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Preface

Several books have been written on DBS-related topics, primarily focusing on clini-
cal and technical aspects of the treatment from neurological and neurosurgical per-
spectives. However, few of those books have focused on the role of neuroimaging,
specifically MRI, in DBS surgery. With recent advances in neuroimaging technol-
ogy and its increasingly prominent role, we felt that it would be timely for the DBS
community to have an all-in-one resource summarizing the roles of MRIin DBS. We
wanted to discuss the established as well as the innovative roles of MRI spanning
the preoperative and postoperative care of these patients.

Over the past 25 years, the Toronto group has accumulated a large experience
with DBS and has advanced several aspects of this field. Each chapter is written by
local authors informed by our longstanding experience with DBS in Toronto. These
were written in collaboration with international expert co-authors, who have ensured
a thorough and global perspective on the topics covered.

We hope this book provides a succinct and clear summary of the various roles of
MRI in DBS. It is our wish that the work herein sparks your interest so that you may
further your knowledge of the topics using the references provided in each chapter.
We believe that the roles of MRI in DBS will only grow over the next few years and
will become increasingly central to most future clinical and research endeavours.

Toronto, ON, Canada Alexandre Boutet
Toronto, ON, Canada Andres M. Lozano
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Deep Brain Stimulation and Magnetic
Resonance Imaging: Introduction

Alexandre Boutet and Andres M. Lozano

In its broadest sense, functional neurosurgery includes the surgical treatment of
pain, movement disorders, epilepsy, and psychiatric conditions. Fundamentally, the
field is dedicated to treat pathological activity in circuits associated with a wide
range of neurological conditions. Generally speaking, this can be achieved through
stereotactic methods using lesioning or electrical stimulation of key brain struc-
tures. As a basic principle, the targeted structure represents a crucial hub within the
circuit of interest: the motor circuit is targeted in Parkinson’s disease, whereas
structures implicated in mood regulation are targeted in psychiatric disorders and
cognitive circuits in dementias and memory disorders [1].

Deep brain stimulation (DBS) has emerged as the dominant stereotactic func-
tional neurosurgical procedure, in part due to its reversibility and also because it
allows for the postoperative titration of electrical stimulation according to a patient’s
specific needs [2]. Following surgical insertion, an electrode placed into the desired
brain target delivers controlled electrical stimulation, analogous in some ways to a
cardiac pacemaker [3]. Most commonly employed in movement disorders such as
Parkinson’s disease, dystonia, and tremor, DBS is also being investigated for use in
psychiatric and cognitive disorders, including depression and Alzheimer’s disease
[1, 2, 4]. Tt is estimated that more than 200,000 patients have undergone DBS sur-
gery worldwide [4]. Imaging techniques, specifically magnetic resonance imaging
(MRI), play central roles in the preoperative and postoperative aspects of DBS
surgery.
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During the preoperative period, MRI is critical for surgical planning, and the
advent of novel MRI sequences now offer unparalleled visualization of DBS targets
[3, 5]. Postoperatively, MRI can be used to assess electrode location and to model
the local field of stimulation, while also permitting the investigation of clinical ben-
efits and adverse events in terms of structural and functional anatomy. This can be
done at the individual level, and more recently—thanks to advances in neuroimag-
ing techniques—at the group level. Towards refining DBS therapy, group-level
MRI-based probabilistic stimulation mapping is a powerful tool that leverages large
amounts of historical data on targeting, programming, and clinical outcomes from
past DBS interventions to be pooled and scrutinized [6, 7]. Furthermore, sequences
such as functional MRI can now be acquired in DBS patients to investigate network
engagement during active stimulation [8, 9]. This opens the door to a new field in
neuromodulation research in which we can non-invasively probe the effects of brain
stimulation in vivo. However, concerns over safety means that MRI in patients with
DBS can only be performed under strict guidelines [10, 11]. Recent improvements
in MRI and DBS safety knowledge have demonstrated that it is possible to acquire
high resolution MRI in patients with DBS, thereby offering the potential to expand
the possibilities of MRI and neuroimaging research in this population.

This book focuses on the established as well as the innovative roles of MRI in
DBS. MRI and DBS are first introduced from an historical perspective and a review
of the clinical aspects of DBS is performed. Then, the preoperative and postopera-
tive applications of MRI in DBS are covered. The crucial aspect of MRI safety in
these patients is also discussed. Finally, possible upcoming MRI applications for
patients with DBS are discussed in a future directions chapter.
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A Historical Perspective on the Role
of Imaging in Deep Brain Stimulation

Gavin J. B. Elias, Aazad Abbas, Aaron Loh,
Jurgen Germann, and Michael L. Schwartz

Introduction

Deep brain stimulation (DBS) is a neurosurgical procedure in which metallic depth
electrodes, connected by wires to an internalized battery, are implanted within the
brain for the purpose of delivering ongoing trains of electrical pulses to specific
neuroanatomical targets [1]. Implantation of DBS electrodes is performed in a
minimally invasive, stereotactic fashion and relies on the use of brain imaging—
typically acquired while the patient’s head is fixed in a stereotactic frame—to
select precise target coordinates prior to surgery. Electrode positioning is often
adjusted intra-operatively based on electrophysiological recordings (microelec-
trode recording, MER) and test stimulation, and is usually confirmed intra-opera-
tively and/or post-operatively with further imaging [2]. Once implanted, the
electrodes are used to modulate dysfunctional brain activity on a chronic basis
through both direct bioelectric effects on perielectrode cells and broader, network-
level effects on oscillatory dynamics [3, 4] and cerebral metabolism and blood flow
[5-8]. Unlike older functional neurosurgical therapies that achieve their effects by
creating a physical and permanent lesion in the brain, DBS is notable for both its
reversibility (i.e., stimulation can be turned on and off) and its titratability [9].
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Specifically, stimulation parameters such as amplitude/voltage, pulse width, and
frequency can be selected and modified following implantation, allowing for ther-
apy to be optimized for each patient on an individual basis.

While DBS in its modern incarnation emerged in the late 1990s, the technique
grew out of older depth electrode work dating back to the 1970s [10-13]. These
older studies tended to employ intracranial electrodes to deliver lower frequencies
of stimulation (<60 Hz), most commonly targeting structures such as periven-
tricular/periaqueductal grey, sensory thalamus, and posterior limb of internal cap-
sule for the treatment of refractory pain. It was discovered in 1987 that
high-frequency (>100 Hz) stimulation mimicked the effect of lesional procedures
(e.g., thalamotomy, pallidotomy, and subthalamotomy) [9], ushering in the wide-
spread use of DBS for movement disorders such as Parkinson’s disease (PD),
essential tremor (ET), and dystonia in the 1990s [14—16]. Indeed, the efficacy and
safety profile of DBS for movement disorders quickly established it as the neuro-
surgical procedure of choice for these conditions, largely supplanting the afore-
mentioned ablative procedures [17-19]. In the decades since, DBS has seen
continued, prevalent use for movement disorders and is also used clinically for
refractory chronic pain and headache syndromes [20], epilepsy [21], Tourette syn-
drome [22], and obsessive-compulsive disorder [23]. In addition, DBS is pres-
ently under investigation for its utility in disorders such as treatment-resistant
depression [24], anorexia nervosa [25], and Alzheimer’s disease [26]. The wide
variety of indications for DBS in part derives from the fact that stimulating elec-
trodes may be inserted into different brain regions in order to modulate disease-
relevant circuits and affect the desired symptoms [27]. The dorsolateral aspect of
the subthalamic nucleus (STN)—a key hub in the brain’s cortico-basal ganglia-
thalamo-cortical motor circuit—is the primary target for PD [28], for instance,
while the thalamic ventral intermediate nucleus (VIM) remains the preeminent
target for ET [29].

It has long been understood that the therapeutic effects of DBS are mediated in
the first instance through effects on the electrical dynamics of neurons and axons
within a few millimeters of the implanted electrode [30]. Indeed, work in the early
2000s found electrode misplacement to be a frequent cause of poor clinical out-
come following DBS surgery [31]. The importance of location to DBS outcome
has been further emphasized in recent years by neuroimaging studies that demon-
strated robust correlations between individual patient outcome and the location of
implanted electrodes and/or volumes of tissue activated (VTA, the spatial extent
of the direct bioelectric effect of stimulation) [32], and characterized “hotspots”
of greater efficacy within existing targets [33]. For this reason, the accurate and
precise positioning of electrodes within the target structure—a step that has always
been inextricably bound to brain imaging—is paramount. In this chapter, we review
the various imaging methods that have been used to facilitate DBS surgery over
the decades, focusing on approaches taken to guide electrode placement for the
treatment of major DBS indications. We discuss how these approaches have per-
mitted either indirect or direct targeting techniques and touch upon recent imaging
advances in the field of DBS.

ALGrawany



2 AHistorical Perspective on the Role of Imaging in Deep Brain Stimulation 7

Ventriculography

Ventriculography is the oldest imaging method that has been used to plan DBS sur-
geries [34]. This method involves the visualization of the cerebral ventricles and
subarachnoid space with multiple plain radiographs (X-rays) following the drainage
of CSF through an inserted spinal or intraventricular needle and its replacement
with a substance (either air, gasses like oxygen or helium, or contrast media) that
more clearly demarcates the ventricular borders. Having been injected with gas or
contrast media, patients are rotated in varying positions over multiple hours, allow-
ing for the injected substance to flow throughout the ventricular system and for
intracranial targets to be fully mapped out. While ventriculography provides precise
and undistorted images of the cerebral ventricles and constituted an improvement
on preexisting skull radiography, it was historically associated with adverse out-
comes such as patient discomfort and headaches, contrast reactions, and the risk of
CSF leakage and hemorrhage [35-37]. A key feature of ventriculography-based ste-
reotactic targeting is that it is by necessity indirect; DBS target structures such as
STN cannot be visualized on the X-ray images themselves but must instead be
localized based on contextual spatial relationships with visible landmarks (i.e., the
anterior commissure (AC), posterior commissure (PC), and other structures border-
ing the third ventricle) (Fig. 2.1). In practice, this has involved the application of
stereotactic diagrams [38—40] or atlases [41, 42] that indicate the likely location of
target structures on the basis of prior anatomical and/or clinical studies, and which
must be fitted or deformed to the coordinate space defined by the visualized periven-
tricular landmarks [43]. Given that indirect targeting does not take into account
individual variability in location, size, or shape of the target structure [44], intra-
operative adjustment or “secondary targeting” by way of test stimulation and MER
has classically been essential for accurate electrode placement.

