIl LSTV displays solid bony fusion of the transverse process
and sacral ala, instead of a diarthrodial joint. Type IV LSTV show a mixture of type II and
type III features. The modifiers “a”or “b”are added to indicate unilaterality or bilaterality,
respectively. The Castellvi classification is summarized in Table 4.1 and examples of the
subtypes are displayed in Figures 4.15a—e.

The Castellvi system is based upon visualizing the osseous anatomy of the lumbosacral
junction, which is optimally evaluated with plain films or CT. The identification of LSTV is
generally more difficult with MR. O’Driscoll, et al (1996) addressed this issue by developing
a system designed to identify LSTV on MR based on S1-52 disc morphology. Disc material
is absent in type L In type II, there is rudimentary disc material that does not extend the AP

TABLE 4.1 Castellvi Lumbosacral Transitional Vertebra Classification System

TYPE FEATURES

| Dysplastic, triangular transverse process (> 19 mm in width)

] Large transverse process that follows the contour of the sacral ala; forms an
apparent diarthrodial joint between the transverse process and sacrum

[} Large transverse process that fuses with the sacrum

[\ Type Il on one side and type Ill on the other

a—unilateral, b—bilateral

3

4.15b

FIGURES 4.15a-e The Castellvi classification of lumbosacral transitional vertebrae. Surface rendered reformatted CT images from
a frontal projection demonstrating: (a) left-sided diarthrodial joint (arrows) or type Ila, (b) bilateral diarthrodial joints (arrows) or
type IIb, (c) fusion of the left transverse process (TP) to the sacrum (arrows) or type Illa, (d) bilateral fusion of the TPs to the sacrum
(arrows) or type Illb, and (e) type Il morphology on the right (arrowheads), and type IIIl morphology on the left (arrows) or type IV.
(continued)
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FIGURES 4.15c-e

length of the sacrum. The type III disc extends the entire AP length of the sacrum. Type IV discs are similar in morphology
to type III discs, with squaring of what is presumed to be the S1 segment. Type I is not associated with LSTV. Type Il is rarely
associated with LSTV. Type IIl may or may not be associated with LSTV. Type IV morphology is correlated with the presence
of Castellvi IIl and IV transitional anatomy. The O’Driscoll method is demonstrated in Figures 4.16a—d.

Accurate numbering of the lumbosacral segments is important in order prevent wrong level surgical or interventional
procedures. Traditional methods of lumbar segmental numbering, such as counting down from the last set of ribs, are
prone to error. A large number of anatomic landmarks have been tested in order to identify a structure that allows for
accurate segmental numbering, without success. The only techniques that are nearly foolproof are the use of “counting”
sagittal MR sequences that image from C2 to the sacrum (Figure 4.17), whole spine CT, and whole spine plain films.
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4.16a 4.16b

4.16¢ 4.16d

FIGURES 4.16a-d O’Driscoll disc classification system. (a) Disc material is absent (arrow). (b) Disc material (arrow) is present, but
does not extend the entire length of the sacrum. (c) Disc material extends the entire length of the sacrum in the AP dimension. The
vertebral body (VB) above (arrowhead) tapers from craniad to caudad. (d) Disc material (arrow) extends the entire length of the
sacrum in the AP dimension and the VB above (arrowhead) maintains a squared appearance (arrowhead).
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FIGURE 4.17 Large field of view short-TI inversion recovery (STIR) image of the whole spine in
the sagittal plane obtained for the purpose of accurate vertebral numbering.
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THE LATERAL RECESSES AND INTERVERTEBRAL FORAMINA

The lateral recesses and neural foramina form a canal through which the nerve roots and spinal
nerves exit the spinal canal and vertebral column. The lateral or subarticular recess is bounded by
the thecal sac medially, the pedicle laterally, the dorsolateral margin of the vertebral body and
disc anteriorly, and superior articular process posteriorly (Figures 4.4q, 4.4x). The narrowest part
of the lateral recess is located at the superior margin of the corresponding pedicle, due to the
slight anterior angulation of the superior articular process. The “height” of the lateral recess is
measured from the anterior margin of the superior articular process to the posterolateral margin
of the vertebral body, at the superior margin of the pedicle. A height of 5 mm or greater is normal.
The L5 lateral recesses shorter (AP) and wider (transverse) than any other spinal level.

Immediately superior to their exit into the intervertebral foramina, transiting lumbar
nerve roots within their dural sleeves are laterally located within the spinal canal within the
lateral recess. Degenerative hypertrophy of the superior articular process can result in lateral
recess stenosis and nerve root impingement. If radicular symptoms are present, they will
generally be localized to the dermatome one level below the level of lateral recess abnormality.
For example, lateral recess stenosis at L4-L5 typically produces an L5 radiculopathy.

The intervertebral (neural) foramina of the lumbar spine transmit the L1-L5 spinal nerves
within their dural sheaths, the dorsal root ganglia, the radicular (or radiculomedullary)
arteries, intervertebral veins, the sinuvertebral nerve, and lymphatic vessels. Also contained
within the intervertebral foramina is epidural fat and ligaments (discussed in the following).
The size of the lumbar intervertebral foramina slightly decreases L1-L5 in the craniocaudad
dimension (Figure 4.4t). The L5-51 intervertebral foramina are smaller in size than the other
lumbar foramina and have a different shape, appearing as an up-side-down egg. The L1-L.2
to L4-L5 intervertebral foramina have a keyhole shape when viewed in the sagittal plane,
with a rounded superior component and a vertically-oriented ovoid inferior component
(Figures 4.4c, 4.4e, 4.4i, 4.4t).

The superior component of the intervertebral foramen is relatively immobile and is
bounded by the inferior vertebral notch of the pedicle rostrally, the posterior margin of the
vertebral body ventrally, and the anterior margin of the inferior articular process dorsally.
The inferior component of the intervertebral foramen is mobile and its margins are formed by
the superior vertebral notch of the pedicle caudally, the posterior margin of the intervertebral
disc ventrally, and anterior margin of the superior articular process dorsally (Figure 4.4i).
In extension, the dimensions of the intervertebral foramina all decrease, particularly the
craniocaudad dimension. In flexion, the dimensions of the foramina are maximal.

The exiting spinal nerves within their dural sleeves are positioned just inferior to the
pedicles within the lumbar intervertebral foramina. This is an important anatomic relationship
to consider when performing spine interventions, in order to prevent spinal nerve injury.
The pedicle is used as an anatomic reference point for the performance of selective nerve
root blocks and transforaminal epidural steroid injections under fluoroscopic guidance. On
posterolateral oblique fluoroscopic images, the “eye” of the Scottie dog corresponds to the
pedicle viewed en face (Figures 4.18a, 4.18b).
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FIGURES 4.18a,b  Fluoroscopically
guided selective nerve root
block. (a) Posterolateral oblique
fluoroscopic image demonstrates
the needle on target with

the 6 o’clock position of the
pedicle (P). The needle was

then advanced to the spinal
nerve (SN), where contrast

was injected. (b) AP projection
fluoroscopic image showing the
needle (arrowheads) positioned
under the pedicle (P). Contrast
outlines the exiting SN and
refluxes into the dorsal epidural
space (arrows). IEP—inferior
endplate, ILS—interlaminar
space, [IVDS—intervertebral disc
space, SEP—superior endplate,
SP—spinous process.
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THE INTERVERTEBRAL DISCS OF THE LUMBAR SPINE

Intervertebral disc and vertebral shape are the primary determinants of the lumbar lordosis.
The lumbar intervertebral discs are taller anteriorly than posteriorly, particularly at L4-L5 and
L5-5S1 (Figures 4.4r, 4.4s). The lumbar discs are the tallest of the spinal column and increase
in cross sectional area L1-L2 to L4-L5. The L5-51 disc is shorter than the rest of the lumbar
discs. The weight-bearing capacity of the lumbar intervertebral discs is greater than that of the
cervical and thoracic discs. This is likely related to a preferential accumulation of degenerative
changes within the lumbar intervertebral discs that has been documented in a variety of age
groups. The proportion of the L5-51 disc composed of nucleus pulposis is higher than any
other intervertebral disc and its rate of degeneration is more rapid.

The appearance of the intervertebral discs varies with age on T2-weighted MR images.
The nucleus pulposis and inner annulus fibrosis display hyperintense signal while the outer
annulus fibrosis displays low signal (Figures 4.19a, 4.19b). In the first decade, the hyperintense
T2 signal of nucleus pulposis and inner annulus is well-delineated from the low signal of the
thin outer annulus. As early as the third decade, a thin, transversely oriented band of low signal
may be seen at the center of the nucleus pulposis on sagittal MR images that correlates with
collagen deposition, referred to as the internuclear cleft (Figure 4.20). With increasing age, there
is a progressive decrease in water and proteoglycan content and an increase in collagen content
within the intervertebral discs that correlates with decreasing T2 signal. In the eighth and ninth
decades, the fibrous content of the intervertebral discs is marked, correlating with diffusely
decreased signal on T2 and reduced delineation of the nucleus pulposis and annulus fibrosis.

SAS

4.19a

4.19b

FIGURES 4.19a,b Lumbar intervertebral disc (IVD).
(a) Sagittal and (b) axial T2-weighted TSE images demonstrate

the hypointense outer annulus fibrosis (AF) and hyperintense 4.20

nucleus pulposis (NP). The inner AF is hyperintense on FIGURE 4.20 Sagittal T2-weighted TSE
T2-weighted images and is indistinguishable from the nucleus image demonstrating thin hypointense lines
pulposis. IEP—inferior endplate, SAS—subarachnoid space, (internuclear clefts) bisecting the nucleus

SEP—superior endplate. pulposis (NP) at multiple levels (arrows).
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LIGAMENTOUS ANATOMY OF THE LUMBAR SPINE

The major ligaments of the lumbar spine include the anterior longitudinal ligament, posterior
longitudinal ligament, ligamenta flava, interspinous ligaments, and supraspinous ligament.

The anterior longitudinal ligament (ALL) is a multilayered structure that measures greater
in transverse dimension in the lumbar segments. The greatest average tensile strength of the
ALL is observed in the lumbar region. A feature that is unique to the lumbar ALL is an increase
in width at the level of the intervertebral discs and decreased width of the intervening space.
The width of the ALL at the disc level gradually increases L1-L5. The anterior to posterior
thickness of the ALL is greatest at the vertebral body levels and thinnest at the intervertebral
disc levels. The ALL is firmly adherent to the anterior superior and inferior endplates,
infrequently adherent to the intervertebral discs, and variably adherent to the central portion
of the vertebral bodies. The lumbar ALL is shown in Figures 4.4s, 4.4u, 4.4y.

The posterior longitudinal ligament (PLL) extends along the dorsal margins of the lumbar
vertebral bodies to the sacrum. The PLL contains two layers, superficial and deep. The
superficial layer forms a ligamentous band that extends multiple levels. The deep fibers
are shorter and extend along the margin of the dorsal annulus. The central band of the PLL
decreases in size L1-L5. The PLL maintains firm attachments to the superior and inferior
endplates in the lumbar spine. There are also firm attachments lateral to the central band
at the level of the intervertebral discs. The PLL doesn’t attach to the central aspect of the
vertebral bodies or the central aspect of the intervertebral discs. The greatest average tensile
strength of the PLL is found in the lumbar region. The imaging features of the lumbar PLL are
shown in Figure 4.21.

The ligamenta flava are found throughout the lumbar segments (Figures 4.22a, 4.22b,
4.40, 44p, and 4.4v). The anterior to posterior thickness of the ligamenta flava is greatest
in the lumbar spine, particularly at L4-L5. The medial aspects of the ligamenta flava are
thicker than the lateral components that form the anterior capsules of the zygapophyseal
joints. The ligamenta flava of the lumbar spine are contiguous at the midline. However, small
discontinuities are found at the medial margins of the ligamenta flava that transmit bridging
veins connecting the posterior internal and external vertebral venous plexuses, like that seen
in the cervical and thoracic segments. Spinal canal diameter decreases with axial loading,
largely due to bulging of the ligamenta flava, with a lesser contribution from bulging of the
intervertebral discs. A reduction in mid-sagittal spinal canal diameter is known to occur in
extension, also largely due to bulging of the ligamenta flava.

The interspinous ligaments extend from the inferior margins of the spinous processes
above to the superior margins of the spinous processes below in the sagittal plane and from
the root to the apex of the spinous processes in the transverse plane. They are composed
of three different components. The anterior component is paired, attaches to the ligamenta
flava on both sides of the midline, and has elastic properties similar to the ligamenta flava.
The fibers of the middle component have an S-shape and project from the anterior superior
margin of the spinous process below to the posterior inferior margin of the spinous process
above. The posterior component is comprised of fiber bundles that attach to the posterior
superior margin of the spinous process and extend superiorly to blend with the supraspinous
ligament. This component may properly be considered part of the supraspinous ligament.
The main function of the interspinous ligaments is restriction of acute flexion.

The supraspinous ligament of the lumbar spine is well-formed in the upper lumbar
segments, but rarely extends caudal to L4. Below L4, it is composed of the intermingled fibers
of the thoracolumbar fascia and the aponeuroses of the longissimus and multifidus muscles.
There are legitimate arguments against the presence of a supraspinous “ligament” in the
lumbar spine that are beyond the scope of this text. The imaging features of the supraspinous
ligament are shown in Figures 4.4r, 4.4s, and 4.4v.

The iliolumbar ligaments (ILL) typically project from the transverse processes of L5 to
the sacrum and iliac crests (Figure 4.4q). However, the ILL can also arise from L4 or S1. Its
attachments are variable in the setting of lumbosacral transitional anatomy. The functions of
the ILL likely include stabilization of the lumbosacral junction and protection of the L5-S1
intervertebral disc from excess wear and tear.

The denticulate ligaments are found within the lumbar segments superior to the conus
medullaris and are absent at the levels of the cauda equina (caudal to T12-L1 or L1-L2). The
lumbar intertransverse ligaments are typically poorly visualized on conventional imaging
examinations and are not discussed here. The meningovertebral ligaments are discussed in
the context of the epidural space.
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FIGURE 4.21 Sagittal T2-weighted TSE image showing the
hypointense posterior longitudinal ligament (PLL) as thickening
over the dorsal margins of the vertebral bodies at the superior
and inferior endplates, with thinning/absence over the
basivertebral veins (BVV). IVD—intervertebral disc.

4.21

4.22a 4.22b

FIGURES 4.22a,b The ligamenta flava (LF) appear as hypointense bands on (a) sagittal and (b) axial T1-weighted images. The
ligamenta flava are positioned just dorsolateral to the triangular interlaminar epidural fat pad (ILEFP) and anteromedial to the
lamina (L). ZJ—zygapophyseal joint.
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ARTERIAL ANATOMY OF THE LUMBAR SPINE

The segmental branches supplying the lumbar segments arise from the longitudinal arteries of
the lumbar spine, which include the aorta, median sacral artery, and occasionally the iliolumbar
arteries (Figure 4.23a). The L1-L4 segmental branches are large in caliber and arise from the dor-
sal margin of the aorta. The L5 segmental branches are smaller in caliber, arise from the dorsal
margin of the median sacral artery or iliolumbar arteries, and are variably present (Figure 4.23b).
The lumbar segmental arteries generally arise from separate ostia on both sides of the midline,
arising from a common origin approximately 10% of the time. In the upper lumbar spine, the
segmental arteries take a slight superior course from their ostia to the vertebral level they sup-
ply. At L3 and L4, the ostia of the segmental arteries arise at the center of their corresponding
vertebral bodies. The lumbar segmental branches course posteriorly along the lateral margins of
the vertebral bodies under tendinous arches forming the origins of the psoas muscles and subse-
quently give off anterior (ventral) and posterior (dorsal) rami (Figures 4.23c).

The anterior rami ultimately supply the abdominal wall. The posterior rami give off
spinal arterial and muscular arterial branches. The muscular branches supply the paraspinal
muscles and posterior elements. The spinal branches course through the intervertebral
foramina and give off anterior and posterior radicular arteries. The radicular arteries may
supply the nerve roots, dura mater, spinal ganglia, spinal cord, or combinations of the above.
In the lumbar spine, one or two radicular arteries contribute to the anterior spinal artery. The
posterior radicular arteries are smaller in size and greater in number. The radicular arteries
can become anterior or posterior radiculomedullary arteries, or both. There is a tendency for
the anterior radiculomedullary arteries to arise on the left side in the lumbar spine, as is the
case in the thoracic spine.

The great radicular artery of Adamkiewicz travels with the L1 or L2 nerve roots in
approximately 10% of the population. The artery of Adamkiewicz typically originates on the
left when it arises in the lumbar segments. In approximately 15% of the population, there is a
high origin of the Adamkiewicz artery (T5-T8). In these cases, an anterior radiculomedullary
artery arising from the lumbar segments is present; called the artery of the conus medullaris. The
artery of Adamkiewicz is discussed in greater detail in Chapter 3.

At the level of the conus medullaris, the anterior and posterior spinal arteries form a
dense anastomotic network that has the appearance of a basket. The artery of the filum
terminale arises from this anastomotic basket and courses along the ventral aspect of the
filum. The portion of the vasa corona located along the dorsal cord surface at the level of
the lumbar enlargement is more prominent than the adjacent thoracic segments, a pattern
that is also observed at the cervical enlargement. The rich arterial supply to the distal cord
and conus is reflected in the central arteries, which are increased in number, larger in caliber,
display greater overlap, and project deeper into the central spinal cord than the cervical and
thoracic regions. The capillary beds within the distal cord and conus are more extensive than
the mid-thoracic spinal cord.

The cauda equina has a dual arterial supply. The ventral roots are supplied proximally by
the vasa corona and radicular branches from the anterior vasa corona (ventral proximal radicular
arteries). They are supplied distally by radicular branches (distal radicular branches). The dorsal
roots are supplied proximally by the vasa corona and radicular branches of the posterior spinal
arteries (dorsal proximal radicular arteries). They are supplied distally by radicular branches
(distal radicular branches). The dorsal distal radicular arteries form a dense plexus around the
dorsal root ganglia. The proximal and distal radicular branches anastomose at the proximal
one-third of the length of the lumbar roots. Special adaptations to a mobile environment with
the lumbosacral roots include numerous arteriovenous anastomoses and arterial coiling. The
arterial pedicles provide approximately one-third of the nutrients required by the lumbosacral
nerve roots. The remaining two-thirds is supplied directly through the CSE.

The blood supply to the lumbar vertebral bodies is complex. The lumbar segmental
arteries give off 10 to 20 primary periosteal arteries that supply the anterolateral walls of the
vertebral bodies superiorly and inferiorly. An arcade of arteries arising from posterior rami of
the lumbar segmental arteries supply the posterior vertebral bodies. Periosteal branches from
the anterior and posterior systems form the metaphyseal anastomosis which supplies the upper
and lower portions of the vertebral bodies. The metaphyseal anastomosis gives off small
caliber penetrating arteries called metaphyseal arteries, which supply wedge shaped territories
that point centrally. Penetrating branches of the lumbar segmental arteries called equatorial
arteries penetrate along the anterolateral margin of the vertebral body and supply the central
aspect of the vertebral body. Perforating branches called nutrient arteries enter the posterior
wall of the vertebral bodies and supply the central aspect of the vertebral body. These two
systems anastomose in the neural foramina.
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FIGURES 4.23a-c 3D surface
reformatted images in the (a) frontal
and (b) lateral projections showing
the main longitudinal arteries of
the lumbar spine, the aorta and the
median sacral artery (MSA). The
L1-L4 lumbar arteries (LA) arise
from the posterior midline of the
aorta and course along the lateral
margins of the vertebral bodies.
The left L5 lumbar artery (LA-MSA)
arises from the median sacral
artery. (c) Axial maximum intensity
projection CT angiographic image
showing the lumbar arteries arising
from the dorsal margin of the aorta
and giving off anterior (AR) and
posterior rami (PR). A small caliber
radiculomedullary artery (RMA)
arises directly from the left lumbar
artery. CIA—common iliac

artery, IMA—inferior mesenteric
artery, SCA—subcostal artery.
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VENOUS ANATOMY OF THE LUMBAR SPINE

The venous drainage of the subaxial lumbar spine, distal cord, and conus is carried out
through a densely interconnected venous network that has intrinsic, extrinsic, and extradural
divisions that are similar in many respects to the subaxial cervical and thoracic spinal levels
(Figures 4.24a-d). However, the system of venous drainage within the lumbar spine has sev-
eral specialized features that reflect to the unique neural anatomy at these levels.

The anterior and posterior radiculomedullary veins drain the spinal cord and spinal
nerve roots and function to connect the extrinsic and extradural systems. The great
anterior radiculomedullary vein (GARV) is the largest vein draining the anterior cord in the
thoracolumbar region. The GARYV typically originates T11-L3 and has a morphology that is
similar to the artery of Adamkiewicz (Figure 4.25). The two vessels can be differentiated by
their location (GARYV is usually lower), morphology (GARYV is usually serpentine), length
(GARV has a longer intradural course), and caliber (GARV has larger diameter). The two
vessels are best differentiated when temporal information is available, such as the information
provided by conventional angiography, time resolved MR angiography, or CT angiography.
The radiculomedullary veins and anterior and posterior external vertebral venous plexuses
drain into the intervertebral veins.

The caliber of the anterior median spinal vein is greatest in the lumbar segments. It
travels with the anterior spinal artery to the conus and usually continues as the vein of the
filum terminale. The anterior medial spinal vein and vein of the filum terminale are usually
well-visualized on post contrast Tl-weighted MR images (Figures 4.24e,f). The venous
drainage of the cauda equina, like the arterial supply, has proximal and distal components.
The distal radicular veins drain into the lumbar veins at the level the corresponding nerve root
exits into the neural foramen. The proximal radicular veins drain into the venous component
of the vasa corona and subsequently into the anterior and posterior longitudinal veins of the
spinal cord.

The venous drainage of the vertebral bodies parallels that of the arterial supply. The
subchondral post-capillary venous network is a group of small caliber veins that are oriented
parallel to the vertebral endplates that drain the capillaries of the subchondral bone. Vertical
veins drain the subchondral post-capillary venous network into a larger venous system that
is also oriented parallel to the vertebral endplate, called the horizontal subarticular collecting
vein system. This system is radially arranged and drains centrally into the vertical veins of the
vertebral body which subsequently drain into the basivertebral veins. The basivertebral veins
drain through a defect in the central and posterior vertebral body into the anterior internal
vertebral venous plexus (Figures 4.24a, 4.24b, 4.24d-f). The periphery of the vertebral body
drains directly into the anterior internal or external vertebral venous plexus.

The anterior and posterior internal and external venous plexuses ultimately drain into
the lumbar segmental veins. The lumbar segmental veins drain into the inferior vena cava
and the left common iliac vein (Figures 4.24b—f).
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4.24c

FIGURES 4.24a—f Post contrast T1-weighted images demonstrating the vertebral venous system. The anterior median spinal vein
(AMSV) typically transitions into the vein of the filum terminale (VFT). AEVP—anterior external vertebral venous plexus, AIVP—
anterior internal vertebral venous plexus, ALV—ascending lumbar vein, BVV—basivertebral vein, DRG—dorsal root ganglion,
IVC—inferior vena cava, IVV—intervertebral vein, LV—lumbar vein, PEVP—posterior external vertebral venous plexus, PIVP—

posterior internal vertebral venous plexus, PMSV—posterior median spinal vein.

(continued)
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4.24e 4.24f

FIGURES 4.24e,f (Continued) ALV—ascending lumbar vein, AMSV—anterior median spinal vein, BVV—basivertebral vein,
CIV— common iliac vein, IVC—inferior vena cava, LV—lumbar vein, PEVP—posterior external vertebral venous plexus, PMSV—
posterior median spinal vein, VFT—vein of the filum terminale.

FIGURE 4.25 The great anterior radiculomedullary
vein (GARV) and anterior median spinal vein
(white arrow) are displayed in a coronal reformatted
CT angiographic image. Although similar in
appearance to the artery of Adamkiewicz, the
GARYV (arrowheads) is tortuous, arises from lower
segments (L1 in this patient), is larger in caliber, and
has a longer intradural course.

4.25
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MENINGES AND SPACES OF THE LUMBAR SPINE

The basic features of the meninges (pia, arachnoid, dura) and spaces (subpial, “subdural”,
subarachnoid, epidural) of the lumbar spine are similar to those of the cervical and thoracic
spine. However, there are notable differences that will be discussed in this section.

The pia mater of the distal cord and conus medullaris is tightly adherent to the cord
parenchyma, like the pia of the cervical and thoracic spinal cord. The pia extends caudal to
the conus tip adherent to a filamentous bluish structure made up of glial and ependymal
cells called the filum terminale. The filum terminale has two components, the filum terminale
internum and the filum terminale externum. The filum terminale internum extends from the
conus medullaris to the fundus of the thecal sac at the S2 level. The filum exits the thecal
sac and carries with it arachnoid and dura mater, forming the filum terminale externum or
coccygeal ligament as it courses along the dorsum of the coccyx.

The subarachnoid spaces of the lumbar spine differ from the cervical and lumbar regions.
The distal spinal cord, conus, and cauda equina are more posteriorly located within the thecal
sac. As aresult, the ventral subarachnoid space is more prominent than the dorsal subarachnoid
space at the level of the distal cord and conus medullaris. The lateral subarachnoid spaces T9-
L1 are relatively more restricted due to the lumbar enlargement (discussed in the following).
Caudal to the conus medullaris, the primary occupants of the subarachnoid space are the
roots of the cauda equina which results in a large subarachnoid space that is called the lumbar
cistern. The lumbar cistern is accessed via the interlaminar spaces between L2-1.3 and L5-51.
Using traditional surface anatomic landmarks (iliac crests), the lumbar cistern is typically
accessed at L4-L5 from a midline approach. Using fluoroscopy, the lumbar cistern is typically
accessed at L2-L3 or L3-L4 (Figures 4.26a, 4.26b). The relatively scant innervation of the
dorsal thecal sac by the sinuvertebral nerves is an additional anatomic feature that makes CSF
sampling within the lumbar cistern optimal.

As stated previously, the ventral and dorsal roots converge at the lateral margin of the
thecal sac and exit the spinal canal through dural sleeves. The length of the dural sleeves
is very short L1 and L2, due to the fact that these nerve roots exit into the intervertebral
foramina near directly laterally. The dural sleeves are progressively longer L3-L5 and their
obliquity, in degrees from the mid-sagittal plane, progressively decreases. That is, the lower
lumbar nerve roots are progressively angled inferiorly (Figures 4.27a—c).

A number of dural sleeve variants have been described in the lumbar segments. The most
commonly identified variant on imaging examinations is two adjacent nerve roots sharing
a common dural sleeve, referred to as conjoined nerve roots. Conjoined nerve roots are most
commonly observed on imaging studies at L5-51. Conjoined nerve roots are discussed in
more detail in Chapter 5. Other dural sleeve variants include intraforaminal communicating
branches and the presence of two spinal nerves with their own dural sleeves exiting the same
intervertebral foramen. Dural root sleeve variants are frequently unrecognized on imaging
studies and may raise the level of difficulty of surgical procedures. The last two dural sleeve
variants are generally not well demonstrated on imaging examinations.

The dorsal epidural fat pads in the lumbar spine are more prominent than the thoracic
fat pads. The lumbar dorsal epidural fat pads have the shape of an isosceles triangle in the
transverse plane, with the vertex oriented posteriorly and a base that abuts the dorsal margin
of the thecal sac and may assume the shape of the thecal sac or display an anterior convexity.
In the sagittal plane, the dorsal epidural fat pads have a flat anterior margin that forms to the
thecal sac and a rounded posterior margin that forms to the ligamenta flava (Figures 4.40, 4.4p,
4.4q,4.4s,4.4x, 4.4y). It is common to see a thin ventral epidural fat pad at L5 that is continuous
with the lateral fat pads that project into the intervertebral foramina (Figures 4.4x, 4.4y).

The microscopic features and structure of the lumbar dorsal epidural fat pad differ
from that of subcutaneous fat. The dorsal epidural fat pads of the lumbar spine consist of
homogeneous adipocytes, sparse connective tissue, and “slits” that seem to confer sliding
motion capabilities. Patients with congenital generalized lipodystrophy retain epidural fat
stores. Further, a clear relationship between various metabolic conditions that increase central
and truncal fat stores and epidural lipomatosis has not been made. Together, these findings
imply that epidural fat has mechanical functions and limited or no metabolic function.
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4.26a 4.26b

FIGURES 4.26a,b Image guided access to the lumbar cistern (LC). (a) Fluoroscopically-guided interlaminar approach to the
subarachnoid space. The oblique approach is used in order to avoid contact with the spinous processes (arrows). The needle is
viewed en face (arrowhead). (b) The interlaminar spaces (ILS) are typically well visualized with CT. The needle (arrowheads)
can be seen traversing the ILS (arrow).

FIGURES 4.27a-c (a)
Curved reformatted images
from a CT myelogram
showing the near lateral
orientation of the L1 (L1 NR)
and L2 nerve roots (L2 NR)
as they pass through the
dural sleeves. The roots

of the cauda equina (CE)
have a regular arrangement
within the lumbar cistern
(LC). Note the position

of the exiting nerve roots
under the pedicle (P). The
L1 segment in this patient
had hypoplastic ribs (R).

(b) Curved reformatted CT
image from a CT myelogram
and (c) coronal volumetric
isotropic TSE acquisition
(VISTA) MR image
showing the increasingly
vertical orientation of the
dural sleeves (arrows in

b, arrowheads in c) from
craniad to caudad in the
lumbar spine. CM—conus
4.27a medullaris, DRG—dorsal
root ganglia.

(continued)
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4.27b 4.27c
FIGURES 4.27b,c  (Continued) P—pedicle, S—sacrum.

Therapeutic lumbar epidural injections are performed via two primary approaches,
interlaminar and transforaminal. The interlaminar epidural injection is generally performed
from a posterolateral oblique approach, similar to the approach for fluoroscopically guided
access to the lumbar cistern. There are several different techniques that are used, many
of which take advantage of the negative pressure within the lumbar epidural space that
produces a loss of resistance to light forward pressure on the plunger of the syringe when
the epidural space is encountered by the needle tip. An epidurogram can be obtained
simultaneous to the sensation of a loss of resistance, if contrast is hooked up to the needle
hub during needle advancement into the epidural space. The selective nerve root block and
transforaminal epidural steroid injection are both performed from a posterolateral oblique
approach, with transforaminal epidural access performed from a slightly more lateral
approach. On fluoroscopy, the target is the 6 o’clock position under the Scotty dog eye.
All three techniques are typically performed with fluoroscopic or CT guidance, although
other imaging modalities have been employed. Examples of these techniques are shown in
Figures 4.28a, 4.28b, 4.18a, 4.18b.

The thecal sac has relatively more connective tissue attachments to the bony spinal canal
in the lumbar spine than the cervical and thoracic spine. These connective tissue attachments
have been given a variety of names, but will be referred to in this text as the meningovertebral
ligaments. These fibroelastic bands attach the outer margin of the dural sac to the periosteum
of the bony canal elements. They are present early in development (11 weeks gestation) and
are variable in number, position, and morphology. The meningovertebral ligaments frequently
compartmentalize the epidural space, and may explain a variety of thecal sac configurations.
This compartmentalization may result in barriers to the spread of Medications administered
to the epidural space or result in suboptimal epidural catheter placement. Meningovertebral
ligaments within the ventral epidural space at the midline attach to the posterior longitudinal
ligament and may act as a barrier that prevents extension of extruded disc material across
the midline. Lateral meningovertebral ligaments project into the lateral recesses and neural
foramina. Failure to recognize the meningovertebral ligaments during surgical interventions
may lead to inadvertent CSF leaks or epidural hemorrhage.
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4.28a 4.28b

FIGURES 4.28a,b (a) Posterior oblique approach fluoroscopically guided interlaminar epidural steroid injection. The needle is
advanced to the edge of the upper lamina and the c-arm is rotated to a (b) lateral oblique orientation. The needle is deflected under
the upper lamina (L) and advanced to the epidural space. A loss of resistance is experienced and iodinated contrast is simultaneously
injected to confirm needle position (black arrowhead). A steroid admixture is subsequently injected. IVDS—intervertebral disc space,
P—pedicle, SP—spinous process.
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NEURAL ANATOMY OF THE LUMBAR SPINE

There is a mild increase in the transverse diameter of the spinal cord T9-L1 that is referred
to as the lumbar enlargement. This enlargement is typically not perceptible on axial or sagit-
tal image series and is best demonstrated in the coronal plane (Figure 4.27a). The lumbar
enlargement corresponds to an increase in gray matter associated with the lumbar and sacral
plexuses (L1-54 spinal nerves). The lumbar, sacral, and coccygeal segmental levels of the cord
are positioned from T10 to L1.

The distal-most aspect of the spinal cord tapers to a point, called the conus medullaris
(Figures 4.4u-w, 4.27a). The position of the conus medullaris is usually L1-L2, varying in
a normal distribution (range T12-L3). If the conus medullaris is positioned below L3, it is
generally agreed to be abnormal. A conus position at L3 is indeterminate and may require
additional evaluation for cord tethering. The tip of the conus is most commonly centrally
located (50%), but can also be dorsally (30%), or ventrally deviated (14%).

The ventriculus terminalis is a normal ependyma-lined cavity within the conus that is
contiguous with the central canal of the spinal cord. The ventriculus terminalis is generally not
visible on conventional imaging studies. Occasionally, there is focal, smooth dilatation of the
ventriculus terminalis that can be visualized on imaging studies (Figure 4.29). It is considered a
benign finding if the patient is asymptomatic, the conus is normally positioned, the surrounding
cord is normal, and the fluid contained within follows CSF on all pulse sequences.

The cauda equina is comprised of the L2-L5 and 51-55 nerve roots. The L2-55 nerve roots
are regularly arranged in layers within invaginations of the arachnoid mater. The nerve roots
that will exit through the more rostral vertebrae are positioned ventrolaterally. The nerve
roots that will successively exit from the more caudal vertebrae are positioned in sequential
order from ventrolaterally to dorsomedially. The lumbar nerve roots increase in caliber and
length L1-L5. The lumbar dorsal root ganglia increase in size L1-L5 and are nearly always
positioned within the neural foramina (Figure 4.30).

The S52-S5 roots maintain a dorsomedial position within the lumbar cistern from L2-L.3 to
L4-L5. At the L5-51 level, the S1 roots are engaged to exit along the ventrolateral aspect of the
lumbar cistern. The S2-54 roots are arranged in order from ventrolateral to dorsomedial. The
motor roots of each segment are located ventromedial to the sensory roots and are smaller in
caliber than the sensory roots (Figure 4.31). The S1 nerve roots are shorter in length than the
L4 and L5 nerve roots due to the fact that the S1 dorsal root ganglia are usually located within
the spinal canal.

There is a progressive decrease in the size of the dorsal root entry zones (linea radocularis
dorsalis) from craniad to caudad S1-S5. This corresponds to a gradual decrease in the number
of rootlets contributing to the dorsal roots. Typically, one to two rootlets contribute to the
ventral roots S1-54. The S5 ventral roots are variably present. There is a progressive decrease
in the caliber and cross sectional area of the ventral and dorsal nerve roots S1-S5. The dorsal
roots are larger in caliber and cross sectional area than the ventral roots.

It is common (20%) to encounter small caliber rootlets connecting the roots of adjacent
segments along their intradural course. These small caliber anastomoses are commonly
encountered and can be simple rami or more complex configurations. These intersegmental
anastomoses are more commonly observed in the dorsal roots. Anastomoses between ventral
and dorsal roots are uncommon, if they occur at all.

The filum terminale internum extends from the conus tip to the fundus of the thecal sac
(Figure 4.31). It progressively decreases in diameter from the level of the conus tip to the
distal thecal sac. The filum terminale internum should generally not exceed 2 mm in diameter.
Occasionally, fibrolipoma of the filum terminale internum is visualized on axial or sagittal MR
images as linear T1 hyperintense signal (Figures 4.32a, 4.32b). This falls on the mild end of the
spectrum of premature disjunction abnormalities and is typically clinically benign.