Ventriculography was first described by American neurosurgeon Walter Dandy
in 1919 [34] and was adopted for initial use in stereotactic procedures (using iodine
rather than air) by Jean Talairach in the 1940s and 1950s [45]. Talairach also identi-
fied AC and PC as stereotactic reference points for a brain coordinate system at this
time, based on the fact that they were clearly identifiable on ventriculography
images; indeed, these structures have remained the gold standard landmarks for
indirect neurosurgical targeting using other imaging modalities to the present day
[46]. The German neurologists Hans Orthner and Fritz Roeder subsequently intro-
duced stereotactic air ventriculography in the 1950s, seeking to avoid the potentially
hazardous effects associated with iodine contrast injection (e.g., iodine hypersensi-
tivity, epileptic seizures, and aqueductal stenosis). They also introduced the practice
of mounting the stereotactic frame and performing the ventriculography procedure
under general anesthesia to improve patient comfort, as well as the use of a “one
stage” ventriculography (as opposed to two stage) approach on the day of surgery
itself. Avoiding inaccuracies associated with readjusting the frame to the central ray
and realigning the X-rays, the one stage procedure led to enhanced targeting accu-
racy and improved outcomes and soon became the preferred approach [47-50].
Further advancements came in the 1960s, when the Canadian team of Ronald
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Fig. 2.1 DBS targeting using pre-operative ventriculography. (a) Representative lateral and (b)
frontal views of stereotactic pre-operative contrast ventriculograms, permitting visualization of the
ventricles and periventricular landmarks. A cannula can be seen in the frontal horn of the right
lateral ventricle. (¢) A popular method of indirect targeting, indicated by superimposed lines and
circles, was used to target the subthalamic nucleus (STN) [60]. First, the anterior commissure
(AC), posterior commissure (PC), and height (i.e., top) of the thalamus (HT, as indicated by the
floor of the lateral ventricle) were identified. Subsequently, auxiliary points P1 and P2 were deter-
mined at the midcommissural point and five/sixth of the distance from PC to AC on the HT line,
respectively. The STN target point was defined in the y and z planes as the intersection point of the
line passing through P1 and P2 and the floor of the third ventricle, while the x coordinate of this
point was typically given as 12 mm lateral to the midplane of the third ventricle (as visualized on
the frontal ventriculogram). (d) A lateral post-operative X-ray shows DBS electrodes implanted
using this targeting method. Panels A and B are reprinted with permission from Benabid AL,
Mitrofanis J, Chabardes S, et al. Subthalamic Nucleus Stimulation for Parkinson’s Disease. In:
Lozano AM, Gildenberg PL, Tasker RR, editors. Textbook of Stereotactic and Functional
Neurosurgery [Internet]. Berlin, Heidelberg: Springer; 2009 [cited 2022 Mar 8]. p. 1603-30. Panel
C is adapted with minor edits from the same source. Panel D is reprinted with permission from
Benabid AL, Chabardes S, Mitrofanis J, et al. Deep brain stimulation of the subthalamic nucleus
for the treatment of Parkinson’s disease. Lancet Neurol. 2009;8 (1):67-81

Tasker, Leslie Organ, and Peter Hawrylyshyn used ventriculography in conjunction
with intra-operative stimulation to meticulously map somatosensory responses in
the thalamus and midbrain. This allowed them to refine the dimensions of the popu-
lar Schaltenbrand and Bailey atlas and contributed to improved accuracy in indirect
stereotactic targeting going forward [51, 52].
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Prior to the widespread adoption of CT and MRI techniques in the 1970s and
1980s, ventriculography was the only viable means of precisely visualizing intracra-
nial features. As such, it was performed extensively to guide a variety of stereotactic
neurosurgical procedures, including early depth electrode work in patients with
chronic pain [53] and other conditions [13]. Even as modern high-frequency DBS
gathered steam in the 1990s, however, ventriculography remained in use. While the
risks associated with the invasive procedure were increasingly highlighted in the
context of non-invasive radiological alternatives [54], many functional neurosur-
geons considered it the “gold standard” into the early 2000s [9]. This enduring pref-
erence in the face of more modern modalities was rooted not only in the technique’s
decades of proven use as a stereotactic tool, but also in the understanding that ven-
triculography avoided major image distortions (other than magnification caused by
the conic projection of X-ray images onto photographic film) [55]. As a result of
these sentiments, an era of overlap ensued in which ventriculography was often com-
bined with CT or MRI for targeting purposes [56]. A 2008 systematic review of tar-
geting methods revealed that, of the almost 500 STN-DBS patients reported on
during the 1990s and early 2000s, over one-third underwent surgeries guided by
ventriculography in combination with another imaging modality [57].

Modern Neuroimaging Techniques: Magnetic Resonance
Imaging and Computed Tomography

As previously mentioned, the 1970s and 1980s saw the introduction of two novel
techniques that revolutionized neuroimaging. Computed tomography (CT) imag-
ing, a technique that uses tomographic reconstruction and a rotating array of X-ray
generators and detectors to generate a series of cross-sectional images through a
given object, was first introduced as a clinical neuroimaging tool in the early 1970s
after its invention by Sir Godfrey Hounsfield [58]. Approximately a decade later,
magnetic resonance imaging (MRI), a wholly separate, non-radiation-based tech-
nique that employs magnetic fields and radiofrequency pulses to detect a variety of
(proton spin-related) properties of scanned tissues, emerged as a radiological tool
[59]. Both methods boasted clear advantages over ventriculography in that they
were non-invasive (and thus less dangerous for patients), generated three-
dimensional images, and permitted unprecedented visualization of parenchymal
structures [59]. Nonetheless, both CT and MRI were subjected to initial scrutiny
and numerous head-to-head comparisons with ventriculography [54, 60-63] before
either became accepted as reliable modes of imaging for guiding stereotactic sur-
gery. As mentioned earlier, a period of overlap ensued during the 1990s and 2000s
in which various groups planned DBS surgeries using either CT or MRI alone, CT
and MRI in combination, or either method in combination with ventriculography
[57]. Gradually, most centers adopted MRI—either alone or in conjunction with
CT—as their pre-operative imaging method of choice. To this day, some groups
elect to plan DBS surgeries on the basis of stereotactic MRI alone, while others
acquire MRI at an earlier time and fuse (coregister) this image to a stereotactic CT
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scan, often using proprietary planning software [64]. The main justification for
combining the two techniques has been to avoid the risk of susceptibility artifacts
produced on MRI by the metallic stereotactic head frame, which some have argued
distort the image and negatively impact targeting accuracy [65]. While there is
research to suggest that solely MRI-guided targeting does not impair the accuracy
of electrode implantation [65] and—in the case of 1.5 T MRI—results in similar
electrode coordinates to MRI/CT fusion-based targeting [66], MRI/CT fusion
remains the preferred method for many DBS surgeons, especially when 3 T MRI
(which may be more prone to susceptibility-related distortion) is employed.
Overall, several factors appeared to drive the trend towards increased reliance on
pre-operative MRI targeting throughout the 1990s and 2000s. For one, there was
growing recognition that neuroanatomical landmarks for indirect targeting—visible
on both CT and MRI, as they were on ventriculography—could be visualized with
greater detail on MRI. Indeed, MRI was noted in the early 2000s to permit not only
good visualization of AC and PC, which remained the leading anatomical fiducials
for DBS implantation [46], but also the use of new, STN-adjacent landmarks like
the red nucleus [67]. Another unique advantage of MRI was the ability to visualize
DBS targets such as STN and GPi directly for the first time on pre-operative imag-
ing (i.e., direct targeting) [2]. This was possible in large part due to the potential to
customize MRI sequences to emphasize specific tissue contrasts. The early 2000s
saw particular interest in the use of T2-weighted MRI to directly visualize the STN
as a hypointense region located lateral to the red nucleus and dorsolateral to the
substantia nigra. Several papers established T2-weighted MRI as sufficient guid-
ance for consistent and accurate electrode placements, although they also noted the
sequence’s inability to reliably visualize the posterior aspect of STN (due to its
decreased iron content) [68—70]. The safety and efficacy of T2-weighted MRI was
also demonstrated at this time through post-operative follow-up of improvement of
motor scores and activities of daily living [71]. Inversion recovery (IR) sequences
also received extensive attention with regard to STN visualization in the early
2000s; several studies showed these to be similarly useful to T2-weighted images
for identifying STN borders, with potential synergistic applications [72, 73]. One
particular IR sequence—the FGATIR (fast gray matter acquisition T1 IR), devel-
oped in 2009—was notable for its applications to not only STN but also other DBS
targets such as GPi, external globus pallidus, and thalamus [74]. Additional
sequences of interest such as T2* [75] and susceptibility-weighted imaging (SWI)
[76] were also explored in the 2000s due to their increased sensitivity to local STN
iron deposits [70], with reported improvements in STN visualization and delimita-
tion. Overall, the growing adoption of direct MRI imaging in DBS can be traced in
the timeline of studies comparing indirect and direct MRI targeting throughout the
2000s; while earlier papers tended to favor indirect methods in terms of accuracy
and precision [60, 77, 78], this trend reversed course in subsequent years [79-82].
Mounting evidence in this period also corroborated both the existence of clinically
meaningful interindividual variability in the size and position of common DBS
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targets and the ability for these structures to be directly targeted using MRI [83-85].
Notably, the adoption of higher field strength MRI—particularly the clinical uptake
of 3 T MRI following FDA approval in 2000 [86]—has also served to bolster the
direct targeting approach due to its enhanced signal-to-noise ratio compared to
1.5 T MRI [87].