Ultrasound of the lumbar spine is possible in infants prior to ossification of the posterior
elements. The quality of spinal ultrasound decreases progressively after 3 to 4 months of
age and is generally not possible after 6 months of age due to ossification of the posterior
elements. The spinal cord is hypoechoic and has a hyperechoic periphery. The walls of the
central canal of the spinal cord are also hyperechoic, termed the central echo complex. The spinal
cord is normally located one-third to one-half of the distance from the posterior spinal line
to the spinolaminar line. The CSF within the subarachnoid space is hypoechoic to anechoic.
The roots of the cauda equina and filum terminale are also hyperechoic and display normal
phasicity during the cardiac cycle, which can be viewed in real-time ultrasound cine loops.
On axial ultrasound imaging, the denticulate ligaments are visualized as thin, hyperechoic
structures projecting laterally from the cord to the dura. The ultrasound features of the lumbar
spine on ultrasound are displayed in Figures 4.33a, 4.33b.
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FIGURE 4.29 The ventriculus
terminalis is visualized on
axial T2-weighted TSE images
as smooth enlargement of the
central canal of the spinal cord
(arrow).

distal cord/conus
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FIGURE 4.30 Parasagittal fat saturated post contrast T1-weighted

image showing the increase in the size of the lumbar dorsal root orderly arrangement of the S1-S3 cauda equina (CE) roots
ganglia (DRG) L1-L5 and location within the neural foramina. The (S1 NR to S3 NR). DRG—dorsal root ganglia, FT—filum
51 dorsal root ganglion (51 DRG) is located within the spinal canal. terminale, NR—nerve roots.

FIGURE 4.31 Axial T2-weighted TSE image showing the
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4.32a 4.32b

FIGURES 4.32a,b (a) Sagittal and (b) axial T1-weighted images demonstrate linear hyperintense signal along the course of the
filum terminale (arrows), consistent with fibrolipoma of the filum terminale.

4.33a

FIGURES 4.33a,b (a) Sagittal and (b) axial ultrasound image of the lumbar spine at the level
of the conus medullaris (CM). The spinal cord on ultrasound appears as an ovoid hypoechoic
structure with a central echogenic complex that represents the central canal (CC) of the spinal
cord. The CM is surrounded by echogenic nerve roots (NR). The nonossified spinous process
(SP) is hypoechoic and allows a window into the spinal canal. The lamina (L) are ossified and
create shadowing along the lateral margins of the spinal canal. The vertebral body (VB) or
centrum (C) is hyperechoic and located ventral to the spinal canal. [IVD—intervertebral disc.

(continued)
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4.33b

FIGURE 4.33b (continued) C—centrum, CC—central canal, CM—conus medullaris,
L—lamina, NR—nerve root, SP—spinous process.
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GALLERY OF ANATOMIC VARIANTS AND VARIOUS CONGENITAL ANOMALIES

IMAGE 1 Large field
of view gradient echo
image obtained for
counting vertebrae
shows a patient

with 7 cervical, 12
thoracic, and 4 mobile
presacral segments.
The L5 vertebra is
incorporated into the
sacrum (“sacralized”).

IMAGE 2 Large field
of view T2-weighted
image of the whole
spine demonstrates 7
cervical, 12 thoracic,
and 6 mobile presacral
segments. The S1
segment is not
incorporated into the
sacrum (“lumbarized”).

IMAGES 3a,b

(a) Sagittal reformatted
CT image demonstrating
partial fusion of the

L4 and L5 vertebral
bodies (arrowhead)
and spinous processes
(arrows). (b) Sagittal
T2-weighted TSE image
displaying partial
fusion of the L2 and L3
vertebral bodies and

a rudimentary L2-L3
intervertebral disc
(arrow).
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L

IMAGE 4 Sagittal reformatted CT image shows complete fusion IMAGE 5 Lateral plain film of the lumbar spine

of the L3 and L4 vertebral bodies (arrowhead). The fusion block is displays a limbus vertebra at the L4 anterior superior
slightly angled, resulting in angulation of the L3 and L4 spinous endplate (arrow). The limbus vertebra is thought to
processes (arrows). result from herniation of intervertebral disc (IVD)

between the centrum (C) and ring apophysis, with
resultant nonfusion.

- "_‘_‘,_'
IMAGE 6 Sagittal T1-weighted TSE image demonstrating IMAGE 7 Axial image from a CT myelogram shows large
a limbus vertebra along the anterior superior endplate of venous channels (VC) draining to the basivertebral vein (BVV).

L5 (arrow). Venous channels may mimic fractures in certain situations.
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IMAGE 8 Axial CT image showing a bony spur (arrowhead) projecting IMAGE 9 Sagittal reformatted CT image displaying
dorsally from the basivertebral vein (arrow). a hypoplastic, nonfused L5 pedicle (arrow).

IMAGE 10 Sagittal T2-weighted TSE image shows absence IMAGE 11 An L2 pars interarticularis (PI) defect
of the L3 pedicle (asterisk) and broadening of the L2 pedicle (arrow) is displayed on a sagittal reformatted
(arrow). CT image.




CHAPTER 4 THE LUMBARSPINE 219

IMAGE 12 Posterolateral oblique plain film of the lumbar spine
demonstrates an L5 pars interarticularis defect (PI-D). The pedicle (P) forms
the “eye” of the Scotty dog, the superior articular process (SAP) the “ear”, the
transverse process (TP) the nose, the pars interarticularis (PI) the “neck”, the
inferior articular process (IAP) the “front paw”, and the lamina (L) forms the

//bodyn .

13a 13b

IMAGES 13a,b (a) Sagittal reformatted CT image displaying a L5 pars interarticularis (PI) defect (arrow). (b) Axial CT image
showing bilateral L5 PI defects (arrows). PI defects are most commonly found at L5.
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IMAGE 14 Sagittal T2-weighted TSE image showing a
unilateral L5 pars interarticularis (PI) defect (arrow).

15b

IMAGES 15a-c (a) Sagittal T2-weighted TSE image demonstrating a vertically oriented, anteriorly angled L3 superior articular
process (SAP). The adjacent L2-L3 zygapophyseal joint (Z]) is degenerated out of proportion to the adjacent Z]Js (arrow). (b) Axial
T2-weighted image from the same patient better demonstrates the anterior displacement and rotation of the SAP (arrowhead) and
an ipsilateral hypoplastic pedicle (arrow). (c) Plain film from the same patient showing the same anomalous SAP (arrow).
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16a 16b

IMAGES 16a,b (a) Axial CT image showing a dysplastic right lamina and right inferior articular process (d-IAP). (b) Sagittal
CT image shows the dysplastic, nonfused inferior articular process (arrow). C—centrum, IAP—inferior articular process,
SAP—superior articular process

IMAGE 17 Nonfused left transverse process (arrow) on an axial IMAGE 18 The appearance of the nonfused right
CT image. transverse process (arrow) on an axial T2-weighted
TSE image.
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IMAGE 20 Facet tropism: The left zygapophyseal joint
(short arrow) is more coronally oriented than the right
zygapophyseal joint (long arrow).

IMAGE 19 Structures that are intermediate in morphology
between transverse processes and ribs at L1 (arrows).

IMAGE 22 Axial CT image shows a nonfused right mammillary process

displaying an ossicle (arrow) at the tip of the right L4 (arrow). The typical appearance of the mammillary process is seen on the
inferior articular process (IAP), occasionally referred left (arrowhead). IAP—inferior articular process, SAP—superior articular

to as the “Oppenheimer ossicle.” SAP—superior process.
articular process, ZJ—zygapophyseal joint.

IMAGE 21 Coronal reformatted CT image
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23a 23b

IMAGES 23a,b (a) Sagittal and (b) axial CT images showing the right L5-S1 zygapophyseal joint formed by dysplastic superior
(SAP) and inferior articular processes and facets (IAP). There is a triangular ossicle located along its posterolateral margin (arrow).
The left zygapophyseal joint is oriented in the coronal plane (arrowhead).

24a 24b

IMAGES 24a,b (a) Axial and (b) coronal CT images demonstrating a small ossicle (arrow) associated with the superior articular
process (SAP). IAP—inferior articular process.
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IMAGE 25 Sagittal reformatted CT image displaying partially
fused (arrowheads) and nonfused (arrow) spinous process
secondary ossification centers in a 45-year-old male. Partial
fusion of the ring apophyses (RA) is visible at multiple levels.

IMAGE 26 Axial CT image shows prominent, elongated IMAGE 27 Axial CT image demonstrating an elongated accessory
mammillary processes (arrows). process on the left (arrow) and the subtle dorsal bump (arrowhead)
that is the typical appearance of the accessory process.
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28a

28b

IMAGES 28a,b (a) Sagittal and (b) axial images show a bifid L5
spinous process (arrows).
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29a

29b

IMAGES 29a,b Consecutive (a = superior, b = inferior) T2-weighted TSE
axial images demonstrating common right L5 and S1 dural sleeves, resulting
in close approximation of the right L5 (L5 NR) and S1 (S1 NR) nerve roots
within the subarticular recess. The typical configuration of the L5 and S1
nerve roots is present on the left. The transiting S2 nerve roots (52 NR) and
53 nerve roots (S3 NR) are seen posteromedially. DRG—dorsal root ganglion,
FT—filum terminale.
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disc P
extrusion

LS NR\\

*

IMAGE 30 Coronal curved reformatted CT
myelogram displays common right L5 and S1 dural
sleeves (*) and contiguity of the L5 (L5 NR) and S1
nerve roots (51 NR). The typical configuration is seen
on the left. An extruded disc mildly deviates the right
L5 and S1 nerve roots. P—pedicle.

common
origin

IMAGE 31 Axial maximum intensity projection image from a CT
angiogram displays a common origin of the left and right lumbar
arteries from the aorta, a common anatomic variant. LA—lumbar artery.
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32c 32d

IMAGES 32a-d Coronal (a), sagittal (b), and axial (c) T2-weighted TSE images showing smooth prominence of the central canal
of the spinal cord within the distal cord and conus medullaris (CM), the typical appearance of the ventriculus terminalis (VT).
(d) Axial ultrasound image showing the ventriculus terminalis. CE—cauda equine.
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1 he complex structure of the sacrum reflects its multiple functions, including: allowing

for bidirectional axial load shifting between the upper body and the lower extremities,
formation and stabilization of the pelvic girdle, protection and transmission of the sacral
spinal nerves, and serving as an origin or attachment site for several lower extremity muscles.
The varied articulations of the sacrum include an amphiarthrodial (symphyseal) joint with
the coccyx below, fibrous and synovial joints with the iliac bones bilaterally, discovertebral
and zygapophyseal joints with the lumbar spine above.
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DEVELOPMENTAL ANATOMY OF THE SACRUM AND COCCYX

The sacrum is made up of five segments that are each formed from five primary ossification
centers: a centrum, two neural arches, and two costal processes located lateral to the centrum
(Figure 5.1). Sacral secondary ossification centers include the ring apophyses, transverse pro-
cesses, spinous processes, mamillary processes, anterior and posterior costal epiphyses. The
sacral secondary ossification centers range in number from 35 to 37.

The presence or absence of the primary and secondary ossification centers varies according
to vertebral level in the sacrum. The primary ossification centers forming the costal processes
are absent at S5 and variably present at S4 (Figure 5.2). The secondary ossification centers of
the transverse processes are variably present at S4. The secondary ossification centers of the
costal epiphyses form anteriorly at S1-54 and posteriorly S1-52. The secondary ossification
centers of the spinous processes only develop from S1 to S3. The secondary ossification
centers forming the mamillary processes only develop at S1.

All primary ossification centers are present at birth and are fused by the age of 6 years,
except for the laminae which fuse between 7 and 15 years of age. Nonfusion of the S1 laminae is

FIGURE 5.1 Axial CT image
showing the sacral primary
ossification centers. C—centrum,
CP—costal process, [—ilium,
NA-—neural arch.

FIGURE 5.2 Surface rendered
reformatted CT image
demonstrating absence of the costal
process (CP) ossification centers

at 54 and S5 in this newborn baby.
[—ilium, NA—neural arches.
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a commonly observed variant (Figure 5.3). Fusion of the sacral vertebral bodies proceeds from
caudal to rostral, beginning at age 17 to 18 years and complete by 25 years (Figures 5.4a—c). There
is significant asymmetry in the timing of fusion of the primary and secondary ossification
centers that can simulate fractures and other pathology. Complete fusion of the secondary
ossification centers is not achieved until the end of the third decade.

At birth, the spine has a dorsal convex C-shape. The thoracic and sacral kyphotic curves
are considered to be the primary curves of the spine. As the child assumes an upright posture,
ambulates, and sleeps in the supine position, the sacral promontory rotates anteroinferiorly,

FIGURE 5.3 Axial CT image displaying nonfused S1
neural arches.

5.4a

FIGURES 5.4a-c (a) Surface rendered reformatted CT images at various ages. The rows include axial (top), AP (middle), and
posterior (bottom) projections, from left to right: newborn, 2 months, 6 months, 1 year, and 2 years. (b) Surface rendered reformatted
CT images at various ages (continued). The rows include axial (top), posterior (middle), and AP (bottom) projections, from left to
right: 3 years, 4 years, 5 years, 6 years, and 7 years. (c) Surface rendered reformatted CT images at various ages (continued). The
rows include axial (top), posterior (middle), and AP (bottom) projections, from left to right: 8 years, 9 years, 10 years, and 11 years.

(continued)
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5.4c
FIGURES 5.4b,c
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5.5

FIGURE 5.5 Ferguson’s lumbosacral angle is formed by a line drawn across
the superior margin of S1 and the horizontal.

the sacral kyphosis increases, and the lumbosacral angle increases to an average of 41°
(standard deviation 7.68°) in adulthood. The lumbosacral angle is demonstrated in Figure 5.5.

The sacroiliac joints form by the 7th month of gestation. At birth the sacroiliac joints are
flat and oriented to the long axis of the spine. The adult curvature of the sacroiliac joints is
formed with the assumption of upright posture and ambulation.

The ossification sequence of the coccygeal segments is not completely understood. The
coccygeal segments likely develop from their own primary ossification centers. However, the
cornua of the Cx1 segment may arise from its own ossification center. The Cx1 ossification
center is visible within the first post natal year, Cx2 between 3 and 6 years, Cx3 at 10 years,
and Cx4 at puberty. The adult configuration of the coccyx takes shape in puberty.

OSTEOLOGY OF THE SACRUM

The adult sacrum is typically made up of five-fused vertebral segments that progressively
decrease in size S1-55, resulting in a triangular shape when viewed in the coronal plane
(Figure 5.6). There are five surfaces of the sacrum, including the base, apex, dorsal, pelvic,
and lateral surfaces.

The cephalad surface of the S1 segment is called the base of the sacrum (Figure 5.7). In the
center of the sacral base is the ovoid articular surface upon which the L5-S1 intervertebral
disc attaches. There is a bony ridge along the anterior margin of the ovoid articular surface
that is called the sacral promontory, which marks the border of the pelvic inlet. The triangular
sacral spinal canal is located immediately posterior the intervertebral articular surface that
extends throughout the sacrum. The S1 superior articular processes arise along the lateral
margins of the sacral canal. There are shallow notches along the lateral margins of the S1
superior articular processes that mark the position of the posterior rami of L5. The laminae
and spinous process form the remainder of the sacral arch. The rudimentary spinous process
forms a small, dorsally projecting ridge called the spinous tubercle. There are wing-like bony
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S1 SAP SacC

5.6 5.7
FIGURE 5.6 Curved reformat coronal CT FIGURE 5.7 The base of the sacrum. ala—sacral ala, I—ilium, L—lamina,
image displaying the triangular shape of the P—pedicle, SAP—superior articular process, SacC—sacral canal, SEP—
sacrum, with the broad base superiorly and apex superior endplate, SIJ—sacroiliac joint, SPr—sacral promontory, ST—spinous
inferiorly. C—centrum, IVDS—intervertebral disc tubercle.

space, SF—sacral foramina, SIJ—sacroiliac joint.

projections from the S1 vertebral body on both sides that are fusion masses of the costal and
transverse processes, the sacral alae. The medial margins of the S1 pedicles are the lateral
margin of the S1 sacral foramina. The lateral margins of the S1 pedicles have not yet been
defined. The large size of the S1 pedicles makes them an ideal site for pedicle screw insertion
when stabilizing the lumbosacral junction from a posterior approach (Figure 5.8). The apex of
the sacrum is formed by an oval facet that articulates with the coccyx.

The dorsal surface of the sacrum has a posterior convex curvature (Figure 5.9). There are
three to four tubercles at the midline that represent rudimentary spinous processes, most
prominent at S1. These tubercles are incorporated into an irregular ridge of bone that is called
the median sacral crest. The laminae fuse at all levels, except S4 and S5. The nonfused laminae at
54 or S5 form a small inverted U-shaped aperture called the sacral hiatus. The apex of the sacral
hiatus is located along is rostral margin. The lateral margins of the sacral hiatus are formed by
the sacral cornua, which are the remnants of the S5 inferior articular processes that articulate with
the coccyx. Variations of the sacral hiatus include closure of the sacral canal (3%), absent sacral
hiatus (4%), bony septum (2%), and complete agenesis or spina bifida (1%). The sacral hiatus is
a potential point of access to the sacral epidural space (see Meninges and Spaces of the Lumbar
Spine section). The intermediate sacral crest is a small-bony ridge located just lateral to the fused
laminae that represents the fused articular processes. The posterior sacral foramina (51-54) are
located just lateral to the intermediate sacral crests. Lateral to the posterior sacral foramina are
irregular ridges of bone formed by tubercles that arise from the fused sacral transverse processes,
called the lateral sacral crests. The erector spinae and multifidis muscles have broad origins that
include a large area spanning from the median sacral crests to the lateral sacral crests.

The pelvic or ventral surface of the sacrum is concave in the sagittal and transverse planes,
forming a dorsal convex bowl (Figure 5.10). There are four horizontally oriented transverse ridges
that correspond to the fused intervertebral fibrocartilages S1-S2 to S4-S5. The medial aspect of
the pelvic surface is comprised of the fused S1-S5 vertebral bodies and is smooth in comparison
to the dorsal surface. The sacral vertebral bodies decrease in height and width from superior
to inferior, contributing to the triangular shape of the sacrum. Immediately lateral to the sacral
vertebral bodies are the S1-54 anterior sacral foramina. Lateral to the sacral foramina, the costal
elements and transverse processes are fused into lateral masses. On plain radiographs, the
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FIGURE 5.8 Axial reformatted
image demonstrating large caliber
bilateral S1 screws (arrows).

5.9 5.10
FIGURE 5.9 The dorsal surface of the sacrum. AurS—auricular surface, FIGURE 5.10 The ventral or pelvic surface of the sacrum.
CCo—coccygeal cornua, DSF—dorsal sacral foramina, IAP—inferior ala—(sacral) ala, apex—(sacral) apex, ILA—inferolateral
articular process, ILA—inferolateral angle, LSC—lateral sacral crest, angle, LM—Ilateral mass, SPr—sacral promontory,
MSC—median sacral crest, SAP—superior articular process, SCo—sacral =~ TPC—transverse process of coccyx, TR—transverse
cornua, SH—sacral hiatus, TP—transverse process. ridges, VSF—ventral sacral foramina.

inferior margins of the upper two to three costal elements form smooth arcuate lines, asymmetry
of which can be a clue of sacral fractures or other pathology (Figure 5.11). The iliacus muscles
attach to the S1 lateral masses. The piriformis muscles attach to the lateral masses from S1-52 to
S3-54.

The lateral surface of the sacrum is C-shaped in accordance with the sacral kyphosis and
tapers in the AP dimension from superior to inferior (Figure 5.12). There is a large, ear- or
L-shaped auricular surface superiorly that is lined with cartilage and articulates with the
ilium, forming the cartilaginous portion of the sacroiliac joint. The auricular surfaces are
more posteriorly positioned in females, shifting the center of gravity posterior to the axis of
support. Immediately posterior and superior to the auricular surface is an irregular, rough
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surface that forms an attachment site for the interosseous sacroiliac ligament and posterior
sacroiliac ligament, called the sacral tuberosity. Inferior to the auricular surface, the lateral
surface is thin and tapers progressively to the inferior lateral angle. The gluteus maximus and
coccygeus muscles attach along the inferior lateral angles. The sacrospinous and sacrotuberous
ligaments attach along the dorsal margins of the inferior lateral angles.

_ FIGURE 5.11 AP radiograph of the sacrum.

L3X% NS A AR ] The inferior margins of the upper 2-3 costal
L5-S1 ILS : = elements form the arcuate lines. ala—sacral ala,
. ILA—inferolateral angle, MSC—median sacral crest,
SH—sacral hiatus, SI]—sacroiliac joint, SP—spinous
process, TP—transverse process, VSF—ventral sacral
foramen.

coccyx

5.11

FIGURE 5.12 The lateral
surface of the sacrum.
AurS—auricular surface,
CCo—coccygeal cornua,
IVD—intervertebral disc,
LSC—Ilateral sacral crest,
MSC—median sacral
crest, SCo—sacral cornua,
SPr—sacral promontory,
ST—sacral tuberosity.

5.12
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THE SACRAL FORAMINA

The arrangement of the spinal canal and neural foramen within the sacrum is unlike that
found in the rest of the spine. Outside of the sacral spine, the spinal nerves exit the neural
foramina and give off anterior and posterior primary rami. Within the sacrum, there is a net-
work of interconnected osseous channels that house the sacral nerve roots and the primary
rami (Figures 5.13a-m).

B AXIAL CT IMAGES FROM SUPERIOR (FIGURE 5.13a)-INFERIOR (FIGURE 5.13f)

$1 VSF

5.13a 5.13b

5.13c 5.13d

FIGURES 5.13a-m  Axial CT images from superior (a) to inferior (f) and axial T1-weighted turbo spin echo (TSE) images angled
with the long axis of the sacrum from superior (g) to inferior (m).

KEY
DSF dorsal sacral foramen MSC median sacral crest SIJ sacroiliac joint
I ilium SacC sacral canal VSF ventral sacral foramen

(continued)
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5.13e 5.13f

B AXIAL T1-WEIGHTED TSE IMAGES FROM SUPERIOR (FIGURE 5.13g)-INFERIOR (FIGURE 5.13m)

FIGURES 5.13e-h

SiJ
KEY
ala sacral ala
1 ilium
DRG dorsal root ganglion
DSF dorsal sacral foramen
L lamina
MSC median sacral crest
NFNA nonfused neural arch
SacC sacral canal
SCo sacral cornua
SH sacral hiatus
SIJ sacroiliac joint
VSF ventral sacral foramen

5.13g

5.13h

(continued)
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FIGURES 5.13i-k

KEY

I ilium

DRG dorsal root ganglion
DSF dorsal sacral foramen
1L lamina

MSC median sacral crest
SacC sacral canal

SIJ sacroiliac joint

VR ventral ramus

VSF ventral sacral foramen

5.13i

SiJ SiJ

/ S2 VSF S$2 VSF

VR

S2VR $2
S$2-S3

e,

5.13]

N\
\83 VSF

12 (continued)
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FIGURES 5.13l,m

KEY

DSF dorsal sacral foramen
LM lateral mass

MSC median sacral crest
SCo sacral cornua

SH sacral hiatus

VSF ventral sacral foramen

5.131

5.13m

There are typically four ventral and four dorsal sacral foramina (S1-54). Rarely, three or
five pairs of sacral foramina may be observed. The ventral foramina are funnel or trumpet
shaped and transmit the ventral rami of the sacral nerves. The dorsal foramina are smaller in
caliber, are more often irregular, and transmit the dorsal rami of the sacral nerves. The anterior
sacral foramina are larger and more regular in shape than the posterior sacral foramina. The
sacral foramina decrease in caliber from S1 to S54.

The ventral foramina are primarily vertically-oriented and course superomedial to
inferolateral (Figures 5.14a,b). This results in an inverted Y-shaped configuration on coronal
images (Figures 5.15a,b). The axes of the S1 and 52 dorsal foramina are oriented anteromedial
to posterolateral in the transverse plane. The S3 and S4 dorsal foramina are also oriented
primarily in the transverse plane, in a more anterior to posterior fashion.

The dorsal foramina of S1 are commonly accessed percutaneously when performing
selective nerve root blocks. The most common imaging modalities employed are fluoroscopy
and CT. Examples of fluoroscopically guided and CT-guided S1 selective nerve root injections
are provided in Figures 5.16a—c.
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<\ FIGURES 5.14a,b Parasagittal
e - (a) CT and (b) T2-weighted TSE
images displaying the sacral
foramina. DSF—dorsal sacral
, . __—L51AP foramen, IAP—inferior articular
‘. . process, [IVD—intervertebral
~ ——1L5-512J
\ disc, IVDS—intervertebral disc
’ weast S1 SAP space, SAP—superior articular
process, SPr—sacral promontory,
VSF—ventral sacral foramen,
Z]—zygapophyseal joint.

L5

-

S2 DSF

S3 DSF

S4 DSF

5.14a

L5-S1 IVD

5.14b
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L5 IAP L5 IAP

L5-S1 ZJ o L5-S1 ZJ

el
S1 SAP\
ala 3

-

S1 VSF S1 VSF

5.15a

FIGURES 5.15a,b (a) Coronal reformatted

CT and (b) coronal T2-weighted TSE images
showing the vertical orientation of S1 ventral
foramina, forming an inverted Y-shape. A right-
sided L4 laminotomy can be seen on the CT
image. ala—sacral ala, I—ilium, IAP—inferior
articular process, SAP—superior articular
process, SacC—sacral canal, SIJ—sacroiliac joint,
VSF—ventral sacral foramen, Z]—zygapophyseal
joint.
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5.16a

5.16¢

5.16b

FIGURES 5.16a-c Image-guided S1 selective nerve

root blocks. (a) Posterior oblique fluoroscopic image
demonstrating the needle (arrow) aimed at the superior
margin of the S1 dorsal foramen. When the needle
contacts the bone along the superior rim of the S1 dorsal
foramen, the C-arm is turned to a lateral position (b) and
the needle (arrowheads) advanced under real time
fluoroscopic guidance to the S1 nerve root. (c) CT-guided
S1 selective nerve root block demonstrates the path

of the needle (arrowheads) through the S1 dorsal
foramen. A small amount of contrast confirms the needle
position (arrow). ala—sacral ala, DSF—dorsal sacral
foramen, I—ilium, IC—iliac crest, IVDS—intervertebral
disc space, SIJ—sacroiliac joint.
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THE L5-S1 ZYGAPOPHYSEAL JOINTS

The S1 superior articular processes project upward from the sacral base along the lateral mar-
gins of the sacral canal (Figures 5.7, 5.15a, and 5.17a-d). The superior articular facets tend
to face posteriorly or posteromedially. The facet surfaces are variably curved and lined by a
thin layer of smooth articular cartilage. The L5-S1 zygapophyseal joints are surrounded by a
fibrous capsule and lubricated by synovial fluid. There are prominent fibrofatty pads along
the superior and inferior recesses of the zygapophyseal joint capsules. The L5-S1 zygapo-
physeal joints are generally smaller, flatter, and more variable in orientation than the other
lumbar levels. They tend to be oriented in the coronal plane, but can be oriented sagittally, or
a combination of orientations.

IVN

L5-S1 IVF _ L5-S1 IVE

S1 SAP

|.5_-51 2{\\\

P
.\\‘-

. § N
~ .’ SVN —
L5 IEP

L5-51 IVD

L5-S1 ILS

LS'S1 IVD L5 SN

ﬂ”""ﬁi__ﬂr— L5 IAP
L5-S1 ZJ
—/""—“—F
~

4 S1SAP

ot

L5-S1 IVF — - L5-51 IVF
f e 14 5'"."_-’-._

_S1DSF

e

5.17c

FIGURES 5.17a-d The anatomy of the L5-S1 zygapophyseal joints displayed on (a) axial CT, (b) sagittal reformatted CT, (c) axial
T2-weighted fast spin echo (FSE), and (d) sagittal T2-weighted FSE images. AC—articular cartilage, DSF—dorsal sacral foramen,
I—ilium, IAF—inferior articular facet, IAP—inferior articular process, IEP—inferior endplate, ILS—interlaminar space,
IVD—intervertebral disc, [VF—intervertebral foramen, [IVN—inferior vertebral notch, L—lamina, P—pedicle, PI—pars interarticularis,
SAF—superior articular facet, SAP—superior articular process, SIJ—sacroiliac joint, SN—spinal nerve, SP—spinous process,
SPr—sacral promontory, SVN—superior vertebral notch, VSF—ventral sacral foramen, Z]—zygapophyseal joint.
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THE SACROILIAC JOINTS

The sacroiliac joints (SIJ) are the largest joints of the axial skeleton and are responsible for
weight transfer from the upper body to the lower extremities. The SIJs have properties of
synarthroses and diarthroses, allowing a small amount of motion that include gliding, nod-
ding, tilting, translation, and rotation. There is a greater degree of SIJ] motion in females and
mobility is increased during pregnancy and the postpartum period.

The SIJs have cartilaginous and ligamentous portions (Figures 5.18a—f). The cartilaginous
portions of the SIJs display features of symphyseal and diarthrodial (synovial) joints. The
superior two-thirds of the cartilaginous portion of the joint are symphyseal and the inferior
one-third is synovial. The SIJ capsule is thin and discontinuous posteriorly. The ligamentous
portion of the SIJ is best classified as a syndesmosis and is located posterior and superior to
the cartilaginous component.

5.18b

5.18a

FIGURES 5.18a-f Multimodality imaging of the sacroiliac
joints. (a) AP radiographic, (b, c) axial CT, (d, e, f) axial
T2-weighted TSE images demonstrating the synovial
(arrowheads) and symphyseal (arrows) components of the
sacroiliac joints. On AP radiographs, the synovial portion of the
joints are located along the inferior 1/3-1/2 of the joint, tend

to be smoother in contour, and more laterally positioned than
the symphyseal portion. On MR, the short-dorsal sacroiliac
ligaments are seen extending from the lateral sacral crest (LSC)
to the posterior iliac crest (PIC) at S1 and S2.

5.18c

(continued)
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FIGURES 5.18d-f (continued) Multimodality
imaging of the sacroiliac joints. (a) AP
radiographic, (b, c¢) axial CT, (d, e, f) axial
T2-weighted TSE images demonstrating

the synovial (arrowheads) and symphyseal
(arrows) components of the sacroiliac joints.
On AP radiographs, the synovial portion of the
joints are located along the inferior 1/3-1/2 of
the joint, tend to be smoother in contour, and
more laterally positioned than the symphyseal
portion. On MR, the short-dorsal sacroiliac
ligaments are seen extending from the lateral
sacral crest (LSC) to the posterior iliac crest
(PIC) at S1 and S2. LSC—Ilateral sacral crest,
PIC—posterior iliac crest, SDSL—short dorsal
sacroiliac ligament.
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The SIJs are primarily stabilized by several ligaments, including: the interosseous
ligaments, anterior and posterior ligaments, and the accessory ligaments (iliolumbar,
sacrospinous, sacrotuberous). The interosseous sacroiliac ligaments (ISL) connect the sacral and
iliac tuberosities at the S1 and S2 levels. The ISLs have broad surfaces of bony attachment,
fill the irregular spaces between the sacrum and ilia superior and posterior to the SIJ, and
are the strongest SIJ supporting ligaments. The anterior sacroiliac ligament is made up of two
thin bands located along the anterior inferior margin of the SIJ capsule. The posterior sacroiliac
ligament has significantly greater tensile strength than the anterior sacroiliac joint and has two
components, short and long. The short components are horizontally oriented and project from
the iliac tuberosities to the S1-S2 transverse tubercles (Figure 5.18e). The long components are
obliquely oriented and attach to the S3-S4 transverse tubercles and posterior superior iliac
spines. The accessory ligaments of the SIJ are discussed in the following. Muscles that assist
in SIJ stability include the gluteus maximus, biceps femoris, piriformis, and latissimus dorsi
through the thoracolumbar fascia.

Therapeutic injections of the sacroiliac joints can be performed with fluoroscopic, CT,
ultrasound, or MR guidance. Most commonly, fluoroscopy or CT are the modalities of choice.
The posterior inferior aspect of the SIJ is targeted and contrast administered to confirm the
intra-articular position of the needle (Figure 5.19). Extravasation of contrast injected into the
SIJ capsule is commonly encountered.

5.19

FIGURE 5.19 CT guided sacroiliac joint steroid injection. The needle (arrow) is advanced into
the synovial portion of the sacroiliac joint (arrowheads) via a posterior approach.

LUMBOSACRAL TRANSITIONAL ANATOMY

Transitional anatomy at the lumbosacral junction and the related issue of segmental number-
ing were discussed in Chapter 4.
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LIGAMENTOUS ANATOMY OF THE SACRUM

The ligamentous structures at the lumbosacral junction include the anterior and posterior
longitudinal ligaments, ligamenta flava, and interspinous ligaments. The accessory ligamen-
tous complex is comprised of the iliolumbar, sacrospinous, and sacrotuberous ligaments. The
ligamentous anatomy of the sacroiliac joints was discussed previously.

The anterior longitudinal ligament (ALL) of the lumbar spine continues uninterrupted
inferiorly to form attachments at the ventral midline the upper sacral vertebral bodies.
The ALL has a broad attachment to the sacral promontory and subsequently decreases in
transverse width as it courses inferiorly. The inferior continuation of the ALL is the anterior
sacrococcygeal ligament. The posterior longitudinal lignment (PLL) is uninterrupted as it
extends along the dorsal margins of the lumbar vertebral bodies to the sacrum. The PLL
attaches to the dorsal midline of the sacral vertebral bodies and continues inferiorly as the
posterior sacrococcygeal ligament. The ligamenta flava at L5-S1 are slightly thinner in the AP
dimension than the adjacent L4-L5 ligamenta flava. The fibers attach to the anterior inferior
margin of the L5 laminae and the posterior superior margin of the S1laminae. The interspinous
ligament at L5-S1 has specialized structural properties that likely act to restrict excessive
acute lumbosacral flexion. The L5-S1 interspinous ligament is thicker than the other lumbar
interspinous ligaments and its fibers are oriented vertically. The L5-51 interspinous ligament
is attached to the median sacral crest below and the inferior margin of the L5 spinous process
above. Ligamentous anatomy at the lumbosacral junction is displayed in Figure 5.20.

The iliolumbar ligaments (ILLs) have been variously described as having two to five
components and varied attachments. In general terms, the ILLs project from the L5 transverse
processes to the sacrum and iliac crests. The superior bands attach to the iliac tuberosities
along the superior margins of the sacroiliac joints (Figure 5.21). The broad inferior bands are
termed the lumbosacral ligaments and attach to the anterosuperomedial aspects of the sacral
alae. The iliolumbar ligaments primarily function to restrict multidirectional movements at
the lumbosacral junction, restrict translational motion at L5-5S1, protect the intervertebral
disc, and assist in stabilizing the sacroiliac joints.

The sacrospinous ligaments extend from the lateral margin of the sacrum and coccyx to
the ischial spine. They are triangular in shape, with the base at the sacrum and coccyx and the
apex at the ischial spine. Rather than true ligaments, they are tendinous components of
the coccygeus muscles. The sacrospinous ligaments form the posterior and inferior margins of
the greater sciatic foramina. The sacrofuberous ligaments are classically described as attaching
to the sacrum and ischial tuberosity. In point of fact, the sacrotuberous ligaments have broad
attachments to the sacrum, coccyx, ischia, and ilia. The sacrotuberous and sacrospinous
ligaments make up the superior and posterior margins of the lesser sciatic foramina and
function to limit nutational (nodding) motion of the sacroiliac joints.

5.20
FIGURE 5.20 Sagittal T1-weighted TSE image shows

.21
the anterior longitudinal ligament (ALL), posterior >
longitudinal ligament (PLL), L5-S1 ligamenta flava (LF), FIGURE 5.21 The iliolumbar ligaments (arrows) extend
and the superficial posterior sacrococcygeal ligament from the tips of the L5 transverse processes (TP) to the

(SPSL), which covers the sacral hiatus (SH). upper margins of the ilia (I).
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ARTERIAL ANATOMY OF THE LUMBAR SPINE

The segmental branches supplying the sacral segments arise from the longitudinal arteries
of the sacrum, which include the middle sacral and lateral sacral arteries (Figures 5.22a,b).
The middle sacral artery typically arises from the dorsal side of the aorta, just proximal to the
aortic bifurcation at the L4-L5 level, and travels along the ventral midline of the sacrum and
coccyx, forming rich anastomoses with the iliolumbar and lateral sacral arteries. The lateral
sacral arteries typically arise as the second branch of the internal iliac arteries. Occasionally, a
lateral sacral artery may originate from the superior gluteal artery.