Recent Advances in DBS Neuroimaging

Today, MRI alone or combined MRI/CT continues to be the modality of choice for
pre-operative planning of DBS surgeries. There is a great deal of ongoing research
focused on further optimizing and expanding the use of MRI as a targeting tool.
These include the development of new MRI sequences such as quantitative-
susceptibility mapping, the application of ultra-high field DBS (i.e., >7 T), the
adoption of structural (diffusion-weighted MRI) and functional (functional MRI)
network-based MRI targeting, and the use of insights from large-scale DBS analy-
ses incorporating probabilistic mapping and normative connectomic techniques [33,
88, 89]. The continued development of new MRI sequences and use of ultra-high
field DBS have contributed to improvements in direct targeting and opened the door
to direct visualization of thalamic nuclei such as VIM [90]. The mounting interest
in functional and particularly diffusion-weighted MRI—popularized by researchers
such as Volker Coenen in the early 2010s [91]—is noteworthy given that these
modalities shift the focus away from discrete target nuclei and towards a broader,
circuit-based conception of neurological conditions [92]. From a practical perspec-
tive, they have opened the door to visualizing previously “unseen” neuroanatomical
entities; diffusion-weighted MRI tractography, for instance, has been used to trian-
gulate and target specific white matter bundles for treatment of refractory depres-
sion [93] and obsessive-compulsive disorder [94] and to directly stimulate the
dentato-rubro-thalamic tract for control of tremor [91, 95]. Probabilistic stimulation
mapping—an approach in which clinical outcome and electrode/VTA location data
from prior cases are aggregated and probed for spatial trends in a common imaging
space using voxel-wise analysis techniques—has also blossomed in recent years
following incipient work in the early 2010s [96], with various groups conducting
large-scale studies to identify empirical “hotspots™ of efficacy for stimulation that
could be used to guide and refine future targeting [33, 97, 98]. Finally, building on
seminal work by Andreas Horn in 2017 [99], a growing number of researchers have
turned to “big data” analyses of DBS network engagement using diffusion-weighted
and functional MRI data from large numbers of healthy individuals (“normative
connectomes”). This approach has allowed connectivity-based research questions
to be addressed in DBS populations that lack native connectivity imaging, with
important implications for understanding this therapy’s mechanism of action and
for further optimizing its delivery [89]. Subsequent chapters in this book will dis-
cuss these various ongoing research initiatives in greater depth.
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Overview of the Clinical Aspects of DBS

Oliver Flouty, Brian Dalm, and Andres M. Lozano

Overview and History of DBS
Brief History of Neurostimulation in Functional Neurosurgery

Electrical neurostimulation is a neurosurgical tool that was used to investigate and
explore regions of the brain by select neurosurgical centers early in the twentieth
century. Penfield and his team developed the “Montreal Procedure” in the 1930s
where awake patients underwent exploratory electrical stimulation to help local-
ize seizure onset zones and map eloquent areas prior to resection. The localization
technique, however, was laborious and open to subjective interpretation [1]. A
decade later, human stereotaxy was born when methodical human brain localiza-
tion using cartesian coordinates was developed in 1947 by two independent
groups. Expanding upon an earlier predecessor frame built for animal experimen-
tation by Horsley and Clarke in 1908, Spiegel (neurologist) and Wycis (neurosur-
geon) described the first human stereotactic apparatus to perform ablative surgeries
labeled as “stereoencephalotomies” (Fig. 3.1). The Spiegel-Wycis frame was pri-
marily designed for psychosurgery at the time [2]. In the same year, Tailarach
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Fig.3.1 An artist’s
adaptation of the earliest
stereotactic frame built by
Spiegel and Wycis in 1947

designed a unique stereotactic apparatus that was specifically intended to permit
implantation of electrodes for recording and stimulation in epilepsy [3]. This her-
alded the era of stereotactic functional neurosurgery where frame-based stereo-
taxis allowed the use of neurophysiologic recordings in conjunction with electrical
stimulation for assessing and exploring brain targets prior to lesioning. Subcortical
mapping and electrical neurostimulation developed in parallel with lesioning and
continued to gradually develop with chronic electrode implants, allowing for sys-
tematic and safe incremental lesioning until stimulation became a standalone
modality for therapy.

While it is known that neuromodulation started first with psychosurgery fol-
lowed by pain, epilepsy, and movement disorders, it is fair to say that linear nar-
ratives of the history of DBS provide an inadequate and an oversimplified version
of the truth. It is therefore worth mentioning that technological advances in DBS
were non-linear and history shows that slow advances took place in parallel as
several groups were working with this technology separately and independently
to treat various neuropsychological conditions. The groups at the time shared
similar goals of safe lesioning yet they had a heterogenous outlook on innova-
tion, media sensationalism, resources, and regulation. Their work often sprouted
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simultaneously in different regions of the world and mainly in Europe and the
United States.

DBS for Psychosurgery

Chronic depth electrode implantation for stimulation and recording was proposed as
early as the late 1940s and early 1950s. Among the earliest pioneers of chronic
depth electrode implantation for recording and stimulation included Heath in New
Orleans, Sems-Jacobson in Oslo, and Delgado in Connecticut. At that time, the
earliest indication for stereotactic surgery was to treat psychiatric and behavioral
disorders [4-7]. The surgeries were not standardized. Practitioners who included
neurologists and neurobehaviorists often worked in isolation, and the questionable
ethical grounds of their treatment protocols were open to interpretation [8]. Results
were often subjective and lacked scientific rigor and transparency. Systematic stud-
ies done subsequently failed to prove efficacy of DBS for psychosurgery and the
field fell out of favor. At this time, DBS is still being practiced for psychiatric condi-
tions, mainly for obsessive compulsive disorder (OCD). Yet, it is a minority of DBS
indications, and outside OCD, this practice remains investigational.

DBS for Pain

DBS for pain started as early as the 1950s and underwent a surge in the 1970s pri-
marily by two groups, Mazars and Hosobuchi in France and USA, respectively [9,
10]. Pain targets included sensory thalamus, internal capsule, and periventricular/
periaqueductal gray [11-14]. Chronic subcortical stimulation for chronic pain using
multi targeting of thalamus and periventricular gray became a popular procedure
that Medtronic trademarked the term DBS in the mid-1970s. Functional practitio-
ners reported that the surgeries were very effective. Unfortunately, clinical trials
failed to show that DBS offers good efficacy for pain and therefore DBS for pain
never took off or became a standard of care.

DBS for Epilepsy

DBS for epilepsy started at a later stage following investigational DBS for psycho-
surgery; however its adoption and progress did overlap with other indications includ-
ing psychosurgery and pain. The original frame designed by Tailarach was specifically
designed to allow chronic implantation of electrodes for recording and stimulation in
epilepsy [3]. Over the course of the next two decades, other targets such as the cere-
bellum and the anterior nucleus of the thalamus were later introduced [15, 16]. The
latter of which re-emerged several years later and more recently with showing pro-
gressive improvement of seizure control reaching up to 67% 3 years after DBS [17].
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DBS for Movement Disorders

Among the earliest recorded frame-based functional procedures in movement disor-
der was a pallidotomy for Huntington chorea dating back to 1950, where electrical
stimulation was used intraoperatively prior to lesioning [18]. The emergence of
DBS for movement disorders, however, appeared later in the 1960s and followed
DBS for psychosurgery, pain, and epilepsy [19, 20]. Microelectrode recording and
stimulation of the ViM thalamus with high frequency stimulation to treat tremor in
PD was recorded as early as 1963 by Albe-Fessard [21]. In the late 1960s, func-
tional neurosurgery experienced a decline when Levodopa was introduced. Referring
providers became reluctant to refer Parkinson’s disease patients to neurosurgeons
since the new drug was perceived as safe, effective, and inexpensive. Soon after its
introduction, Levodopa quickly became the first-line treatment for PD and over-
shadowed functional procedures for 10 to 20 years. DBS re-emerged when many
patients treated with levodopa became refractory to medical management and expe-
rienced significant side effects from their medications and disease progression. The
earliest recorded permanent thalamic DBS implant was reported by Brice et al. in
1980 for secondary intention tremor associated with multiple sclerosis (MS) [22].
Seven years later, Benabid and his group in Grenoble, France, implanted a unilateral
permanent thalamic DBS system in a patient suffering from essential tremor who
had undergone contralateral Vim lesioning [23]. His collaborative and multidisci-
plinary approach, combined with a systematic analysis of efficacy, and the standard-
ization of the surgical technique ushered a new era of modern DBS. Since then,
DBS for movement disorders has been the dominant indication in the field.

Other Indications

DBS was also investigated for other indications including decreased level of con-
sciousness starting in the late 1960s until the 1990s without gaining significant trac-
tion as the results were heterogenous and difficult to interpret and reproduce [24-26].

Regulation of DBS Implants

The FDA granted approval of thalamic DBS for treatment of tremor in 1997. Six
years later, the FDA approved STN and GPi DBS to treat advanced medically
uncontrolled PD. Until the FDA asserted authority over implantable medical devices
in the 1970s, the design, fabrication, clinical testing, and marketing of neurostimu-
lation hardware were relatively unregulated in the United States. A change in regu-
latory climate took place in 1976 when the US Congress passed the Medical Device
Amendments and granted the FDA authority over all medical devices. The FDA was
given the role of providing guidelines, oversight, and assurances of reasonable
safety and effectiveness of devices under investigation prior to release in the medi-
cal field market. While regulating medical devices brought about an end to the era
of unsupervised investigational use of DBS on one hand, it also increased patient
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safety, transparency of clinical efficacy, and minimized the practice of haphazard
and unsafe human experimentation. It is also notable that increased regulation
restricted research and slowed down innovation.

Today, approximately 15,000 DBS systems get implanted every year [27]. MRI-
compatible closed-loop DBS systems nowadays are capable of sensing pathologic
neurophysiological signatures and adapting its stimulation paradigm accordingly.
The global market size was valued at 1.2 billion US dollars in 2020 and is projected
to increase by 9% in 2028 [28]. Such growth seems to reflect (1) an increase in
patient referrals as more and more neurologists open up to this treatment modality
and (2) a renaissance in DBS for other conditions to include various ailments such
as OCD, Tourette syndrome, morbid obesity, aggression, depression, and addiction.