There are two divisions of the lateral sacral arteries, superior and inferior. The superior
divisions course inferiorly and medially to anastomose with branches of the middle sacral
artery. The superior divisions of the lateral sacral arteries then enter the S1 ventral foramina,
where they supply the sacral nerve roots and meninges, and exit through the S1 dorsal foramina
to supply the adjacent muscles and skin (Figure 5.23). The inferior divisions course over the

‘A e
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5.22b

FIGURES 5.22a,b (a) Surface rendered CT angiogram showing the arterial supply to the sacrum. The middle sacral artery (MSA)
in this individual ends in lumbar segmental arteries (SA). (b) Anterior oblique surface rendered CT angiogram shows the superior
lateral sacral artery (arrowhead) and the inferior lateral sacral artery (arrow) arising from the posterior division of the internal iliac
artery (PD-IIA). The superior lateral sacral artery enters the S1 ventral foramen. The inferior lateral sacral artery courses along the
ventral surface of the sacrum. AD-IIA—anterior division internal iliac artery, CITA—common iliac artery, EIA—external iliac artery,
IEA—inferior epigastric artery, IA—internal iliac artery, IMA—inferior mesenteric artery, MSA—median sacral artery, PD-IIA—
posterior division internal iliac artery, SA—segmental artery, SMA—superior mesenteric artery, SPr—sacral promontory.

FIGURE 5.23 Axial oblique reformatted maximum intensity
projection image showing the superior lateral sacral arteries
(arrows) entering the S1 ventral sacral foramina (VSF), where
they supply the sacral nerve roots and meninges, and exiting
through the S1 dorsal sacral foramina (DSF) to supply the
adjacent muscles and skin.

5.23
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ventral surface of the sacrum along the medial margin of the sacral foramina. At the level of
the coccyx, the inferior divisions anastomose with branches of the middle sacral artery and
the contralateral lateral sacral arteries. Branches of the inferior divisions also project through
the ventral and dorsal foramina to supply the sacral nerve roots, meninges, and the muscles
and skin overlying the sacrum. The superior and inferior divisions of the lateral sacral arteries
anastomose with the superior gluteal arteries within the soft tissues dorsal to the sacrum.

The cauda equina has a dual arterial supply. The ventral roots are supplied proximally
by the vasa corona and the ventral proximal radicular arteries. They are supplied distally by
the distal radicular branches. The dorsal roots are supplied proximally by the vasa corona
and the dorsal proximal radicular arteries. They are supplied distally by the distal radicular
branches. The proximal and distal radicular branches anastomose at the proximal one-third
of the length of the sacral roots. The artery of the filum terminale arises from an anastomotic
basket around the conus medullaris and courses along the ventral aspect of the filum. It
travels ventral to the filum and diminishes in caliber from craniad to caudad.

VENOUS ANATOMY OF THE LUMBAR SPINE

The venous drainage of the sacrum largely parallels the arterial supply (Figures 5.24a—e). The
presacral venous plexus is an extensive network of veins that is composed of longitudinal and
segmental veins. The longitudinal veins of the presacral venous plexus are the lateral sacral
veins and middle sacral veins. The lateral and middle sacral veins have numerous anastomoses
with the horizontally oriented sacral segmental veins, called communicating veins. The mid-
dle sacral vein is most commonly duplicated, the communicating veins are variably present,
and there may be one to two basivertebral veins. The internal iliac veins are typically single
vessels (50%). Variability of the internal iliac veins includes duplication (30%) and plexiform
morphology (20%).

5.24a 5.24b

FIGURES 5.24a-e (a) Coronal oblique reformatted maximum intensity projection image from a CT angiogram in a patient with
an occluded inferior vena cava shows the presacral venous plexus. (b) Sagittal reformatted CT angiogram of the same patient with
an occluded inferior vena cava demonstrating the position of the median sacral vein (MSV) and communicating veins (CV) on the
pelvic surface of the sacrum. (c) Coronal reformatted image from a CT angiogram from the same patient with an occluded inferior
vena cava displays the intervertebral veins (IVV) projecting through the sacral foramina. The IVV communicate freely with the
lateral sacral veins and posterior external vertebral venous plexus. (d) Fat-saturated post contrast axial T1-weighted TSE image
at the S1 level showing the vertebral venous plexuses. (e) Fat-saturated post contrast axial T1-weighted TSE image at the 53 level
showing the intercommunication of the vertebral venous plexuses with the presacral venous plexus. CIV—common iliac vein,
CV—communicating veins, LSV—lateral sacral vein, MSV—median sacral veins.

(continued)
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5.24c

FIGURES 5.24c-e (continued) AIVP—anterior

internal vertebral venous plexus, BVV—basivertebral vein,
IVV—intervertebral veins, LSV—Ilateral sacral vein, MSV—
median sacral veins, PEVP—posterior external vertebral
venous plexus, PIVP—posterior internal vertebral venous
plexous.

5.24e

The anterior and posterior internal vertebral venus plexuses continue caudally to the S4
level. The internal plexuses are significantly more prominent anteriorly and anterolaterally
within the sacral canal. The internal vertebral venous plexuses communicate with the
presacral vertebral venous plexus via the intervertebral and basivertebral veins. The
intervertebral veins project through the sacral foramina and communicate freely with the
lateral sacral veins and posterior external vertebral venous plexus. The presacral vertebral
venous plexus subsequently drains to the internal iliac veins, which drain into the inferior
vena cava.
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MENINGES AND SPACES OF THE LUMBAR SPINE

The thecal sac typically terminates within the sacral canal. The distal thecal sac is most com-
monly positioned at the middle one third of S2 (Figure 5.25). The distal thecal sac usually
tapers to a rounded point, the fundus of the thecal sac. However, the distal tip of the thecal
sac can have a variety of configurations, from a sharp point to round. On supine MR images
of the lumbar spine, this is the most posterior and inferior portion of the thecal sac. There is a
grossly normal distribution thecal fundus positions, ranging from the lower one-third of L5
to the lower one-third of S3.

As stated in Chapter 4, conjoined nerve roots share a nerve root sleeve at some point
along their course. Conjoined nerve roots are most commonly detected at L5-5S1. The reported
incidence on imaging studies is 2% to 17%, with improved detection with the use of MR. The
reported incidence of conjoined nerve roots is higher on cadaveric than imaging series. MR
imaging findings include: (1) asymmetric blunting of the anterolateral thecal sac (“corner
sign”), (2) curvilinear extradural fat interposed between the dura and the nerve root (“fat
crescent sign”), and (3) visualization of the entire spinal nerve at the disc level (“parallel
sign”). The MR imaging findings associated with conjoined nerve roots are demonstrated in
Figure 5.26.

The pia mater is tightly adherent to the filum terminale, which extends from the conus tip
to the sacrum. The filum terminale internum extends from the conus medullaris to the fundus
of the thecal sac at the S2 level. The filum exits the thecal sac and carries with it arachnoid and
dura mater, forming the filum terminale externum or coccygeal ligament as it courses along
the dorsum of the coccyx (Figure 5.27).

The pia mater encircling the lumbosacral nerve roots has a “gauze-like” appearance
on scanning electron microscopy that allows for CSF to percolate into neural tissue. CSF
is estimated to provide up to two-thirds of the nutrients to the intradural lumbosacral
roots.

The sacral spinal canal is a continuation of the lumbar spinal canal that extends 5S1-55 and
tapers rostrally to caudally. The epidural spaces of the lumbar spine continue into the sacral

5.25
FIGURE 5.25 Sagittal T1-weighted image that shows the FIGURE 5.26 The characteristic features of conjoined
termination of the thecal sac at the S2 level (arrow). The fundus nerve roots on axial MR include: asymmetric contour of the
of the thecal sac in this case is pointed. The sacral canal caudal ventrolateral thecal sac (“corner sign”; arrowhead), thin rim of fat
to the thecal sac fundus is primarily filled with fat, manifest as between the contour deformed thecal sac and the conjoined roots
hyperintense signal (arrowheads). (“fat crescent sign”; arrow), and the horizontal orientation of the

exiting nerve root (“parallel sign”; asterisk). NR—nerve root.
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spinal canal and extend to the S5 level. Because the thecal sac does not extend the length of
the sacral canal, the epidural space at the levels of the thecal sac differs from the epidural
space below the thecal sac termination. The varied configuration of the epidural fat pads
within the upper sacral canal include thin dorsal pads, thin ventral pads, thin circumferential
pads, thick ventral pads, and thick circumferential pads. Caudal to the thecal sac, the epidural
space is largely composed of fat and extends to the sacral hiatus (Figure 5.25).

The position of the distal thecal sac at the S2 level and the location of the sacral hiatus
at L4-L5 allow for relatively low-risk entry into the sacral spinal canal and lumbosacral
epidural space. The caudal epidural steroid injection can be performed without or with imaging
(fluoroscopic or ultrasound) guidance. Anatomic variants that may complicate this procedure
include absence or high-grade stenosis of the sacral hiatus, low position of the thecal sac, and
multilevel sacral spina bifida.

The density of meningovertebral ligaments anchoring the distal dural sac to the sacral
canal is similar to the lower lumbar spine and greater than that seen in the cervical and
thoracic regions. The meningovertebral ligaments frequently compartmentalize the epidural
space, and may explain a variety of thecal sac configurations. Lateral meningovertebral
ligaments project into the lateral recesses and neural foramina and anchor the dural sleeves.

FIGURE 5.27 Sagittal T2-weighted TSE image displaying
the filum terminale externum (FTE) and the superficial
posterior sacrococcygeal ligament (SPSL) covering the
sacral hiatus (SH). A meningeal cyst is seen at S3 within
the sacral canal. LA—levator ani.

5.27



258 IMAGING ANATOMY OF THE HUMAN SPINE: A COMPREHENSIVE ATLAS INCLUDING ADJACENT STRUCTURES

NEURAL ANATOMY OF THE LUMBAR SPINE

The cauda equina within the sacral canal is comprised of the S1-55 nerve roots and the coc-
cygeal nerves. There is a progressive decrease in the caliber and cross sectional area of the
ventral and dorsal nerve roots S1-S5. The dorsal roots are larger in caliber and cross sectional
area than the ventral roots. The S1 roots are usually shorter in length than the lower lumbar
roots as a result of more proximal positioning of the dorsal root ganglia. The dorsal root gan-
glia decrease in length and width from S1 to S4. The S1 and S2 dorsal root ganglia are most
commonly located within the sacral canal.

The S1-S5 nerve roots are arranged in layers within invaginations of the arachnoid
mater. The 52-54 roots are arranged in numerical order from ventrolateral to dorsomedial
(Figures 5.28a—d). The motor roots of each segment are located ventromedial to the sensory

5.28a 5.28b

5.28c 5.28d

FIGURES 5.28a-d Consecutive axial T2-weighted FSE images demonstrate the sacrococcygeal nerve roots from superior (a) to
inferior (d). The reader will notice the orderly arrangement of the transiting and exiting nerve roots, the decreasing caliber of the
nerve roots from S1 to 54, and the connection of small rootlets to the roots of adjacent segments along their intradural course (left
52 and S3 in image a, right S3 and S4 roots in image a, and right S3 and 54 roots in image b). Coc 1—coccygeal nerve, NR—nerve
root, SN—spinal nerve, VR—ventral ramus.
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roots and are smaller in caliber than the sensory roots. Intersegmental anastomoses are more
commonly observed in the sacral than the lumbar nerve roots. These anastomoses are more
common between the dorsal roots.

The coccygeal nerves arise from the tip of the conus medullaris, course through the
posteromedial aspect of the lumbar cistern with the lower sacral nerve roots (Figures 5.28a-d),
exit the sacral hiatus along with the S5 sacral nerves, and wrap around the inferior margins
of the sacral cornua.

The filum terminale internum extends from the conus tip to the fundus of the thecal sac.
The majority of the time, the filum fuses to the dorsal midline dura at the S1 level or below.
There is a tendency of the filum to fuse at the same level as the fundus of the thecal sac. The filum
terminale externum is the extradural continuation of the filum terminale located distal to the
termination of the thecal sac within the sacral spinal canal. It attaches to the periostium of the
posterior coccyx or sacrum and has been proposed to be a remnant of secondary neurulation.
Fibrolipomatous infiltration of the distal aspect of the filum terminale internum is occasionally
seen on axial or sagittal MR images as linear T1 hyperintense signal (Figures 5.29a,b). The
filum terminale internum generally should not exceed 2 mm in diameter.

5.29a

FIGURES 5.29a,b Sagittal (a) and axial

(b) T1-weighted TSE images demonstrating linear
hyperintense signal following the course of the filum
terminale (arrowheads) from L3 to the fundus of the
thecal sac.
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THE COCCYX

The coccyx typically consists of four segments (70%-80%), ranging from three to five
segments. The coccygeal segments decrease in size craniad (base) to caudad (apex). The coc-
cygeal cornua are vestigial superior articular processes that form a zygapophyseal joint with
similar, inferiorly projecting sacral cornua. An S5-Cocl fibrous disc allows a small amount
of flexion and extension. However, fusion across the sacrococcygeal joint is common (57%).
There is variable fusion across the intercoccygeal joints, with two (54%) and three (34%) bony
segments the most common configurations. There is a range of coccygeal shapes that may be
considered normal, including the presence of bony spicules, severe angulation, and subluxa-
tion (Table 5.1). The anatomy of the coccygeal segments is presented in multiple imaging
modalities in Figures 5.30a—d.

The coccygeal segments serve as sites of attachment for several muscles and ligaments. The
gluteus maximus attaches to the dorsolateral margins of the coccyx and levator ani muscles
attach to the apex (Figure 5.27). The anterior sacrococcygeal ligament is the downward extension
of the anterior longitudinal ligament that attaches to the anterior margin of Cocl and Coc2.
The posterior sacrococcygeal ligament has deep and superficial components. The deep component
is the downward extension of the posterior longitudinal ligament on the ventral margin of
the sacral canal that attaches to the dorsal surface of the coccyx. The superficial component
covers the sacral hiatus and attaches to the dorsal coccyx (Figures 5.27 and 5.30). Additional
ligaments that have attachments to the coccyx include the intracornual, lateral sacrococcygeal,
and anococcygeal ligaments. The sacrotuberous and sacrospinous ligaments have extensions
that attach to the posterolateral margins of the coccyx.

TABLE 5.1 Morphological Types of the Coccyx

TYPE DEFINITION

Slight coccygeal curvature with apex pointing inferiorly.

More pronounced coccygeal curvature with apex pointing anteriorly.
Sharply angulated between Cx1-Cx2 or Cx2-Cx3

Anterior subluxation of the sacrococcygeal joint or Cx1-Cx2

u A W N =

Retroverted coccygeal apex

$5-Coc1

S5

Coc2 —
Coc3

COCCYX

5.30a 5.30b

FIGURES 5.30a-d Anatomy of the coccyx on (a) plain radiograph, (b) sagittal reformatted CT, (c) surface reformatted CT, and
(d) contrast enhanced T1-weighted FSE images. CCo—coccygeal cornua, Coc—coccygeal nerve, SacC—sacral canal, SCo—sacral
cornua.

(continued)
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5.30c

S5-Coc1_

Coc1

Coc2

Coc3
Coc4d

5.30d

FIGURES 5.30c,d  (continued) CCo—coccygeal cornua, Coc—coccygeal nerve, DSF—dorsal sacral foramina, MSC—median sacral
crest, SCo—sacral cornua, SH—sacral hiatus, SPSL—superficial posterior sacrococcygeal ligament.
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GALLERY OF ANATOMIC VARIANTS AND VARIOUS CONGENITAL ANOMALIES

IMAGE 1 Lateral plain radiograph of the sacrum IMAGE 2 AP plain radiograph showing congenital nonfusion of
and coccyx showing the secondary ossification the S1 neural arches (arrow; spina bifida occulta).
centers in a 13-year old (arrowheads).

IMAGES 3 Axial CT image
showing incomplete fusion of the S1
neural arches (arrow).
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IMAGE 4 Axial CT image demonstrating
nonfusion of the S1 neural arches to the
left of midline (arrow).

IMAGE 5 Surface reformatted image of
the sacrum showing incomplete dorsal
fusion (arrowheads) and a vertically
oriented bony bar (arrow). Also evident
is fusion across the sacral and coccygeal
cornua on the patient’s left side.

fusion
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IMAGE 6 Surface reformatted image of the sacrum IMAGE 7 Surface reformatted image of the sacrum
displaying more extensive nonfusion at S1, 52, and S3-55 demonstrating neural arch nonfusion at S3 (arrows),
(arrows). lengthening the sacral hiatus. This patient also had a

diastatic fracture of the left sacroiliac joint (arrowhead).

¥y = . - 4
IMAGE 8 Surface rendered CT image showing nonfusion IMAGE 9 Axial T2-weighted image showing coronal
of the S1 neural elements (arrow) and rounded midline orientation of the left L5-51 zygapophyseal joint (arrow) and a

dorsal defects at S2 and S3 (arrowheads). more dorsolateral orientation on the right (arrowhead).
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IMAGE 10 Axial T2-weighted image
showing facet tropism. Note the differential
orientation of the zygapophyseal joints (lines).

IMAGE 11 Axial T2-weighted image
demonstrating facet tropism that is more
pronounced than in Image 10.
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12a

IMAGES 12a,b (a) Axial and (b) sagittal
CT images showing congenitally fused
zygapophyseal joints at S1-52 (arrows).

12b
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IMAGE 13 Axial CT image
showing bilateral accessory
sacroiliac joints (arrows).

IMAGE 14 Axial CT
image showing a unilateral
accessory sacroiliac joint on
the left (arrow).
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IMAGE 15 Sagittal T2-weighted TSE image IMAGE 16 Sagittal T2-weighted TSE image
demonstrating variant thecal sac anatomy. The fundus showing a prominent ventral epidural fat

of the thecal sac is located at the caudal margin of S3 pad that extends from L4 to the sacral canal
(arrow). (arrow).

IMAGE 17 Axial T2-weighted TSE image displays conjoined right IMAGE 18 Sagittal T2-weighted TSE image
S1 (arrow) and S2 (arrowhead) nerve roots. demonstrating congenitally fused lower sacral
segments (arrows).
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IMAGE 19 Sagittal reformatted CT image
shows a two part coccyx (arrows).

IMAGE 20 Axial CT image demonstrates
bilateral bipartite iliac bone plates (arrows).
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The Paraspinal Musculature
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Acomplete understanding of the anatomy of the spine must include knowledge of
the paraspinal musculature. Functions attributed to the paraspinal muscles include
protection of the spine, limiting excess motion, maintenance of spinal alignment, and motion.
In this chapter, the anatomy of the paraspinal muscles of the cervical, thoracic, lumbar, and
sacral spine is presented as a series of images in order from craniad to caudad with the use of
two modalities, MR and CT.
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CERVICAL PARASPINAL MUSCLES

IMAGE 1 (MR) IMAGE 3 (MR)

SpinC
SemiCerv SplenCap
IMAGE 2 (MR) IMAGE 4 (MR)
KEY
LC longissimus capitis muscle RCPm rectus capitis posterior minor muscle *The iliocostalis, longissimus, and spinalis muscles
LCap longus capitis muscle RCPM rectus capitis posterior major muscle are frequently referred to collectively as the erector
LColi longus coli muscle SCM sternocleidomastoid muscle spinae muscles. - .. .
o et anc **The semispinalis (capitis, cervicis, dorsi),

LevS levator scapulae muscle SemiC semispinalis capitis muscle e e .

ltifid ltifidi 1 . iepinali . 1 multifidus, rotatores (cervicis, thoracis, lumborum),
Multi multifidis muscle SemiCerv  semispinalis cervicis muscle interspinales, and intertransversarii muscles may
OoCI obliquus capitis inferior muscle SH stylohyoid muscle be referred to as the transversospinal muscles.
ocCs obliquus capitis superior muscle SpinC spinalis cervicis muscle These muscles function to extend and rotate
PBD posterior belly of the digastric muscle SplenC splenius cervicis muscle the spine.
RCA rectus capitis anterior muscle SplenCap  splenius capitis muscle

RCL rectus capitis lateralis muscle Trap trapezius
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IMAGE 5 (MR)

IMAGE 6 (MR)

Trap
SplenCap

SplenCap

SemiCerv

IMAGE 7 (MR)

KEY
AS

IlioC
LC
LCap
LColi
LevS

LN
LongC

MS

Multifid
PS

RhMinor
SCM

SemiC

anterior scalene
muscle

iliocostalis cervicis
muscle

longissimus capitis
muscle

longus capitis muscle
longus coli muscle
levator scapulae
muscle

ligamentum nuchae
longissimus cervicis
muscle

middle scalene
muscle

multifidis muscle
posterior scalene
muscle

rhomboid minor
muscle
sternocleidomastoid
muscle

semispinalis capitis
muscle

SplenCap
SemiCerv

SemiCerv semispinalis cervicis

muscle

SpinC spinalis cervicis
muscle

SplenC  splenius cervicis
muscle

SplenCap splenius capitis
muscle

Trap trapezius

*The iliocostalis, longissimus, and
spinalis muscles are frequently
referred to collectively as the
erector spinae muscles.

**The semispinalis (capitis,
cervicis, dorsi), multifidus,
rotatores (cervicis, thoracis,
lumborum), interspinales,

and intertransversarii muscles
may be referred to as the
transversospinal muscles. These
muscles function to extend and
rotate the spine.
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IMAGE 8 (CT) IMAGE 10 (CT)

LC
SplenC
Multifid._ /
SpinC
Trap
SemiCerv SplenCap
IMAGE 9 (CT) IMAGE 11 (CT)
KEY
LC longissimus capitis muscle RCPm rectus capitis posterior minor muscle *The iliocostalis, longissimus, and spinalis muscles
LCap longus capitis muscle RCPM rectus capitis posterior major muscle are frequently referred to collectively as the erector
LColi longus coli muscle SCM sternocleidomastoid muscle Spimac mus cles - - 5
o et anc The semispinalis (capitis, cervicis, dorsi),
LevS levator scapulae muscle SemiC semispinalis capitis muscle e b5 .
ltifid ltifidi 1 . iepinali . 1 multifidus, rotatores (cervicis, thoracis, lumborum),
Multi multifidis muscle SemiCerv  semispinalis cervicis muscle interspinales, and intertransversarii muscles may
OoCI obliquus capitis inferior muscle SH stylohyoid muscle be referred to as the transversospinal muscles.
ocCs obliquus capitis superior muscle SpinC spinalis cervicis muscle These muscles function to extend and rotate
PBD posterior belly of the digastric muscle SplenC splenius cervicis muscle the spine.
RCA rectus capitis anterior muscle SplenCap splenius capitis muscle

RCL rectus capitis lateralis muscle Trap trapezius
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LongC

/ llioC
/

LevS

/

\ Sl:l.:::!n‘;cs | . - \ \ \Splenc\

Multifid

SemiC RhMinor
SpinC Trap SplenCap Trap
LN SemiCerv
IMAGE 12 (CT) IMAGE 13 (CT)
KEY
AS anterior scalene muscle PS posterior scalene muscle *The iliocostalis, longissimus, and spinalis muscles
IlioC iliocostalis cervicis muscle RhMinor rhomboid minor muscle are frequently referred to collectively as the erector
LCap longus capitis muscle SCM sternocleidomastoid muscle spinae muscles. - . .
. . . P i **The semispinalis (capitis, cervicis, dorsi),
LColi longus coli muscle SemiC semispinalis capitis muscle i ! .
LevS 1 1 1 SemiC ispinali . 1 multifidus, rotatores (cervicis, thoracis, lumborum),
ev evator scapulae muscle emiCerv  semispinalis cervicis muscle interspinales, and intertransversarii muscles may

LN ligamentum nuchae SpinC spinalis cervicis muscle be referred to as the transversospinal muscles.
LongC  longissimus cervicis muscle SplenC splenius cervicis muscle These muscles function to extend and rotate
MS middle scalene muscle SplenCap  splenius capitis muscle the spine.

Multifid multifidis muscle Trap trapezius
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THORACIC PARASPINAL MUSCLES

PS
RhMinor
LevS
Trap

IMAGE 14 (MR)

IMAGE 15 (MR)

Multifid
SpinT

IMAGE 16 (MR)

KEY

AS anterior scalene muscle

EIM external intercostal
muscle

ICT iliocostalis thoracis
muscle

IlioC iliocostalis cervicis
muscle

IT interspinales thoracis
muscle

TV intertransversarii
muscle

LevS levator scapulae
muscle

LColi longus coli muscle

LD latissimus dorsi muscle

LT longissimus thoracis
muscle

Multifid multifidis muscle

MS middle scalene muscle

PS posterior scalene
muscle

RhMajor rhomboid major
muscle

RhMinor rhomboid minor
muscle

RT rotatores thoracis
muscle

Scap scapula

SemiCerv semispinalis cervicis
muscle

SpinT spinalis thoracis
muscle

SplenC splenius cervicis
muscle

SplenCap splenius capitis
muscle

SPS serratus posterior
superior muscle

TDF thoracodorsal fascia

(M—middle layer,
P—posterior layer)
Trap trapezius muscle

*The iliocostalis, longissimus, and
spinalis muscles are frequently
referred to collectively as the
erector spinae muscles.

**The semispinalis (capitis,
cervicis, dorsi), multifidus,
rotatores (cervicis, thoracis,
lumborum), interspinales, and
intertransversarii muscles may be
referred to as the transversospinal
muscles. These muscles function
to extend and rotate the spine.
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SplenCap

IMAGE 17 (CT)

IMAGE 18 (CT)

Multifid

SemiCerv
SpinT

L7

LevS

Trap

KEY
EIM
ICT
IlioC

IT

ITV
LevS
LColi
LD

LT
Multifid
MS

PS
RhMajor

RhMinor

IMAGE 19 (CT)

anterior scalene muscle
external intercostal
muscle

iliocostalis thoracis
muscle

iliocostalis cervicis
muscle

interspinales thoracis
muscle
intertransversarii
muscle

levator scapulae
muscle

longus coli muscle
latissimus dorsi muscle
longissimus thoracis
muscle

multifidis muscle
middle scalene muscle
posterior scalene
muscle

rhomboid major
muscle

rhomboid minor
muscle

RT rotatores thoracis
muscle

Scap scapula

SemiCerv semispinalis cervicis
muscle

SpinT spinalis thoracis
muscle

SplenC splenius cervicis
muscle

SplenCap splenius capitis
muscle

Trap trapezius muscle

*The iliocostalis, longissimus, and
spinalis muscles are frequently
referred to collectively as the
erector spinae muscles.

**The semispinalis (capitis,
cervicis, dorsi), multifidus,
rotatores (cervicis, thoracis,
lumborum), interspinales,

and intertransversarii muscles
may be referred to as the
transversospinal muscles. These
muscles function to extend and
rotate the spine.
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LUMBOSACRAL PARASPINAL MUSCLES

IMAGE 20 (MR)

IMAGE 21 (MR)

IMAGE 22 (MR)

KEY

DC diaphragmatic crus

EIM external intercostal
muscle

ICL iliocostalis lumborum
muscle

IL interspinales
lumborum muscle

ITV intertransversarii
muscle

LD latissimus dorsi muscle

LT longissimus thoracis
muscle

ML multifidus lumborum
muscle

PM psoas major muscle

oL quadratus lumborum
muscle

RL rotatores lumborum
muscle

SPI serratus posterior
inferior muscle

ST spinalis thoracis
muscle

TDF thoracodorsal fascia

(M—middle layer,
P—posterior layer)

*The iliocostalis, longissimus, and
spinalis muscles are frequently
referred to collectively as the
erector spinae muscles.

**The semispinalis (capitis,
cervicis, dorsi), multifidus,
rotatores (cervicis, thoracis,
lumborum), interspinales, and
intertransversarii muscles may be
referred to as the transversospinal
muscles. These muscles function
to extend and rotate the spine.
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IMAGE 23 (MR)

KEY

Gmax

Gmed
Gmin

ICL
IL
Ilia
ILL
LT
ML
(0] |

Piri

IMAGE 24 (MR)

IMAGE 25 (MR)

gluteus maximus
muscle

gluteus medius muscle
gluteus minimus
muscle

iliocostalis lumborum
muscle

interspinales
lumborum muscle
iliacus muscle
iliolumbar ligament
longissimus thoracis
muscle

multifidus lumborum
muscle

obturator internus
muscle

piriform muscle

PM psoas major muscle

RL rotatores lumborum
muscle

TDF thoracodorsal fascia

(M—middle layer,
P—posterior layer)

*The iliocostalis, longissimus, and
spinalis muscles are frequently
referred to collectively as the
erector spinae muscles.

**The semispinalis (capitis,
cervicis, dorsi), multifidus,
rotatores (cervicis, thoracis,
lumborum), interspinales, and
intertransversarii muscles may be
referred to as the transversospinal
muscles. These muscles function
to extend and rotate the spine.
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IMAGE 26 (CT)

IMAGE 27 (CT)

IMAGE 28 (CT)

KEY
DC
EIM
ICL
IL
ITV

LD
LT

ML

PM
QL

diaphragmatic crus
external intercostal
muscle

iliocostalis lumborum
muscle

interspinales
lumborum muscle
intertransversarii
muscle

latissimus dorsi muscle
longissimus thoracis
muscle

multifidus lumborum
muscle

psoas major muscle
quadratus lumborum
muscle

RL rotatores lumborum
muscle

SPI serratus posterior
inferior muscle

ST spinalis thoracis
muscle

*The iliocostalis, longissimus, and
spinalis muscles are frequently
referred to collectively as the
erector spinae muscles.

**The semispinalis (capitis,
cervicis, dorsi), multifidus,
rotatores (cervicis, thoracis,
lumborum), interspinales, and
intertransversarii muscles may be
referred to as the transversospinal
muscles. These muscles function
to extend and rotate the spine.
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IMAGE 29 (CT)

KEY

Gmax

Gmed
Gmin

ICL
IL
Ilia
ILL
LT
ML

Piri

IMAGE 30 (CT)

IMAGE 31 (CT)

gluteus maximus
muscle
gluteus medius muscle

gluteus minimus
muscle

iliocostalis lumborum
muscle

interspinales
lumborum muscle
iliacus muscle
iliolumbar ligament
longissimus thoracis
muscle

multifidus lumborum
muscle

piriform muscle

PM psoas major muscle
RL rotatores lumborum
muscle

*The iliocostalis, longissimus, and
spinalis muscles are frequently
referred to collectively as the
erector spinae muscles.

**The semispinalis (capitis,
cervicis, dorsi), multifidus,
rotatores (cervicis, thoracis,
lumborum), interspinales, and
intertransversarii muscles may be
referred to as the transversospinal
muscles. These muscles function
to extend and rotate the spine.






Master Legend Key

A
AA = anterior arch
AAA = anterior arch of atlas
AAQOC = anterior arch ossification center
AB-CL = ascending band of cruciform ligament
AC = articular cartilage
ACA = anterior cerebral artery
ACC = anterior condylar confluence
ACS = acrocentral synchondrosis
ACST = anterior corticospinal tract
ACV = anterior condylar vein
ACV-HC = anterior condylar vein-hypoglossal
canal
AD-IIA = anterior division internal iliac
artery
ADS = apicodental synchondrosis
AEVP = anterior external vertebral venous
plexus
AF = annulus fibrosis
AF = arcuate foramen
AF = articular facets
AFA = articular facet for the atlas
AICA = anterior inferior cerebellar artery
AIVP = anterior internal vertebral venous
plexus
AL = alar ligament
ALA = alar ligament attachments
ala = sacral ala
ALAS = alar ligament attachment sites
ALL = anterior longitudinal ligament
ALV = ascending lumbar vein
AMA] = anterior median atlantoaxial joint
AMSYV = anterior median spinal vein
AMV = anterior medullary vein
AOAM = anterior occipitoatlantal membrane
AP = accessory process
AP = articular pillar
apex = (sacral) apex
AR = anterior rami
Arch = aortic arch
ARV = anterior radiculomedullary veins
AS = anterior scalene muscle
ASA = anterior spinal artery
AscCA = ascending cervical artery
ASCT = anterior spinocerebellar tract
ASTT = anterior spinothalamic tract
AT = anterior tubercle
AurS = auricular surface
AV = anastomosing vein
AV = azygous vein

B

B = basion

BA = basilar artery

Basi = basilar artery

b-FFE = balanced fast field echo

BP = basilar part of the occipital bone
bSP = bifid spinous process

BVV = basivertebral veins

C
C = centrum
C =clivus

C0—C1 = occipitoatlantal joints (C0-C1)

C1 = atlas

C1 = atlas vertebra

C1-C2 = atlantoaxial joint (C1-C2)

C2 = axis vertebra

CC = central canal

CCA = common carotid artery

CCAB = common carotid artery bifurcation

CCB = common carotid bifurcations

CCF = condylar canal/fossa

CCo = coccygeal cornua

CC-SC = central canal of the spinal cord

CE = cauda equine

CF = cuneate fasciculus

CIA = common iliac artery

CIV = common iliac vein

CL = cruciform ligament (transverse band or
transverse ligament)

CM = conus medullaris

CM] = cervicomedullary junction

Coc = coccygeal nerve

CP = costal process

CTA = computed tomography angiography

CTB = costotransverse bar

CT] = costotransverse joint

CV = communicating veins

CV] = costovertebral joint

CVP = coronal venous plexus

D

D =dens

DA-AL = dens attachment of the alar ligaments
DB-CL = descending band of cruciform ligament
DC = diaphragmatic crus

DF = dens facet

DF = dorsal funiculi
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DH = dorsal horn

DLS = dorsolateral sulcus

DMS = dorsal median sulcus

DMS = dorsomedian septum

DOC = dens (basal) ossification centers
DR = dorsal root

DRG = dorsal root ganglion/ganglia
DS = dorsum sella

DS = dural sleeve

DSAS = dorsal subarachnoid space
DSF = dorsal sacral foramen/foramina
DSS = dorsal subarachnoid spaces

E

EC = echancrure

ECA = external carotid artery
EDS = extradural segment

EFP = epidural fat pads

EIA = external iliac artery

EIM = external intercostal muscle
EOC = external occipital crest
ETT = endotracheal tube

F

FEFP = foraminal epidural fat pad
FM = foramen magnum

FSE = fast spin echo

FT = filum terminale

FT = foramen transversarium

FT = foramina transversaria

FT = foramina transversarium

FV = foraminal vein

G

GC = gray commissure

GF = gracile fasciculus

Gmax = gluteus maximus muscle
Gmed = gluteus medius muscle
Gmin = gluteus minimus muscle
GRE = gradient-recalled echo
GSN = groove for spinal nerve

GTL = groove for the transverse ligament

GVA = groove for vertebral artery

H

HAV = hemiazygos vein
HC = hypoglossal canal
HP = hard palate

HPT = hairpin turn

I

I =ilium

IAF = inferior articular facet

IAP = inferior articular process
IC =iliac crest

ICA = internal carotid artery

ICL = iliocostalis lumborum muscle
ICT = iliocostalis thoracis muscle
IDF = inferior demifacet

IDS = intradural segment

IEA = inferior epigastric artery
IEP = inferior endplate

IIA = internal iliac artery

IJV = internal jugular vein

IL = interspinales lumborum muscle
ILA = inferolateral angle

ILEFP = interlaminar epidural fat pad
Ilia = iliacus muscle

IlioC = iliocostalis cervicis muscle
ILL = iliolumbar ligament

ILS = interlaminar space

IMA = inferior mesenteric artery
INL = inferior nuchal line
INMTA = innominate artery

INS = intraneural synchondrosis
IR = inferior recess

ISS = interspinous space

IT = interspinales thoracis muscle
ITV = intertransversarii muscle
IVC = inferior vena cava

IVD = intervertebral disc

IVDS = intervertebral disc space
IVF = intervertebral foramen
IVN = inferior vertebral notch
IVV = intervertebral vein

J

JB =jugular bulb

JF =jugular foramen
JP = jugular process

L

L =lamina

LA = levator ani

LA = lumbar artery

LC = longissimus capitis muscle
LC = lumbar cistern

LCV = lateral condylar vein
LCap = longus capitis muscle
LColi = longus coli muscle

LCST = lateral corticospinal tract
LD = latissimus dorsi muscle
LevS = levator scapulae muscle
LF = lateral funiculi

LF = ligamenta flava

LF = ligamentum flavum

LIV = left innominate vein

LM = lateral mass

LN = ligamentum nuchae

LongC = longissimus cervicis muscle
LSC = lateral sacral crest

LSTT = lateral spinothalamic tract
LSV = lateral sacral vein

LT = longissimus thoracis muscle
LV = limbus vertebra

LV = lumbar vein

M

MAL = mamillo-accessory ligament

MAN = mamillo-accessory notch

Mand = mandible

MB = muscular branch

MCA = middle cerebral artery

MDCT = multidetector computed
tomography

MIP = maximum intensity projection

ML = multifidus lumborum muscle

MO = medulla oblongata

MP = mammillary processes

MPTB = mastoid portion temporal bone

MRA = magnetic resonance angiography
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MReST = medial reticulospinal tract