Patient Selection and Referral

Most patients referred to neurosurgical evaluation come from a neurology clinic
with a small minority coming from psychiatry. As with any surgical procedure, the
key to optimizing outcomes starts with proper patient selection [29]. Those patients
typically suffer from a movement disorder such as Parkinson’s disease or tremor
that had failed medical management either through medication side effects or motor
fluctuations. Once all conservative measures are depleted, patients undergo neuro-
surgical evaluation, neuroimaging, neuropsychological evaluation, and evaluation
at a multidisciplinary movement disorder conference [30].

Neurology Screening

All patients being considered for surgical intervention for a movement disorder should
start their workup with a specialty trained movement disorder neurologist. It is critical
to differentiate essential tremor from other common tremor syndromes or Parkinson’s
disease from disorders that can mimic Parkinson’s such as multiple system atrophy as
many of these other conditions are difficult to manage or respond poorly with DBS
therapy. Additionally, prior to undergoing surgical intervention it is critical to ensure
that all medical options have been thoroughly exhausted and that patients either cannot
tolerate the medications secondary to side effects or have significant motor fluctua-
tions. This includes both oral medications and, in some indications, injectable Botox.
A thorough evaluation of previous medications is key since certain medications, such
as neuroleptics, can induce a parkinsonian-like state that can be reversible with drug
cessation.

Once the neurological diagnosis is confirmed and surgical consideration has
been determined, patients start a series of steps to help determine whether DBS
therapy may be an effective option in mitigating their symptoms. This typically
involves utilizing standardized measurement tools to help score the severity of
symptoms such as the Fahn—-Tolosa—Marin tremor rating scale for essential tremor
and the Unified Parkinson Disease Rating Scale (UPDRS) for Parkinson’s disease.
Patients will undergo videotaped examinations for later review at the movement
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disorder conference. For Parkinson’s disease, the motor subsection of the UPDRS,
section III, is used and patients are evaluated through a Levodopa challenge test
where they are examined off medications and on medications. A UPDRS III score
of greater than 30 is generally recommended off medications with a greater than
33% reduction in the on-medication state [31].

Neurosurgical Evaluation

The primary goal of the initial neurosurgical evaluation of potential DBS candidates
is to verify correct diagnosis, verify that appropriate medical management has been
pursued, evaluate for “red flags” to DBS surgery, and verify that the patient is an
appropriate candidate to undergo a surgical procedure. Certain factors such as dia-
betes, cardiac risk factors, liver disease, kidney disease, or coagulopathies may have
to be factored in to determine whether the risk of undergoing brain surgery out-
weighs the benefits of the operation. Additionally, this is a time where the surgeon
can discuss with the patient the details of the operation, complications, and answer
any questions that the patients will have about the surgery. A comprehensive neuro-
logical physical examination should be performed.

Neuropsychiatric Testing

All patients undergoing surgical consideration for Parkinson’s disease should
undergo neuropsychological evaluation. With regard to essential tremor, this tends
to be more site-specific with no consensus that preoperative neuropsychological
evaluation is mandatory. Movement disorder patients, particularly Parkinson
patients, can have underlying psychiatric comorbidities such as depression and the
incidence of mild cognitive impairment and dementia are higher in Parkinson
patients. Additionally, these patients are at higher risk for further cognitive impair-
ment following DBS surgery [32].

Neuroimaging

Preoperative MRI is critical to evaluate the patient-specific neuroanatomy. Brain
tumors, previous strokes, ventriculomegaly, and cerebral atrophy can all be identi-
fied. If the diagnosis of Parkinson’s disease is questioned, MRI imaging and other
modalities, such as a dopamine tomography scan (DaT scan), can be utilized to
assist and guide the diagnosis [33]. MRI is also critical as preoperative target plan-
ning of DBS lead placement is largely anatomical and high-quality MRI imaging is
a key component that helps identify target structures and delineate neighboring
anatomy for optimal direct and anatomical targeting.
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Contraindications to Surgery

Generally, the usual contraindications to any surgery are applicable to DBS surgery.
This can include cardiopulmonary disease, coagulopathies, advanced age, and sig-
nificant medical comorbidities. More specifically, little to no response to the
levodopa challenge test except in tremor dominant patients is a negative predictor
for treatment success [34]. Cognitive impairment and dementia can be a contraindi-
cation but may need to be evaluated on a case-by-case basis. Red flags such as REM
behavior sleep disorder, significant hypophonia, visual hallucinations, orthostasis,
absence of anosmia, medication unresponsive freezing of gait, significant balance
problems with a history of frequent falls, dysphagia, or dysarthria should also give
pause before proceeding with DBS surgery [35].

Clinical Considerations and Target Selection
DBS for Essential Tremor

Essential tremor is a tremor of postural action that can affect multiple body parts
including hands, head and neck, laryngeal muscles, and rarely the leg. It is familial
in 50% of the cases with a bimodal age of onset of peaking during the second and
sixth decade. Patients usually become aware of the disease when it starts involving
the dominant hand and becomes more frustrating as the tremor spreads to the non-
dominant hand with time. The typical tremor frequency is around 5-15 Hz and can
have a high amplitude causing social embarrassment, interfering with the quality of
the patients’ life and activities of daily living such as eating, drinking, and writing.
The tremor can be exacerbated by stress and stimulants such as caffeine. It can be
relieved by alcohol, beta blockers, primidone, benzodiazepines, and barbiturates.
Fifty percent of patients do not respond to pharmacological therapy and may be
considered for surgical candidacy [36].

Action tremor is a clinical diagnosis that should be differentiated from mild dys-
tonic tremor especially if the patient complains of limb or neck pain with or without
posturing. Task-specific tremor should also be differentiated such as writer’s tremor.
Parkinsonian tremor can mimic ET with action tremor (ET+). In such case, look for
other mild symptoms of PD. Fortunately, DBS works for writer’s tremor, dystonic
tremor, and Parkinsonian tremor. Since essential tremor is a cerebellar disease,
ataxia and gait imbalance are common, especially in older patients. Should a patient
present with advanced age or impaired gait, consideration should be given to unilat-
eral procedure to mitigate the risk of worsening stimulation-induced gait instability.
Bilateral procedures can also increase the risk of dysarthria as well which might be
disabling to some patients.

Common targets for ET include the ViM nucleus of the thalamus (Fig. 3.2) and
Zona Incerta (also called the posterior subthalamic area or PSA) [36, 37]. Side effects
of stimulation include transient paresthesia, which is often more pronounced with ZI
DBS. When paresthesia is persistent at low voltages, think of posterior electrode
placement in sensory thalamus, Ve. Such paresthesia typically involves the fingertips
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Fig.3.2 Magnetic resonance imaging demonstrating a left-sided ViM DBS directional lead in the
axial (right upper panel), sagittal (left lower panel), coronal (right lower panel), and perpendicular
planes (left upper panel). The perpendicular plan denotes the plane perpendicular to the DBS lead.
The cyan tracing denotes the outer circumference of the thalamus. The central panel demonstrates
the relationship of the DBS lead contact with the left ViM nucleus (pink) and its proximity to the
sensory thalamus, Ve (green). Figures were generated using the Elements software by Brainlab,
Boston Scientific®

or the corner of the mouth and should alert the surgeon that the electrode is likely
placed 2-3 mm posterior to ViM. Dysarthria is another side effect of ViM or ZI
stimulation. It can result from activation of motor fibers within the corticospinal tract
just lateral to the ViM nucleus. Typically, such a form of dysarthria does not adapt or
suppress with time, and therefore should be differentiated from transient dysarthria
with adaptation that typically improves spontaneously when given enough time.
Such transient form of dysarthria is hypothesized to result from activation of cerebel-
lothalamic fiber tracts responsible for coordination of speech. In addition to persis-
tent stimulation-induced dysarthria, lateral placement of the electrode can also lead
to facial pulling and muscle contractions due to current spread into the corticospinal
fibers within the internal capsule. Anterior misplacement of the electrode will lead to
diminished or absent tremor control. Ventral placement of the electrode can cause
activation of the cerebellar fibers of the brachium conjunctivum medially, the inter-
nal capsule laterally, or the medial lemniscal pathway posteriorly. Activation of the
cerebellar fibers can cause ataxia. Activation of the medial lemniscal pathway leads
to low threshold contralateral paresthesia distributed over a large surface area of the
body. This should be differentiated from paresthesia seen with Vc stimulation which
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typically requires higher voltages and is restricted to a small surface area of the con-
tralateral body such as the corner of the mouth or the hand.

DBS for Idiopathic Parkinson’s Disease

Idiopathic Parkinson’s disease is a multisystem neurodegenerative disease
affecting 0.6% of the population above 45 years of age and can increase by four
to five times in people above the age of 65. Today, it is estimated that ten million
individuals are affected worldwide. It is classically characterized by a triad of
resting tremor, bradykinesia, and cogwheel rigidity. PD is diagnosed clinically
and is characterized by the presence of two or more cardinal features. The dis-
ease is initially responsive to dopaminergic agents such as Levodopa. Over
time, and as the disease progresses, some patients become resistant to medical
management and can experience significant side effects from increased medica-
tion requirements.

It is important that an experienced movement disorder neurologist evaluates the
patient prior to surgical referral as there are many other diseases that can mimic
PD. Prior to consideration of DBS, PD should unequivocally be differentiated from
PD mimickers such as dementia with Lewy bodies (DLB), progressive supra nuclear
palsy (PSP), multiple system atrophy (MSA), corticobasal syndrome, and normal
pressure hydrocephalus (NPH). Conditions that mimic PD can be ruled out by an
experienced neurologist through an extensive history, clinical examination, and
neuroimaging. PD mimickers can masquerade as PD during their early presentation.
It is therefore crucial to consider surgical candidacy for PD no earlier than 5 years
from disease onset.

DBS target selection for PD should result from a multidisciplinary discussion
between the neurologist, neuropsychiatrist, neurosurgeon, and the movement disor-
der nurse. This discussion should review the patient’s clinical presentation and
examination as well as review all the pertinent screening investigations. The
patient’s candidacy and suitability for surgery should be reviewed and contraindica-
tions, if present, should be discussed. Classical targets to treat intractable PD include
the subthalamic nucleus (STN) and the internal segment of globus pallidus (GPi). In
cases of tremor dominant PD, ViM or caudal Zona Incerta (cZi) targeting can also
be considered.

STN DBS

This target is typically recommended for patients with good cognitive reserve
who are receiving a high dose of L-DOPA or dopamine agonists and experienc-
ing significant side effects from the medical treatment. The STN is a very effec-
tive target in reducing tremor, bradykinesia, and rigidity. It can also help improve
gait unsteadiness and freezing symptoms if they are responsive to dopaminergic
medications. STN DBS is also effective in mitigating dyskinesia mostly through
reducing the number of medications as drug dosage can be reduced by up to 50%,
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once therapy is initiated and stimulation parameters are optimized. STN DBS
can occasionally cause cognitive and behavioral adverse effects. These side
effects are more often observed with targeting of the anterior and medial portion
of STN and can include apathy, disinhibition, and cognitive impairment.
Contralateral paresthesia that does not habituate with time is a typical sign of
posterior placement of the electrode and activation of the medial lemniscal fibers.
Medial placement of the electrode can lead to current spread to the oculomotor
nerve fibers leading to diplopia secondary to ipsilateral mono ocular medial devi-
ation and rotation of the eye. Medial misplacement of the electrode can also lead
to stimulation of the red nucleus as well which can cause nausea, discomfort, and
sweating (Fig. 3.3). Contralateral tetanic contraction of the limbs and face or
sustained dysarthria are typically seen with anterolateral placement of the elec-
trode and stimulation of the corticospinal tract. Lateral placement of the elec-
trode can engage frontal eye field fibers of the internal capsule causing
contralateral bilateral gaze deviation which should be distinguished from the
mono ocular findings seen with oculomotor fiber stimulation. Anterior

Fig. 3.3 Magnetic resonance imaging demonstrating a right-sided STN DBS directional lead in
the axial (right upper panel), sagittal (left lower panel), coronal (right lower panel), and perpen-
dicular planes (left upper panel). The perpendicular plan denotes the plane perpendicular to the
DBS lead. Three dimensional models of STN and the red nucleus are depicted in green and red,
respectively. The central panel demonstrates the relationship of the DBS lead contact with the STN
nucleus. Figures were generated using the Elements software by Brainlab, Boston Scientific®
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misplacement of the electrode can also be silent and leads to no effect on cardinal
symptoms nor visible side effects with stimulation. Rarely, patients can experi-
ence autonomic symptoms such as flushing and sweating, and this can be a sign
of hypothalamic stimulation seen with anteromedial misplacement of the elec-
trode. Deep placement of the electrode will lead to stimulation of the SNr which
is located ventral to STN. Observed effects of SNr stimulation can include aki-
nesia and acute mood changes.

GPi DBS

This target is typically recommended to patients with cognitive dysfunction or
mood disorder that is identified on the preoperative neuropsychological screening.
GPi can also be considered for patients who suffer concomitant limb dystonia or
gait disturbances that are not responsive to medications. Despite conflicting evi-
dence, studies have advocated GPi as the better target in candidates harboring

Fig. 3.4 Magnetic resonance imaging demonstrating a left-sided GPi DBS directional lead in the
axial (right upper panel), sagittal (left lower panel), coronal (right lower panel), and perpendicular
planes (left upper panel). The perpendicular plan denotes the plane perpendicular to the DBS lead.
The cyan tracing denotes the internal capsule. The blue and orange tracings denote the external and
internal segments of globus pallidus, respectively. The central panel demonstrates an oblique view
showing the relationship of the DBS lead contact with the left GPi nucleus (orange) overlayed on
an axial slice. Figures were generated using the Elements software by Brainlab, Boston Scientific®
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cognitive or psychiatric concerns on preoperative screening. Studies have shown
that GPi targeting is more forgiving when it comes to cognitive side effects profile.
GPi DBS is therefore being increasingly targeted for elderly patients with cognitive
and memory impairment given the target’s relatively lower cognitive side effects
morbidity when compared to STN. GPi DBS typically does not offer a reduction in
medication dosing and patients still require the same medication dosage that was
prescribed preoperatively and are expected to increase the medication doses as the
disease progresses. The globus pallidus is located medial to the putamen, lateral to
the internal capsule, and dorsal to the optic tract (Fig. 3.4). Effective electrode
placement in the posterior third of the GPi will lead to reduction of parkinsonian
symptoms. Observed stimulation-induced side effects can include muscle contrac-
tions if the electrode is placed medially and/or posteriorly to the effective target.
Patients might experience flickering lights or phosphenes in the contralateral visual
hemifield if the electrode is placed ventral to the effective target by activating the
optic tract fibers. Lateral and anterior placement of the electrode can sometimes
cause improvement in PD symptoms if the electrode is in the medial border of GPe.
However, no observed improvement in PD symptoms is the common finding seen
with anterior and lateral electrode misplacements.

ViM/cZi for Tremor-Dominant PD

Vim/cZi targeting can be considered when tremor is the sole poorly controlled
symptom. The main side effects with targeting Vim and cZi are speech and balance
impairment which is more commonly seen with bilateral targeting. These two tar-
gets are especially appealing in elderly patients with multiple comorbidities having
poorly controlled unilateral dominant hand tremor due to low rate of complications
with unilateral DBS implantation. As expected, drug dosage is usually stable after
this operation. From a programming standpoint, Vim/Zi programming is typically
less cumbersome when compared to GPi and especially STN DBS.

DBS for Dystonia

Dystonia is a disorder of involuntary repetitive patterned movements caused by con-
current painful contractions of agonist and antagonist muscle groups that can
involve the limbs or axial skeleton. It can be triggered by voluntary action and is
associated with painful overflow muscle activation. There are multiple subtypes and
classifications of dystonia. The success of DBS for dystonia is dependent on key
factors which include the dystonia distribution, associated symptoms, structural
alterations of the brain, as well as age of onset, genetics, and body distribution.
Patients failing medical management can be considered for DBS. Of note, there are
no clear DBS indications under validated criteria for symptoms such as severity
scores or pharmacological treatment cut-offs. It is therefore important to identify
the target symptoms amenable to DBS therapy and define expectations early when
considering DBS. Those discussions should be made directly with the patient. In
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case of cognitively impaired patients or children, caregivers and parents should be
involved. It is important to rule out triggering factors such as abrupt changes in
medication dosing or infections and to make sure treatable causes are excluded.
Medical management includes anticholinergic agents, benzodiazepines, dopaminer-
gic medication, gabapentin, and Botox injections. Typically, fixed dystonic posture
does not improve with DBS. A classical workup includes genetic tests, blood tests
to exclude metabolic disorders, and MRI. DBS is most effective against primary
isolated dystonia such as cervical dystonia and blepharospasm. Secondary dystonia
is more complex to treat as it may be associated with a variety of brain disorders
including various neurological conditions and trauma. Secondary dystonia is, there-
fore, less responsive to DBS. Unlike tremor, dystonia symptoms take time to
respond to DBS and sometimes can take weeks and up to months for the stimulation
to be optimized and symptoms to be relieved. Common stimulation-induced side
effects include dysarthria and imbalance. If the electrode is placed too deep, it can
induce flickering lights secondary to activation of the optic tract. Motor contraction
of the face and limbs is an indication of activation of the corticospinal fibers in the
internal capsule and can indicate medial and/or posterior placement of the electrode.

DBS for Epilepsy

Epilepsy is a disorder of abnormal neuronal synchrony that can be controlled with
antiepileptic drugs. While the vast majority of seizures are treated medically, 30%
of adults with epilepsy do not achieve seizure freedom with medical management
and are therefore considered for surgical candidacy. Surgical treatment of epilepsy
involves the excision of the ictal onset zone or disconnecting it from the surround-
ing network. If surgical resection or disconnection is not appropriate, patients may
be considered for neurostimulation treatment. The most widely used target for
neurostimulation in patients suffering from drug resistant epilepsy (DRE) is the
anterior nucleus of the thalamus (ANT). Other targets for DRE include the centro-
median thalamic nucleus (CMTN), hippocampus, basal ganglia, and cerebellum.
Adpverse effects from ANT stimulation include stimulation-induced seizures, pares-
thesia, depression, and memory impairment. ANT DBS leads traverse the lateral
ventricles and therefore increase the theoretical chance of CSF leak. ANT DBS can
decrease seizure frequency with a sequential improvement in seizure control from
40% after 1 year and reaching up to 70% at 3 years following DBS [17].

DBS for Other Indications

DBS has been investigated for various other neurological conditions and psychiatric
disorders including Huntington’s disease, disorders of consciousness, depression,
anorexia nervosa, pain, aggression, morbid obesity, and Alzheimer’s disease. The
collective literature on these topics is too limited, many of the indications are still
experimental, and selection criteria are still not established. Those topics are beyond
the scope of this book, and therefore will not be further discussed.
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Surgical Considerations
Intraoperative Considerations

Deep brain stimulation can be performed in a multitude of ways. Generally, the
choice for how to perform the operation is site-specific and is based on surgeon’s
preferences. The traditional standard for DBS surgery is to perform the operations
awake with a stereotactic frame, intraoperative microelectrode recordings, and
awake stimulation testing. Additionally, frameless options are available as well as
asleep techniques that can be performed entirely in the MRI suite or in the OR with
intraoperative CT capabilities. The newest addition to deep brain stimulation has
been the introduction of robot-assisted lead placement. In this scenario, the robot
replaces the traditional ring and arc used to guide lead placement.