MS = marginal sinus

MS = middle scalene muscle

MSA = median sacral artery

M-SSCM = multifidis-semispinalis cervicus

muscle

MSC = median sacral crest

mSP = monofid spinous process

MSV = median sacral veins

MT = medial tubercles (transverse ligament
attachments)

Multifid = multifidis muscle

MVL = meningovertebral ligament

N

N = nasion

NA = neural arch

NAOC = neural arch ossification center
NCS = neurocentral synchondrosis
NENA = nonfused neural arch

NFTP = nonfused transverse process
NGT = nasogastric tube

NP = nucleus pulposis

NR = nerve root

(0]

O = opisthion

OA-AL = occipital attachments of the alar
ligaments

O-ALL = ossification of the anterior longitudinal
ligament

OB = occipital bone

OC = occipital condyle

OCCA = occipital artery

OCI = obliquus capitis inferior muscle

OCS = obliquus capitis superior muscle

OI = obturator internus muscle

OMS = occipitomastoid suture

O-PLL = ossification of the posterior longitudinal
ligament

OST = olivospinal tract

OVB = omovertebral bones

P

P = pedicle

PBD = posterior belly of the digastric muscle

PCA = posterior cerebral artery

PCV = posterior condylar vein (in condylar canal)

PD-IIA = posterior division internal iliac artery

PEJV = posterior external jugular vein

PEVP = posterior external vertebral venous
plexus

PI = pars interarticularis

PIA = posterior intercostal arteries

PIC = posterior iliac crest

PICA = posterior inferior cerebellar artery

Piri = piriform muscle

PIV = posterior intercostal vein

PIVP = posterior internal vertebral venous
plexous

PLL = posterior longitudinal ligament

PM = psoas major muscle

PMSV = posterior median spinal vein

POAM = posterior occipitoatlantal membrane

PP = ponticulus posticus

PR = posterior rami

PRV = posterior radiculomedullary vein
PS = posterior scalene muscle

PSCT = posterior spinothalamic tract
PT = pharyngeal tubercle

PT = posterior tubercle

Q

QL = quadratus lumborum muscle

R

R =rib

RA = ring apophyses

RCA = rectus capitis anterior muscle

RCL = rectus capitis lateralis muscle

RCPm = rectus capitis posterior minor muscle

RCPM = rectus capitis posterior major muscle

REXZ = root exit zone

REZ = root entry zone

RH = rib head

RhMajor = rthomboid major muscle

RhMinor = rhomboid minor muscle

RL = rotatores lumborum muscle

RMA = radiculomedullary artery

RMYV = radiculomedullary vein

RT = rib tubercle

RT = rotatores thoracis muscle

RuST/LReST = rubrospinal tract/lateral
reticulospinal tract

S

S = sacrum

SA = segmental artery

SA/V = segmental arteries/veins

SacC = sacral canal

SAF = superior articular facet

SAP = superior articular process

SAS = subarachnoid space (V - ventral,
D - dorsal)

SB = segmental branches

SB = spina bifida

SC = spinal cord

SCA = subcostal artery

SCA = superior cerebellar artery

SCan = spinal canal

Scap = scapula

SCM = sternocleidomastoid muscle

SCo = sacral cornua

SCS = suboccipital cavernous sinus

SDF = superior demifacet

SDS = subdental synchondrosis

SDSL = short dorsal sacroiliac ligament

SemiC = semispinalis capitis muscle

SemiCerv = semispinalis cervicis muscle

SEP = superior endplate

SF = sacral foramen/foramina

SH = sacral hiatus

SH = stylohyoid muscle

SIJ = sacroiliac joint

SLL = spinolaminar line

SMA = superior mesenteric artery

SN = spinal nerve

SOC = secondary ossification centers

SOVP = suboccipital venous plexus

SP = spinous process

SpCM = splenius capitis muscle

SPI = serratus posterior inferior muscle
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SpinC = spinalis cervicis muscle

SpinT = spinalis thoracis muscle

SplenC = splenius cervicis muscle

SplenCap = splenius capitis muscle

SPM = superior pedicle margin

SPr = sacral promontory

SPS = serratus posterior superior muscle

SPSL = superficial posterior sacrococcygeal
ligament

SR = superior recess

SS = sigmoid sinus

SSCpM = semispinalis capitis muscle

SSL = supraspinous ligament

ST = sacral tuberosity

ST = spinalis thoracis muscle

ST = spinous tubercle

STIR = short-TI inversion recovery

Subclav = subclavian artery

SV = segmental vein

SVC = superior vena cava

SVN = superior vertebral notch

T
T = trachea
TB-CL = transverse band of cruciform

ligament
TCF = transverse costal facets
TCT = thyrocervical trunk

TDF = thoracodorsal fascia (M = middle layer,

P = posterior layer)
TG = thyroid gland
TM = tectorial membrane
TM = trapezius muscle
TP = transverse process
TPC = transverse process of coccyx
TR = transverse ridges
Trap = trapezius
TS = thecal sac
TS = tuberculum sella
TSE = turbo spin echo

8)
UP = uncinate process
UVJ = uncoverteberal joint

A%

V1 = initial extraforaminal segment of vertebral
artery

V2 = intraforaminal segment of the vertebral
artery

V3/V4 = junction of V3 and V4 segments of
vertebral artery

V3h = horizontal portion V3 segment of vertebral
artery

V3v = vertical portion V3 segment of vertebral
artery

V4 = intradural segment of the vertebral artery

VA = vertebral artery

VAVP = vertebral artery venous plexus

VB = vertebral body

VB] = vertebrobasilar junction

VC = venous channels

VC = vertebral canal

VEFP = ventral epidural fat pad

VF = ventral funiculi

VFT = vein of the filum terminale

VG = vertebral gutter

VH = ventral horn

VLS = ventral lateral sulcus

VMEF = ventral median fissure

VR = ventral ramus

VR = ventral root

VSAS = ventral subarachnoid space

VSEF = ventral sacral foramen/foramina

VSS = ventral subarachnoid spaces

VST = vestibulospinal tract

VT = ventriculus terminalis

VA
Z] = zygapophyseal joint
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AADI. See anterior atlantodental interval
accessory process (AP), 183, 184
ACV. See anterior condylar vein
AEVP. See anterior external vertebral venous
plexus
AF. See annulus fibrosis
AIVP. See anterior internal vertebral venous plexus
alar ligaments, 12, 16, 28
ALL. See anterior longitudinal ligament
anatomic variants
of craniocervical junction, 41-51
images of, 41-51, 108-117, 160-167, 216-228,
262-269
of lumbar spine, 216-228
of sacrum, 262-269
of subaxial cervical spine, 108-117
of thoracic spine, 160-167
annulus fibrosis (AF), 185
anterior atlantodental interval (AADI), 39
anterior condylar vein (ACV), 24
anterior external vertebral venous plexus
(AEVP), 94,97, 154, 206
anterior internal vertebral veins, 153, 154
anterior internal vertebral venous plexus (AIVP),
132,134,135
anterior longitudinal ligament (ALL), 15, 79, 80,
134, 147-149, 186, 187, 201, 252
anterior occipitoatlantal membrane
(AOAM), 15,28
anterior radiculomedullary arteries, 150
anterior sacral foramina, 239
anterior sacrococcygeal ligament, 260
anterior sacroiliac ligament, 251
anterior scalene muscle (AS), 275, 277-279
anterior spinal line (red line), 21, 62
anterior tubercle (AT), 63, 64, 66, 72
anterior vasa corona, 203
AOAM. See anterior occipitoatlantal membrane
aortic arch (Arch), 17, 18
AP. See accessory process
apex (of sacrum), 238
apical cave, 28
apical ligament, 15
arachnoid mater, 99, 101, 208
Arch. See aortic arch
arterial anatomy
of craniocervical junction, 17-21
description of, 17-21, 85, 150, 203-204, 253-254
images of, 18-21, 86-92, 151-152, 204, 253
of lumbar spine, 203-204
of sacrum, 253-254

of subaxial cervical spine, 85-92
of thoracic spine, 150-152
artery of Adamkiewicz, 150, 152
artery of Salmon, 20
AS. See anterior scalene muscle
AT. See anterior tubercle
atlantoaxial interval, 40
atlas, 11
auricular surface (of sacrum), 239
AV. See azygous vein
axis, 12
azygous vein (AV), 131, 132

base (of sacrum), 237, 238

Basi. See basilar artery

basilar artery (Basi), 17, 18

basion-axial interval, 38

basion-dens interval, 38

basivertebral vein (BVV), 128, 132, 134, 135, 182,
183, 185, 202, 205, 206

BVV. See basivertebral vein

carotid tubercles of Chassaignac, 72-73
cauda equina (CE), 185, 186, 254, 258
caudal epidural steroid injection, 257
CCA. See common carotid artery
CCAB. See common carotid artery bifurcation
CCo. See coccygeal cornua
C0—C1 joint complex, 13
C1-C2joint complex, 14
(C3-C7 segments
description of, 72
images of, 62-76
of subaxial cervical spine, 62-76
CE. See cauda equina
central echo complex, 212, 215
centrum (C), 66, 69, 129-135, 182, 183
cervical branches, 20
cervical enlargement, 104
cervical paraspinal muscles, 273
description of, 273
images of, 274-277
cervicomedullary junction (CM]), 28, 29
Chamberlain’s line, 36
Chassaignac tubercles, 72-73
Clark’s station, 36
clivus canal angle, 34, 35
CM. See conus medullaris
CM]J. See cervicomedullary junction
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coccygeal cornua (CCo), 239, 240, 260
coccygeal ligament, 208, 256
coccygeal nerves, 258-259
coccygeal segments, 237, 260
coceyx
description of, 233, 260261
developmental anatomy of, 234-237
gallery of anomalies/variants, 263, 269
images of, 234-235, 260-263, 269
morphological types, 237
common carotid artery (CCA), 17, 18
common carotid artery bifurcation (CCAB), 17, 18
communicating veins, 254-255
condylar sum, 38, 39
congenital anomalies
images of, 108-117, 160-167, 216-228, 262-269
of lumbar spine, 216-228
of sacrum, 262-269
of subaxial cervical spine, 108-117
of thoracic spine, 160-167
conjoined nerve roots, 208, 256
conus medullaris (CM), 132, 186
coronal venous plexus (CVP), 93, 134
costal element, 72
costal process (CP), 66, 72
costotransverse bar (CTB), 66, 68, 69, 72
costotransverse joint (CTJ), 127-129, 132, 133, 146
costotransverse lamella, 72
costovertebral joint (CV]), 129, 131-134, 146
CP. See costal process
cranial branches, 20
cranial roots, 30
craniocervical junction
anatomic variants of, 41-51
arterial anatomy of, 17-21
atlas, 11
axis, 12
C0-C1 joint complex, 13
C1-C2 joint complex, 14
craniometry of, 34—40
description of, 1
developmental anatomy of, 3-15
embryology of, 2
gallery of anomalies/variants, 41-51
images of, 2, 35-51
ligamentous anatomy of, 15-17
location of, 1
measurements of, 34-40
meninges of, 27-28
neural anatomy of, 28-33
occiput, 10
spaces of, 27-28
venous anatomy of, 22-26
craniometry
of craniocervical junction, 3440
description of, 34-40
images of, 35-40
measurement techniques, 34
cruciform ligament, 15
CTB. See costotransverse bar
CT]. See costotransverse joint
CVJ. See costovertebral joint
CVP. See coronal venous plexus

DC. See diaphragmatic crus
dens (D), 17,19

denticulate ligaments, 99
developmental anatomy

of coccyx, 234-237
of craniocervical junction, 3-15
description of, 3—4, 122, 172-174, 188,
234-235
images of, 3-9, 123-167, 173-202, 234-235
of lumbar spine, 172-178
of sacrum, 234-237
of subaxial cervical spine, 56-61
of thoracic spine, 122-126
diaphragmatic crus (DC), 280, 282
distal radicular branches, 203
distal radicular veins, 203
DLS. See dorsolateral sulcus
dorsal columns, 105
dorsal convex bowl, 238
dorsal distal radicular arteries, 203
dorsal intermediate sulcus, 104
dorsal median sulcus (DMS), 104
dorsal nerve root (DR), 186, 212, 213
dorsal proximal radicular arteries, 203
dorsal root entry zones, 212, 213
dorsal root ganglion (DRG), 68, 69, 182, 184, 186,
187, 206, 209, 213, 242, 243
dorsal sacral foramen (DSF), 241-245, 247
dorsal subarachnoid space (DSAS), 155
dorsolateral sulcus (DLS), 104
DR. See dorsal nerve root
DRG. See dorsal root ganglion
DSAS. See dorsal subarachnoid space
DSF. See dorsal sacral foramen
dura mater, 99, 208

EC. See echancrure

ECA. See external carotid artery

echancrure (EC), 62, 63

EIM. See external intercostal muscle

epidural injection, 210, 211

epidural space, 100, 102, 155-157, 208
epidural steroid injection, 210, 211, 257
equatorial arteries, 203

external carotid artery (ECA), 17-19

external intercostal muscle (EIM), 278-280, 282

facet tropism, 193

filum terminale, 208

filum terminale externum (FTE), 208, 256, 257, 259
filum terminale internum (FTI), 208, 259
filum terminale vein, 205, 206

foraminal vein (FV), 186

foramina transversarium (FT), 66

FT. See foramina transversarium

FTE. See filum terminale externum

FTI. See filum terminale internum
fundus, 256-257, 259

FV. See foraminal vein

GARV. See great anterior radiculomedullary vein

gluteus maximus muscle (Gmax), 281, 283

gluteus medius muscle (Gmed), 281, 283

gluteus minimus muscle (Gmin), 281, 283

Gmax. See gluteus maximus muscle

Gmed. See gluteus medius muscle

Gmin. See gluteus minimus muscle

great anterior radiculomedullary vein (GARV),
205, 207

greater occipital nerve, 30
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HAV. See hemiazygos vein

hemiazygos vein (HAV), 131

horizontal portion V3 segment of vertebral artery
(V3h), 17-19

horizontal subarticular collecting vein system, 205

IAF. See inferior articular facet
IAP. See inferior articular process
ICA. See internal carotid artery
ICL. See iliocostalis lumborum muscle
ICT. See iliocostalis thoracis muscle
IDF. See inferior demifacet
IEP. See inferior endplate
IJV. See internal jugular vein
IL. See interspinales lumborum muscle
ILEFP. See interlaminar epidural fat pad
iliacus muscle (Ilia), 281, 283
TlioC. See iliocostalis cervicis muscle
iliocostalis cervicis muscle (IlioC), 275, 277-279
iliocostalis lumborum muscle (ICL), 280-283
iliocostalis thoracis muscle (ICT), 278, 279
iliolumbar ligament (ILL), 185, 201, 252, 281, 283
ilium (I), 241-243, 246, 247
ILL. See iliolumbar ligament
ILS. See interlaminar space
inferior articular facet (IAF), 66, 128, 130-132, 180,
182, 184-187
inferior articular process (IAP), 62-66, 69, 127,
128,132,133, 180-182, 190, 192
inferior demifacet (IDF), 127-129
inferior endplate (IEP), 65, 127-130, 179-182
inferior lateral angle, 240, 253
inferior recess (IR), 131
inferior vertebral notch (IVN), 127, 128, 182
initial extraforaminal segment of vertebral artery
(V1),17,18
INMTA. See innominate artery
innominate artery (INMTA), 17, 18
interarticular crest, 146
interlaminar epidural fat pad (ILEFP), 127, 130,
132,133,182, 184-187
interlaminar epidural injection, 210, 211
interlaminar space (ILS), 62, 64, 127,179, 181, 182
intermediate sacral crest, 238
internal carotid artery (ICA), 17, 19
internal iliac veins, 254
internal jugular vein (IJV), 19
interosseous sacroiliac ligament (ISL), 240
interspinales lumborum muscle (IL), 280-283
interspinales thoracis muscle (IT), 278, 279
interspinous ligaments, 83, 147, 201, 252
interspinous space (ISS), 65, 128, 180
intertransversarii muscle (ITV), 278, 280, 282
intervertebral disc (IVD), 65, 67, 68, 128, 130, 131,
134, 180-182, 184-186
description of, 77, 145, 200
images of, 62-69, 77, 127-135, 179-187, 200
of lumbar spine, 200
of subaxial cervical spine, 77
of thoracic spine, 145
intervertebral disc space (IVDS), 62-64, 127-129
intervertebral foramen (IVF), 63-65, 127, 128,
130-133, 135, 180-183
intervertebral foramina
description of, 76, 106, 198-199
images of, 75,77, 107, 199
of lumbar spine, 198-199
of subaxial cervical spine, 75-77, 106-107