Postoperative Considerations

Postoperatively, all DBS patients are monitored in the hospital. This should occur in
a setting where continuous vital sign monitoring with telemetry is available.
Postoperative blood pressure monitoring is essential with normotensive parameters
to limit the risk of postop hemorrhage. Additionally, postoperative imaging, such as
a CT scan or MRI, should be obtained in a delayed fashion of around 6 h to evaluate
for delayed postoperative bleeding complications and evaluate electrode positioning.
Headache is a common postoperative complaint following DBS surgery and can be
easily managed with acetaminophen or low dose opioids. If awake DBS surgery is
employed, this generally utilizes primarily intravenous anesthetic agents which can
significantly increase the chance for postoperative nausea. Scopolamine patches and
antiemetics may need to be employed to decrease any episodes of emesis which can
increase intracranial pressure and increase the risk for postoperative hemorrhage.

Future Directions and Innovations

We hope that in the future, big data collection and increased analytic capability will
help clinicians choose and perhaps explore optimal targets and stimulation param-
eters for each individual patient based on their demographic and neuroimaging data.
Furthermore, we will be able to stratify patients according to risk and use mathe-
matical models to better predict the success of surgery, clinical outcomes, and side
effects of stimulation based on the patient’s clinical characteristics and specific
measures derived from neuroimaging and neurophysiology data.

As the technology continues to develop, we anticipate improvement in hardware
design, safety, closed-loop paradigms, and targeting by leveraging increased com-
puting power, artificial intelligence, and improved quality of image acquisition.
Improvement in hardware design can include improvements in electrode density
with increasing number of electrode contacts allowing increased control over
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current spread through better control of volume of tissue activated (VTA) and cur-
rent steering. As batteries continue to advance, IPGs will be able to have an improved
lifetime and faster recharging or potentially energy harvesting capabilities.
Improvement in safety measures could include improved MRI compatibility and
privacy to protect users from hackers and potential “brain jacking.” IPG improve-
ment may also include the miniaturization and cranialization of the computerized
generator. Such an advancement may lead to the total elimination of extension
cables or second stage operations. IPGs will have increased control over waveform
features and deliver independent currents and frequencies via different contacts
while being able to simultaneously record from independent feedback sites. Those
sites can include electrode contacts in the vicinity or far away from the stimulation
site or from EMG data to improve upon closed-loop and adaptive capabilities. Such
complex systems may depend on improved artificial intelligence algorithms mixed
with improved computing power to provide fast online adaptation. Bluetooth capa-
bilities will allow better chronic testing and experimentation and potentially the
capability of open-source programming to deliver individualized stimulation/sens-
ing paradigms. Advances in frameless technology including robot-assisted elec-
trode placement and MRI-guided implantation as well as the introduction of mixed
reality platforms could 1 day eliminate the need for frame placement and complex
targeting and improve upon the efficiency of DBS surgery and its workflow.
Advances in neuroimaging can also help better targeting via enhanced anatomic
resolution, and when mixed with Al algorithms, can help automatically reconstruct
DBS leads and seamlessly segment individual brains, as well as allow us to identify
target “sweet-spots” from large retrospective datasets and perhaps predict stimula-
tion settings, suggest active contacts, and predict outcomes and side effect
probabilities.

Taken together, such future improvements will immensely help improve patient
outcomes and break barriers to progress by accelerating advancements in neurosci-
ence and ultimately help neurosurgeon-scientists push the envelope of neural-
network science and help provide improved patient-specific treatments.
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Preoperative Planning of DBS Surgery
with MRI

Aaron Loh, Clement T. Chow, Aida Ahrari, Kamil Uludag,
Sriranga Kashyap, Harith Akram, and Ludvic Zrinzo

Introduction

The success of deep brain stimulation (DBS) is largely dependent on the accurate
engagement of target structures. The preoperative planning of surgery—in which
the target is delineated, and the trajectory of the DBS lead is decided upon—is
therefore essential in maximizing therapeutic outcomes (Fig. 4.1). Traditionally,
planning was based on indirect targeting methods. This technique estimates the
location of targets in relation to fixed and identifiable anatomical landmarks and
was initially adopted as DBS targets could not be visualized on ventriculography or
CT [1]. However, indirect targeting does not sufficiently account for interindividual
variability in the location of target structures [1, 2]. To improve DBS targeting accu-
racy, indirect targeting methods were coupled with additional techniques such as
intraoperative microelectrode recordings and intraoperative stimulation testing in
awake patients [3]. However, these methods are associated with increased operating
times and require an increasing number of passes through the brain parenchyma,
increasing the risk of intra- and postoperative complications [4].
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Fig. 4.1 DBS targeting strategies. A schematic of typical strategies employed in DBS lead place-
ment (D), demonstrating indirect targeting with AC-PC fiducials (a), indirect targeting in addition
to intraoperative MER (b), and direct targeting based on the direct visualization of target nuclei (c).
Abbreviations: AC-PC anterior commissure-posterior commissure, DBS deep brain stimulation,
MER microelectrode recordings

Routine brain MRI sequences acquired with standard field strengths (i.e., 1.5 or
3 Tesla) and acquisition parameters can have shortcomings in visualizing DBS tar-
gets [5]. However, with advances in stereotactic frames, MRI hardware, and pulse
sequences, the direct visualization of certain structures, such as the subthalamic
nucleus (STN), has replaced indirect targeting methods for preoperative planning at
certain centers [4, 6]. Nonetheless, structures such as the thalamic nuclei remain
challenging to visualize directly and continue to require indirect targeting [7]. To
address this, novel MRI techniques have been developed and existing sequences
have been optimized to improve the delineation of common DBS targets. It is
important to note, however, that the ideal MRI sequence for DBS planning is not
simply the technique that provides the greatest visibility of target structures. To
maximize clinical translatability, it is crucial that the sequence is simple to imple-
ment, versatile (e.g., could be used for multiple targets and/or postoperative imag-
ing), can be obtained with standard hardware and software, can be performed
relatively quickly, provides sufficient contrast, and has minimal spatial or geometri-
cal distortion.
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Herein, we summarize and evaluate MRI sequences that have been used to
improve the visualization of common DBS targets, highlight existing limitations,
and discuss the potential future of DBS target planning.

Methods
Search

Studies with clinically used field strengths (i.e., 1.5 T or 3 T MRI) were identified
following a comprehensive MEDLINE database search (December 2021) with a
search strategy terms related to “Magnetic Resonance Imaging” and “Deep Brain
Stimulation” and the most common neurosurgical targets, specifically a combina-
tion of exploded MeSH and free-text terms that comprised: (exp Magnetic
Resonance Imaging OR (MRI OR magnetic resonance imag*).kw,tw.) AND (exp
Electric Stimulation Therapy OR (stimulat* OR DBS).kw,tw.) AND (exp limbic
system, OR exp. subthalamus, OR exp. thalamus) OR (STN OR subthal* OR
thalam* OR GPi OR GPe OR globus pallidus).kw,tw.). A summary of all identified
studies can be seen in Table 4.1.

Sequence Evaluation

Studies performed using “clinical” (i.e., 1.5 T or 3 T MRI) field strengths were
assessed and scored using a weighted decision matrix on nominal or ordinal scales
(Table 4.2; Fig. 4.2). The criteria assessed were: (A) whether it was described as the
optimal sequence from its respective study (0 = no; 1 = yes), (B) described quality
when used for direct stereotactic targeting (1 = average; 2 = good; 3 = excellent),
(C) sample size scanned (1 = 1-10; 2 = 11-20; 3 = > 21 participants), (D) whether
diseased populations were scanned (0 = no; 1 = yes), (E) whether the sequence was
performed on healthy controls (0 = no; 1 = yes), (F) number of sequences compared
with (0 =none; 1 =2-3; 2 = > 4 sequences), and G) whether exogenous contrast or
pre—/post-processing was required (1 = no; 0 = yes). Scores were summed to iden-
tify the most promising sequences for direct visualization of STN, GPi, and tha-
lamic nuclei.
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Table 4.1 Studies aiming to improve direct MRI visualization of DBS targets

Field
Strength Imaged
Study (T) Sequences Population (n)
Subthalamic Thaker (2021) 3 Coronal GRE PD (31), ET (7)
nucleus Yu (2021) 3 QSM PD (10)
Morshita (2019) 1.5 Tlw, FGATIR PD (2), ET (3),
Holmes (2)
Rashid (2019) 1.5 IR, SPGR + C, SPGR PD (8),ET (2), H
1
Bus (2018) 3 Tlw, T2w, SWI PD (45)
Milchenko (2018) 3 Cube T2w, FLAIR 3D MPRAGE, 3D | PD (56)
SPACE
Rasouli (2018) 3 3D T2w FSE, T2w* multi-echo GRE | PD (122)
/ QSM
Nowacki (2018) 3 T2w multi-echo FSE PD (46)
Alkamade (2017) 1.5 FLAWS H(11)
Zerroug (2016) 1.5 WAIR PD (156)
van Laar (2016) 15,3 T2w TSE PD (3)
Verhagen (2016) 1.5 T2w TSE, 3D TSE PD (14)
Senova (2016) 15,3 T1w, T2w, 3D SPACE FLAIR (3 T) PD (10)
Longhi (2015) 1,3 TIiw + T2w PD (20)
Lv (2015) 3 3D T2w DRIVE CLEAR, T1w, H (134)
T2w*, T2w FLAIR, SWI
Xiao (2015) 3 Tiw, T2w*, TIw-T2w* PD (15)
Sarkar (2015) 1.5 T2w FSE, FSTIR H (12), PD (12)
Heo (2015) 3 3D FLAIR, 2D T2w*-FFE, PD (20)
T2w-TSE
Bériault (2014) 1.5 T1w-Gd and T1w + SWI + TOF PD (21)
Nagahama (2014) 3 T2w SWAN, T2w* GRE, T2w FSE N/A (6)
Lefranc (2014) 3 T2w SWAN PD (8)
Xiao (2015) 3 T1w, T2w*, phase image, R2*, PD (10)
FLASH
Houshmand (2014) 3 T2w PD (58)
Deistung (2013) 3 MPRAGE H(©)
Liu (2013) 3 T2w, T2w*, R2*, phase, SWI H (10), PD (8)
Kerl (2012) 3 T2w FLAIR, TIlw MPRAGE, T2w* H(©9)
FLASH2D, T2w SPACE, SWI
Patil (2012) 3 Tlw PD (20)
Xiao (2012) 3 FLASH H 4),PD (2)
Ben-Haim et al. (2011) | 1.5 FSE-IR, FSE-IR SPGR PD (81)
Cho (2010) 15,3 T2w* GRE H(11),PD (1)
O’Gorman (2011) 1.5 T2w FSE, PDW FSE, SWI, PSIR, H (9), PD (10)
T2w*, DESPOT1, DESPOT2,
IR-FSPGR
Shen (2009) 1.5 T2w H(122)
Stancanello (2008) 3 Tiw GRE, T2w FSE H (10)
Kitajima (2008) 3 T2w FSE, FSTIR H(24)
Elolf (2007) 3 Multi-echo FLASH, TSE H (16)
Ishimori (2007) 1.5 3D FSE H(@3),PD (2)
Ashkan (2007) 1.5 T2w PD (29)
Slavin (2006) 3 T2w FSE PD (13)
Hariz (2003) 1.5 T2w PD (N/A)
Starr (2002) 1.5 T2w FSE, GRE PD (76)
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Table 4.1 (continued)
Field
Strength Imaged
Study (T) Sequences Population (n)
Globus Yu (2021) 3 QSM PD (10)
pallidus Maruyama (2019) 3 PDW, T2w H (12)
Grewal (2018) 3 FGATIR Epilepsy (1)
Bender (2017) 3 MPRAGE H(9)
Zerroug (2016) 1.5 WAIR PD (156)
Jiltsova (2016) 1.5 STIR, Tlw MPRAGE Epilepsy (15)
Ide (2015) 3 QSM PD (19), H (41)
Mattonen (2015) 3 STIR Epilepsy (5)
Duchin (2012) 15 Tlw, T2w TSE PD (12)
Vassal (2012) L5 WAIR PD (13), ET (7)
Bender (2011) 3 3D MPRAGE H (6)
Yamada (2010) 1.5 STIR + DTI H (10)
Deoni (2007) 1.5 DESPOTI1, DESPOT2 H4)
Spiegelmann (2006) 15,3 FSE ET (11)
Hirabayashi (2002) 1.0 Tiw SE PD (48)
Alterman (1999) 1.5 FSE/IR MRT (17)
Thalamus Morrison (2021) 3 PD ET (2)
Middlebrooks (2021 3 EDGE-MICRA H(1)
Nome (2020) 1.5,3 Tiw 3D Epilepsy (18)
Li (2019) 3 GRE 3D + QSM, Tlw 3D, T2w 2D PD (5), DYS (4),
SCZ (3)
Beaumont (2019) 1.5 FLAWS H(12)
Grewal (2018) 3 FGATIR HR, MPRAGE HR, Epilepsy (1)
MPRAGE
Ide (2017) 3 PADRE, SWI, T2w PD (20)
Zerroug (2016) 1.5 WAIR PD (156)
Nowacki (2015) 3 T1w MPRAGE + Gd, MDEFT PD, DYS (13)
Buentjen (2013) 3 MPRAGE, TSE H (6)
Liu (2013) 3 T2w H (10), PD (8)
Nolte (2012) 3 FLAIR, T2w* SPACE, T2w* H (90)
FLASH 2D, T2w* FLASH 2D-HB,
SWI
O’Gorman (2011) 1.5 T2w FSE, PDW FSE, SWI, PSIR, H (90)
T2w* mapping, DESPOT],
IR-FSPGR
Sudhyadhom (2009) 3 Tl1w 3D MPRAGE, T2w 3D FLAIR, | PD (1), ET (2)
T1w 3D FGATIR
Pinsker (2008) 1.5 FSE-IR, Tlw MPRAGE DYS (23)
Deichmann (2004) 1.5,3 3D Tlw MDEFT H ()
Starr (1999) 1.5 T2w SE H (1)

Sixty-four studies providing optimized sequences and post-processing methods for enhanced MRI
visualization were included. Magnetic field strength, sequences as well as the population included
are detailed. Abbreviations: 2/3D two—/three-dimensional, C contrast, CLEAR constant level
appearance, DESPOT1/2 driven equilibrium single pulse observation of T1/2, DRIVE driven equi-
librium RF reset pulse, D77 diffusion tensor imaging; DYS dystonia, ET essential tremor, FFE fast
field echo, EDGE-MICRA edge-enhancing gradient echo-multi-image co-registration and averag-
ing scan, FGATIR fast gray matter acquisition T1w inversion recovery, FLAIR fluid-attenuated
inversion recovery, FLASH fast low angle shot, FLASH2D-HB FLASH2D with a high bandwidth
of 200 kHz, FLAWS fluid and white matter suppression, FSE fast spin echo, FSPGR fast spoiled
gradient echo, FSTIR short-T1 inversion recovery, Gd gadolinium, GRE gradient echo, H healthy,

(continued)
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Table 4.1 (continued)

Holmes Holmes tremor, /R inversion recovery, MDEFT modified driven equilibrium Fourier trans-
form, MPRAGE magnetization-prepared rapid gradient echo, PADRE phase difference-enhanced
imaging, PD Parkinson’s disease, PDW proton density-weighted; PSIR phase-sensitive inversion
recovery, OSM quantitative susceptibility mapping, R2* R2* mapping, SCZ schizophrenia, SE spin
echo, SPACE turbo spin echo sequence variation, SPGR spoiled gradient recalled echo, STIR short-
T1 inversion recovery, SWAN susceptibility-weighted angiography, SWI susceptibility-weighted
imaging, 7T tesla, T1w T1-weighted, T2w T2-weighted, TSE turbo spin echo, TOF time-of-flight,
WAIR white matter attenuated inversion recovery
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Fig. 4.2 Optimized sequences for improved visualization of common DBS targets. For each tar-
get (i.e., STN, GP, or thalamus), studies performed using “clinical” (i.e., 1.5 T or 3 T MRI) field
strengths were assessed and scored using a weighted decision matrix on nominal or ordinal scales.
The criterion included: (a) optimal sequence parameter from its respective study (0 = no; 1 = yes),
(b) described quality when used for direct stereotactic targeting (1 = average; 2 = good; 3 = excel-
lent), (¢) sample size scanned (1 = 1-10; 2 = 11-20; 3 = > 21 participants), (d) diseased popula-
tions scanned (0 = no; 1 =yes), (e) sequence was compared to controls (0 = no; 1 = yes), (f) number
of sequences compared with (0 = none; 1 = 2-3; 2 = > 4 sequences), and (g) exogenous contrast
or pre—/post-processing required (0 = no; 1 = yes). After weighing the criterion, scores were
summed to identify the most promising sequences for direct visualization of STN, GPi, and tha-
lamic nuclei. Abbreviations: DBS deep brain stimulation, FGATIR fast gray matter acquisition
T1w inversion recovery, GP globus pallidus, QSM quantitative susceptibility mapping, STIR short-
T1 inversion recovery, STN subthalamic nucleus, SWI susceptibility-weighted imaging, 7T tesla,
Thal thalamus, WAIR white matter attenuated inversion recovery
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Most Common DBS Targets
Subthalamic Nucleus

The subthalamic nucleus (STN) is a small nucleus located inferior to the thalamus
(Fig. 4.3). It is the most commonly used target for PD and has been trialed in the
treatment of obsessive-compulsive disorder [8]. Anatomically, it is bounded by the
internal capsule anterolaterally, the substantia nigra (SN) infero-laterally, cerebel-
lothalamic fibers posteromedially, and fields of Forel and zona incerta superiorly
[9]. Functionally, it is divided into a superior, posterior, and lateral sensorimotor
area; a central associative area; and an emotive medial, anterior, and inferior tip [10].

Visualizing the STN

T2-weighted (T2w) and inversion recovery (IR) sequences remain the gold standard
for DBS planning at most institutions. This reflects their ability to visualize the
STN, but also their ease of implementation, widespread availability on most MRI

Fig. 4.3 Exemplar sequences for visualizing common DBS targets. First column: a high-
resolution 7 T MRI [80] performed ex vivo clearly demonstrates STN and GPi, as well as neigh-
boring anatomical structures. Top row: axial slices at the level of the pallidum are shown,
demonstrating variable delineation of GPi. Bottom row: coronal slices at the level of the STN are
shown, demonstrating variable separation of STN and neighboring SN. Abbreviations: Caud cau-
date, EDGE edge-enhancing gradient echo, FGATIR Fast Gray Matter Acquisition T1 Inversion
Recovery, GPi globus pallidus internus, GPe globus pallidus externus, FLASH fast low angle shot,
PD proton density, Put putamen, QSM quantitative susceptibility mapping, RN red nucleus, STIR
short tau inversion recovery, SN substantia nigra, STN subthalamic nucleus, 7 tesla, Thal thalamus
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vendor platforms, and accurate spatial representation of the structure [11]. As such,
these are the sequences that novel techniques should be compared with. On T2w
images, the STN is best appreciated on axial and coronal slices, and can be seen as
a small—approximately 7 mm wide—hypointense structure [12—14]. The interface
between the STN and SN is not always visible on T2w images, at 1.5 T [15] or 3 T
[16]. Moreover, visualizing the STN on T2w sequences will only lead to improved
targeting if stereotactic images are optimized for contrast and if they are processed
to minimize distortion [17]. IR sequences aim to enhance the visualization of a
given structure by selectively suppressing certain tissues with specific T1s. When
using a fluid-attenuated inversion recovery (FLAIR) sequence, which nulls the sig-
nal from fluid, the STN remains hypointense with improved delineation compared
to routine T2w imaging. Indeed, Senova et al. showed that preoperative targeting in
PD patients at 3 T with a FLAIR sequence (3D SPACE [sampling perfection with
application-optimized contrasts by using different flip angle evolution] FLAIR) was
associated with both minimal geometric distortion and significantly higher contrast
with surrounding structures, as well as better clinical outcomes at 12 months over
routine T2w imaging [18]. However, similar to T2w sequences, the STN borders
adjacent to the SN remain difficult to delineate, even at 3 T [12].