intervertebral vein (IVV), 93-98, 131, 135

intra-articular ligament, 146

intradural segment of vertebral artery (V4), 17-19

intraforaminal segment of vertebral artery (V2),
17-19

IR. See inferior recess

ISS. See interspinous space

IT. See interspinales thoracis muscle

ITV. See intertransversarii muscle

IVD. See intervertebral disc

IVDS. See intervertebral disc space

IVF. See intervertebral foramen

IVN. See inferior vertebral notch

IVV. See intervertebral vein

junction of V3 and V4 segments of vertebral
artery (V3/V4), 19

lamina (L), 62, 64, 66, 69, 129, 131-133, 135,
179-181, 183, 184, 186, 187,242, 243
lateral condylar vein (LCV), 24, 25
lateral mass (LM), 62, 64, 66, 69, 244
lateral recesses, 198-199
lateral sacral crests (LLSC), 238, 249
lateral sacral veins (LSV), 254
lateral surface (of sacrum), 239, 240
latissimus dorsi muscle (LD), 278-280, 282
LC. See longissimus capitis muscle; lumbar
cistern
LColi. See longus coli muscle
LCV. See lateral condylar vein
LD. See latissimus dorsi muscle
levator scapulae muscle (LevS), 274-279
LE. See ligamenta flava
ligamenta flava (LF)
images of, 79, 81-82, 148-149, 202, 252
of lumbar spine, 201-202
of sacrum, 252
of subaxial cervical spine, 79, 81-82
of thoracic spine, 147-149
ligament of Barkow, 16
ligamentous anatomy
of craniocervical junction, 15-17
description of, 15-17, 80-83, 147, 201-202, 252
images of, 15-17, 80-84, 148-149, 202, 252
of lumbar spine, 201-202
of sacrum, 252
of subaxial cervical spine, 79-84
of thoracic spine, 147-149
ligamentum flavum (LF), 130, 132-134, 184-187
ligamentum nuchae (LN), 83, 275, 277
linea radocularis dorsalis, 212
Lissauer’s tracts, 105, 106
LM. See lateral mass
LN. See ligamentum nuchae
LongC. See longissimus cervicis muscle
longissimus capitis muscle (LC), 274-276
longissimus cervicis muscle (LongC), 275, 277
longissimus thoracis muscle (LT), 278, 280-283
longus capitis muscle (LCap), 274-277
longus coli muscle (LColi), 274-279
loss of resistance, 210, 211
LSTV. See lumbosacral transitional vertebrae
L5-5S1 zygapophyseal joints, 248
LT. See longissimus thoracis muscle
lumbar cistern (LC), 185, 208, 209
lumbar enlargement, 212
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lumbar laminae, 172, 190
lumbar lordosis, 188, 200
lumbar nerve roots, 172, 198, 203-204, 208-210, 212
lumbar pedicles, 188-189, 203
lumbar primary ossification centers, 172, 175-178
lumbar secondary ossification centers, 172, 224
lumbar segments
description of, 188
images of, 179-192
lumbar spine
anatomic variants of, 216-228
arterial anatomy of, 203-204
congenital anomalies of, 216-228
description of, 172
developmental anatomy of, 172-178
facet joints of, 193
gallery of anomalies/variants, 216-228
images of, 173-202, 204, 206-207, 209-211,
213-228
intervertebral discs of, 200
intervertebral foramina of, 198-199
lateral recesses of, 198-199
ligamentous anatomy of, 201-202
lumbosacral transitional anatomy of, 194-197
meninges, 208-211
neural anatomy of, 212-215, 258-259
osteology of segments, 188-192
spaces of, 208-211
venous anatomy of, 205207, 254-255
zygapophyseal joints of, 193
lumbosacral ligaments, 252
lumbosacral paraspinal muscles
description of, 273
images of, 280-283
lumbosacral transitional anatomy
classification system for, 194
description of, 194-195, 251
images of, 194-197
of lumbar spine, 194-197
of sacrum, 251
lumbosacral transitional vertebrae
(LSTV), 194-196

mamillo-accessory ligament, 192
mamillo-accessory notch, 192
mammillary process (MP), 182
mandible (Mand), 62
marginal sinus, 23
MB. See muscular branch
McCrae’s line, 36
McGregor’s line, 36-37
median sacral crest (MSC), 238, 241-244
meninges
of craniocervical junction, 27-28
description of, 27-28, 99-101, 156, 208-211,
256-257
images of, 27-28, 99-103, 156-157, 209-211, 256
of lumbar spine, 208-211
of sacrum, 256-257
of subaxial cervical spine, 99-103
of thoracic spine, 155-157
meningovertebral ligament (MVL), 187, 201
metaphyseal anastomosis, 203
metaphyseal arteries, 203
middle sacral veins, 254
middle scalene muscle (MS), 275, 277-279
ML. See multifidus lumborum muscle
MP. See mammillary process

MS. See middle scalene muscle

MSC. See median sacral crest

Multifid. See multifidis muscle

multifidis muscle (Multifid), 274-279
multifidus lumborum muscle (ML), 280-283
muscular branch (MB), 18, 19

MVL. See meningovertebral ligament

NCS. See neurocentral synchondroses
nerve of McKenzie, 30
nerve root block, 210
neural anatomy
of craniocervical junction, 28-33
description of, 28-32, 104-106, 158, 212-215,
258-259
images of, 28-33, 104-107, 158-159, 213-215,
258-259
of lumbar spine, 212-215, 258-259
of sacrum, 258-259
spinal nerve innervation, 31
of subaxial cervical spine, 104-107
of thoracic spine, 158-159
neural arches, 172,173, 235
neurocentral synchondroses (NCS), 122, 172, 173
NENA. See nonfused neural arch
nonfused neural arch (NFNA), 242
NP. See nucleus pulposis
nucleus pulposis (NP), 185
nutrient arteries, 203

O-ALL. See ossification of the anterior longitudinal
ligament
obliquus capitis inferior muscle (OCI), 274, 276
obliquus capitis superior muscle
(0CS), 274, 276
obturator internus muscle (OI), 281
OCCA. See occipital artery
occipital artery (OCCA), 18
occipital condyle (OC), 69
occipitoatlantal joints, 13, 14, 38
occiput, 10
OCI. See obliquus capitis inferior muscle
OCS. See obliquus capitis superior muscle
OL. See obturator internus muscle
O-PLL. See ossification of the posterior longitudinal
ligament
ossiculum Albrecht, 2
ossiculum terminale Bergmann, 4, 5
ossification of the anterior longitudinal ligament
(O-ALL), 79, 148, 149
ossification centers, 234-235
ossification of the posterior longitudinal ligament
(O-PLL), 80
osteology
of lumbar spine, 188-192
of sacrum, 237-240
of subaxial cervical spine, 72
of thoracic spine, 136

PADIL. See posterior atlantodental interval
paraarticular processes, 140
paraspinal musculature
cervical paraspinal muscles, 274-277
description of, 273
functions of, 273
images of, 274-283
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lumbosacral paraspinal muscles, 280-283
thoracic paraspinal muscles, 278-279
pars interarticularis (PI), 66, 127, 128, 131, 180-182
PBD. See posterior belly of the digastric muscle
pedicle (P), 63-66, 69, 127-129, 131, 135, 179-187
pedicle-lamina junction, 190
pelvic surface (of sacrum), 238, 239
periosteal arteries, 203
PEVP. See posterior external vertebral venous
plexus
PI. See pars interarticularis
pial arterial plexus, 92
pia mater, 99, 208, 256-257
PICA. See posterior inferior cerebellar artery
Piri. See piriform muscle
piriform muscle (Piri), 281, 283
PIVP. See posterior internal vertebral venous plexus
PLL. See posterior longitudinal ligament
PM. See psoas major muscle
POAM. See posterior occipitoatlantal membrane
ponticulus posticus (PP), 11, 12, 16
posterior atlantoaxial membrane, 16
posterior atlantodental interval (PADI), 39
posterior belly of the digastric muscle (PBD),
274,276
posterior condylar vein (PCV), 25, 26
posterior external vertebral venous plexus
(PEVD), 134
posterior inferior cerebellar artery (PICA), 19-21
posterior intercostal arteries (PIA), 150, 151
posterior internal vertebral veins, 153, 154
posterior internal vertebral venous plexus (PIVP),
134,135
posterior longitudinal ligament (PLL), 79, 80,
147-149, 201, 202, 252
posterior occipitoatlantal membrane (POAM), 16
posterior radiculomedullary arteries, 150
posterior sacral foramina, 238
posterior sacrococcygeal ligament, 252, 257, 260
posterior sacroiliac ligament, 240, 251, 257
posterior scalene muscle (PS), 275, 277-279
posterior spinal line, 62
posterior tubercle (PT), 63, 64, 66
Powers ratio, 38
PP. See ponticulus posticus
presacral venous plexus, 254-255
primary ossification centers
craniocervical junction, 3, 4
lumbar spine, 172, 175
sacrum, 234, 235
subaxial cervical spine, 56
thoracic spine, 122, 123
primary periosteal arteries, 203
proximal radicular arteries, 203
proximal radicular veins, 203
PS. See posterior scalene muscle
psoas major muscle (PM), 280-283
PT. See posterior tubercle

QL. See quadratus lumborum muscle
quadratus lumborum muscle (QL), 280, 282

RA. See ring apophyses

radicular branches, 203
radiculomedullary arteries, 91, 93-95, 150
radiculomedullary veins (RMV), 131
Ranawat criterion, 37

RCA. See rectus capitis anterior muscle

RCL. See rectus capitis lateralis muscle

RCPM. See rectus capitis posterior major muscle

RCPm. See rectus capitis posterior minor muscle

rectus capitis anterior muscle (RCA), 274, 276

rectus capitis lateralis muscle (RCL), 274, 276

rectus capitis posterior major muscle (RCPM),
274,276

rectus capitis posterior minor muscle (RCPm),
274,276

Redlund-Johnell criterion, 37

Rexed laminae, 105

RH. See rib head

RhMajor. See rhomboid major muscle

RhMinor. See rhomboid minor muscle

rhomboid major muscle (RhMajor), 278, 279

rhomboid minor muscle (RhMinor), 275, 277-279

rib (R), 127,128, 131, 135, 179, 180

rib head (RH), 129-134

rib tubercle (RT), 128, 129, 133, 134

ring apophyses (RA), 128, 182

RL. See rotatores lumborum muscle

RMV. See radiculomedullary veins

rotatores lumborum muscle (RL), 280-283

rotatores thoracis muscle (RT), 278, 279

RT. See rib tubercle; rotatores thoracis muscle

SacC. See sacral canal
sacral ala (ala), 238, 242, 246, 247
sacral apex, 238, 239
sacral canal (SacC), 241-243, 246
sacral cornua (SCo), 238, 241, 242, 244
sacral crest, 238
sacral foramen (SF), 241
sacral foramina (SF)
description of, 238, 241-247, 255
images of, 238-244, 253
sacral hiatus (SH), 238, 242, 244, 252, 257-260
sacral nerve roots, 241, 253, 258-259
sacral promontory (SPr), 237
sacral tuberosity (ST), 240
sacral veins, 254-255
sacrococcygeal ligament, 251, 252, 257, 260
sacroiliac joints (SIJ), 179, 180, 241-243, 246, 247
anterior sacroiliac ligament, 251
description of, 237, 249-251
images of, 238, 240, 249-250
injections of, 251
posterior sacroiliac ligament, 251
sacrospinous ligaments, 252
sacrotuberous ligaments, 252
sacrum
anatomic variants of, 262-269
anterior longitudinal ligament, 252
apex, 238
arterial anatomy of, 253-254
auricular surface, 240
base of, 237, 238
congenital anomalies of, 262-269
description of, 233-234
developmental anatomy of, 234-237
dorsal surface, 238, 239
gallery of anomalies/variants, 262-269
images of, 234-251, 262-269
lateral surface, 239-240
ligamenta flava, 252
ligamentous anatomy of, 252
L5-51 zygapophyseal joints of, 248
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sacrum (cont.)
lumbosacral transitional anatomy of, 251
meninges of, 256257
neural anatomy of, 258-259
neural arches, 235
ossification centers, 234-235
osteology of, 237-240
pelvic surface, 238, 239
posterior longitudinal ligament, 252
sacral foramina of, 241-247
sacroiliac joints of, 237, 249-251
spaces of, 256-257
venous anatomy of, 254-255
ventral surface, 238, 239
zygapophyseal joints of, 248
SAE. See superior articular facet
SAP. See superior articular process
SAS. See subarachnoid space
SA/V. See segmental arteries/veins
SC. See spinal cord
SCan. See spinal canal
scapula (Scap), 278, 279
SCM. See sternocleidomastoid muscle
SCo. See sacral cornua
SCS. See suboccipital cavernous sinus
SDF. See superior demifacet
secondary ossification centers
craniocervical junction, 3, 4
lumbar spine, 172
sacrum, 234, 235
subaxial cervical spine, 56
thoracic spine, 122
segmental arteries/veins (SA/V), 130, 131, 134
selective nerve root block, 210
SemiC. See semispinalis capitis muscle
SemiCerv. See semispinalis cervicis muscle
semispinalis capitis muscle (SemiC), 274-277
semispinalis cervicis muscle (SemiCerv), 274-279
SEP. See superior endplate
serratus posterior inferior muscle (SPI), 280, 282
serratus posterior superior muscle (SPS), 278
SF. See sacral foramina
SH. See sacral hiatus; stylohyoid muscle
SIJ. See sacroiliac joints
SLL. See spinolaminar line
SN. See spinal nerve
SOVP. See suboccipital venous plexus
SP. See spinous process
spaces
of craniocervical junction, 27-28
epidural space, 100, 102, 155-157, 208
of lumbar spine, 208-211
of sacrum, 256-257
subarachnoid space, 99-100, 155, 208
of subaxial cervical spine, 99-103
subdural space, 99, 102, 208
subpial space, 99, 208
of thoracic spine, 155-157
SPI. See serratus posterior inferior muscle
spina bifida at S1 (S1-SB), 180, 182
spinal branches, 150
spinal canal (SCan), 172, 182, 188, 256-257
spinal cord (SC), 67, 68, 130-135
spinalis cervicis muscle (SpinC), 274-277
spinalis thoracis muscle (ST), 278-280, 282
spinal nerve (SN), 68, 69, 184, 185, 198-199
spinal roots, 30
SpinC. See spinalis cervicis muscle
spinolaminar line (green line), 40, 62, 65

spinous process (SP), 62, 64-68, 74, 127-135,
179-187
spinous tubercle (ST), 238
SplenC. See splenius cervicis muscle
SplenCap. See splenius capitis muscle
splenius capitis muscle (SplenCap),
274-279
splenius cervicis muscle (SplenC), 274-279
SPM. See superior pedicle margin
SPS. See serratus posterior superior muscle
SPSL. See superficial posterior sacrococcygeal
ligament
SR. See superior recess
S1-SB. See spina bifida at S1
SSL. See supraspinous ligaments
ST. See spinalis thoracis muscle; spinous
tubercle
sternocleidomastoid muscle (SCM), 274-277
stylohyoid muscle (SH), 274, 276
subarachnoid space (SAS), 99-100, 130, 133, 134,
155, 208
subarticular collecting vein system, 205
subaxial cervical spine
anatomic variants of, 108-117
arterial anatomy of, 85-92
C3-C7 segments of, 62-76
congenital anomalies, 108-117
description of, 55, 56, 77
developmental anatomy of, 56-61
facet joints of, 78
gallery of anomalies/variants, 108-117
images of, 56-116
intervertebral discs of, 77
ligamentous anatomy of, 79-84
luschka joints of, 78
meninges of, 99-103
neural anatomy of, 104-107
osteology of, 62-76
spaces of, 99-103
uncovertebral joints of, 78
venous anatomy of, 93-98
zygapophyseal joints of, 78
subchondral post-capillary venous network, 205
subclavian artery (Subclav), 17
subcostal arteries, 150
subdural space, 99, 102, 208
suboccipital cavernous sinus (SCS), 22, 23
suboccipital nerves, 30, 31
suboccipital venous plexus (SOVP), 23
subpial space, 99, 208
superficial posterior sacrococcygeal ligament
(SPSL), 252, 257, 260
superior articular facet (SAF), 66, 128, 130, 131,
132,180, 182, 184-187
superior articular process (SAP), 62-66, 68, 69,
127,128, 131-133, 180-182, 186, 190, 192
superior demifacet (SDF), 127-129
superior endplate (SEP), 65, 127-130, 179-182
superior intercostal artery, 150
superior pedicle margin (SPM), 128
superior recess (SR), 131
superior vena cava (SVC), 17, 135
superior vertebral notch (SVN), 181, 182
supraspinous ligaments (SSL), 130, 132, 133, 142,
147-149, 185, 186, 201
SVC. See superior vena cava
SVN. See superior vertebral notch
Swischuk line, 83, 84
synchondrosis intraoccipitalis anterior, 10
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TCE. See transverse costal facets
tectorial membrane (TM), 15
thecal sac (TS), 130, 185, 256-257, 259
thoracic paraspinal muscles
description of, 273
images of, 278-279
thoracic spine
anatomic variants of, 160-167
arterial anatomy of, 150-152
congenital anomalies of, 160-167
costotransverse joints of, 146
costovertebral joints of, 146
description of, 121, 122, 136, 140-143
developmental anatomy of, 122-126
facet joints of, 145
gallery of anomalies/variants, 160-167
images of, 123-145, 148-149, 151-152, 154,
156-167
intervertebral discs of, 145
ligamentous anatomy of, 147-149
meninges of, 155-157
neural anatomy of, 158-159
osteology of segments, 136
spaces of, 155-157
venous anatomy of, 153-154
zygapophyseal joints of, 145
thoracic spinous process, 74
thoracodorsal fascia (M—middle layer,
P—posterior layer) (TDF), 278, 280, 281
TM. See tectorial membrane
TP. See transverse process
transforaminal epidural steroid injection, 210, 211
transverse costal facets (TCF), 140-141
transverse ligament, 15
transverse process (TP), 62, 64, 127-129, 131, 133,
135, 179-187
transverse ridges (TR), 238
Trap. See trapezius muscle
trapezius muscle (Trap), 274-279
typical cervical segments, 56-61
typical thoracic vertebrae, 122-126, 136

uncinate process (UP), 62-64, 127, 128
uncovertebral joint (UV]), 62-64, 78
UP. See uncinate process

UV]J. See uncovertebral joint

vasa coronae, 92
VAVP. See vertebral artery venous plexus
VB. See vertebral body

VB]. See vertebrobasilar junction
VEFP. See ventral epidural fat pad
vein of filum terminale, 205, 206
venous anatomy
of craniocervical junction, 22-26
description of, 22-25, 93-98, 153, 205, 254-255
images of, 22-26, 93-98, 154, 206-207,
254-255
of lumbar spine, 205-207, 254-255
of sacrum, 254-255
of subaxial cervical spine, 93-98
of thoracic spine, 153-154
venous drainage, 205207, 254-255
ventral epidural fat pad (VEFP), 185, 186
ventral median fissure (VMF), 104
ventral nerve root (VR), 186
ventral proximal radicular arteries, 203
ventral ramus (VR), 243
ventral sacral foramen (VSF), 241-246
ventral sacral foramina, 253
ventriculus terminalis (VT), 212, 213
ventrolateral sulcus (VLS), 104
vertebral arteries, 85-92
vertebral artery venous plexus
(VAVP), 22,23
vertebral body (VB), 179
vertebral veins, 93-98
vertebrobasilar junction (VBJ), 17
vertical portion V3 segment of vertebral artery
(V3v), 17-19
vertical veins, 205
VLS. See ventrolateral sulcus
VME. See ventral median fissure
VR. See ventral nerve root; ventral ramus
VSE. See ventral sacral foramen
VT. See ventriculus terminalis

Wackenheim clivus baseline, 34, 35
Welcher basal angle, 34, 35

ZJ. See zygapophyseal joints
zygapophyseal joints (Z]), 62, 65, 66, 68, 69, 127,
128, 130-133, 180-182, 184-187
description of, 78, 193, 248
images of, 78, 193, 248
L5-51 joints, 248
of lumbar spine, 193
of sacrum, 248
of subaxial cervical spine, 78
of thoracic spine, 145
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