Other, less common IR sequences have also been used to visualize STN, such as
short T1 inversion recovery (STIR), white matter attenuated Inversion recovery
(WAIR), and fast gray matter T1 inversion recovery (FGATIR) [12, 19]. Notably,
the STIR sequence has demonstrated increased contrast between the STN and SN at
3 T, offering improved delineation of the inferior STN border [20]. Recently,
Zerroug et al. described their experience of using WAIR at 1.5 T for direct targeting
in 156 patients, showing that the planned trajectory was chosen for implantation of
definitive electrodes—optimized based on electrophysiological recording and
awake stimulation testing—in 90.38% of cases [6]. Finally, FGATIR has shown
promise in visualizing all STN borders in PD and ET patients, owing to increased
contrast-to-noise ratio (CNR) [6, 21]. Despite promising results, such IR sequences
are relatively underutilized in most centers. Their clinical performance against tried
and trusted sequences should be assessed in larger, prospective studies.

SWI uses gradient echo (GRE) sequences to enhance the effect created by mag-
netic susceptibility differences between tissues. The paramagnetic property of
iron—abundant within the STN—can be used to improve the STN’s delineation
from surrounding anatomy. SWI images, as well as accompanying T2*W [12, 22]
and SWPI (susceptibility-weighted phase imaging) [23], have been successfully
used to visualize all STN boundaries. In addition, Thaker et al. recently showed the
use of a modified coronal GRE sequence to reliably visualize the neighboring ros-
tral zona incerta in PD patients, which itself is a promising novel target for move-
ment disorders [23, 24]. However, the biggest limitation of this technique is
distortion—which has been shown to be >0.5 mm in X, y, and z planes when
employing certain GRE sequences [25]—and overestimation of STN volume due
to blooming artifacts. These distortions also render GRE sequences unusable for
postoperative confirmation of electrode placement, in which there is considerable
metal artifact.
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To address some of the limitations of GRE sequences, post-processing tech-
niques such as quantitative susceptibility mapping (QSM) have been developed to
enable the quantification and mitigation of geometric distortions [16, 19]. QSM
reduces the nonlocal susceptibility effect—which is the primary culprit in geomet-
ric distortions—by providing a clearer picture of tissue susceptibility and magnetic
properties, regardless of patient and STN orientation [16, 26]. In addition, it pro-
vides a more accurate measurement of brain iron concentration, allowing for
improved discrimination of surrounding iron-rich nuclei, such as the substantia
nigra. Recently, Yu et al. showed the superiority of QSM—as measured by CNR and
qualitative visualization scores—in delineating STN compared to a standard T2w
sequence [27]. Rashid et al. also demonstrated the utility of this technique at 1.5 T
by prospectively comparing direct targeting with QSM against a standard indirect
targeting protocol. Across 11 patients, they showed that direct targeting with QSM
resulted in statistically equivalent target coordinates compared to indirect targeting,
highlighting opportunities for simpler and more intuitive surgical planning at cen-
ters with 1.5 T MRI [27, 28]. While the geometric accuracy of QSM post-processing
has had limited clinical validation, Rasouli et al. showed a strong correlation of
QSM with intraoperative microelectrode recording delineation of the STN in 25 PD
patients [16]. Nonetheless, the technique lacks the simplicity with which standard
T2 sequences can be acquired, and remains difficult to implement at many centers
due to technical demands and complex offline post-processing [16, 29]. Based on a
semi-quantitative evaluation of the literature, it appears susceptibility-based
sequences and optimized IR sequences—including QSM, WAIR, and SWI 12, [12,
18, 20, 21, 30-35] may demonstrate superior target visibility compared with the
more traditionally used T2w and IR (e.g., FLAIR) sequences (Table 4.2; Fig. 4.2).
Further studies are necessary to validate the overall clinical performance and reli-
ability of these less established sequences for preoperative planning.

Globus Pallidus

The GP is a lens-shaped gray matter structure situated between the putamen and
internal capsule (Fig. 4.3). The putamen and GP are separated by the external med-
ullary lamina, while the GP itself is subdivided by the medial medullary lamina into
the globus pallidus internus (GPi) and externus (GPe) [21]. There is also an “acces-
sary” medullary lamina within the GPi itself that partially subdivides it. GPi is bor-
dered by the optic tract infero-medially and the internal capsule medially. The motor
component is functionally segregated in the posterior GPi [36]. In clinical practice,
the GPi is the second most common target for PD, and is the primary target for
dystonia [36, 37].

Visualizing the GP

In our center’s experience, proton density-weighted (PDW) sequences are most
commonly used for direct visualization of the GP, which is best seen on axial and
coronal slices [38, 39]. On T2w images, the GP can be seen as a hypointense
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structure [40], whereas it is slightly hyperintense on PDW images [39]. At lower
field strengths (i.e., 1.5 T), these sequences generally visualize the optic tract, exter-
nal medullary lamina and adjacent putamen, and the internal capsule bordering the
posteromedial side of the GP. Optimized PD sequences are also readily able to
delineate additional boundaries, such as the medial medullary lamina and accessory
medial medullary lamina within the GPi [39]. Among other sequences, Nowacki
etal. [41] investigated the use of a T1-weighted (T1w) sequence in dystonia patients,
specifically the modified equilibrium Fourier transform (MDEFT) technique, which
is employed at high field strengths due to its advantageous contrast characteristics.
Using this MDEFT approach at 3 T field strength, the caudate putamen and pallidal
subdivisions, the GPe and GPi, were well demarcated in most patients. Because the
original surgical trajectory was used in patients undergoing microelectrode record-
ing with multiple trajectories in 88% of all cases, MDEFT-based planning was
deemed accurate and reliable.

IR sequences, on which the pallidum appears as a hypointense structure, have
also been used. While IR spin echo sequences (e.g., IR-FSE) at 1.5 T have been
shown to visualize the optic tract and external medullary lamina [40], FGATIR
additionally allowed delineation of the internal medullary lamina [21, 40]. FGATIR
has further been modified to enhance the distinction between the GPi and GPe by
using parameters suppressing fluid and white matter (FLAWS) sequence [42]. In
this study, FLAWS was generated through the registration of two contrasts, the stan-
dard T1-weighted anatomical contrast of the brain (i.e., magnetization-prepared
rapid acquisition with gradient echo [MPRAGE]) and the suppression of the white
matter signal (i.e., FGATIR), demonstrating enhanced visualization of subcortical
structures in healthy participants.

As with the STN, susceptibility-based sequences permit direct visualization of
the pallidum. T2*W and QSM sequences have been shown to discern the GPi and
GPe in PD patients [27, 43]. However, with an SWI-like sequence at 3 T, Ide et al.
[44] showed that the medial medullary lamina was less readily identifiable with
increasing age, which may be related to increased mineralization in the GP and/or a
loss of myelin.

Few studies have compared sequences for direct visualization of the GP and its
subdivisions in a head-to-head manner. A handful of reports found that the GPi
was best visualized using susceptibility-based sequences when compared with
T1w, T2w, or IR sequences at 1.5 T and 3 T [32, 35, 38, 44]. Another found that,
at 3 T, the internal medullary lamina in PD and ET patients was better visualized
on an FGATIR sequence compared with the more commonly employed FLAIR
and T1w imaging (i.e., MPRAGE) [21]. While these findings are not necessarily
conflicting, additional studies comparing sequences would be helpful in establish-
ing a consensus for optimal visualization of the pallidum and its internal architec-
ture. Based on a semi-qualitative evaluation of the current literature, the most
promising sequences for this purpose appear to be QSM, SWI, and FGATIR
(Table 4.2; Fig. 4.2).
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Thalamus

The thalamus is superior to the hypothalamus and medial to the posterior limb of the
internal capsule, forming the lateral wall of the third ventricle and floor of the lateral
ventricles (Fig. 4.3). The thalamus is subdivided by the internal medullary lamina
into anterior, mediodorsal, ventral, and lateral groups, with each group comprising
several distinct nuclei [45]. Various thalamic nuclei have been targeted by DBS,
including the ventral intermediate nucleus (Vim) (well-established in the treatment
of tremor), ventrocaudal nucleus (for the management of chronic pain), centrome-
dian nucleus (Tourette syndrome), and anterior nucleus of the thalamus (epilepsy)
[37, 46].

Direct MRI Visualization

Thalamic nuclei are poorly appreciated on routine MRI sequences and often
necessitate the use of atlas-derived coordinates for preoperative planning [37,
47]. On routinely acquired Tlw and T2w sequences, the thalamus is mildly
hyperintense and hypointense, respectively [37, 47, 48]. Despite its many nuclei,
it appears fairly homogeneous with little distinction between subdivisions using
standard parameters. However, studies in healthy participants have shown that
the inversion time of T1w sequences may be optimized, allowing suppression of
gray matter. The resulting gray and white matter differentiation enables identifi-
cation of the main thalamic groups: anterior, dorsomedial, lateral, and ventral.
Optimizing the repetition time of T1w (i.e., MPRAGE) has also been shown to
enable specific delineation of the ANT, improving targeting prior to DBS epi-
lepsy surgery [49]. To further optimize visualization of the thalamic nuclei,
MPRAGE has been combined with phase data from 3D GRE sequences, which
enabled the distinction of additional thalamic substructures such as the Vim [50].
Finally, multi-image co-registration and averaging of an MPRAGE sequence in
healthy subjects has allowed delineation of the centromedian and parafascicular
thalamic nuclei, which are promising targets for epilepsy and Tourette syndrome
[50, 51]. While promising, these techniques have yet to be demonstrated in dis-
eased populations and necessitate offline post-processing.

In one study using a 3 T PDW sequence, it was possible to visualize the Vim in
healthy subjects as a mildly hypointense band crossing the anterior third of the
thalamus, from lateral to medial [51, 52]. However, it was inconsistently seen at
1.5 T. Furthermore, the sensory thalamic nuclei (i.e., VC nucleus) were seen as
another hypointense band located posteriorly [52]. Using PDW sequences at both
1.5 T and 3 T, two groups have reported direct targeting of the Vim in tremor patients
[53, 54].
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IR sequences have also enabled visualization of Vim. Specifically, studies have
shown the Vim to be slightly hyperintense relative to the posterior nuclei on STIR
sequences [55, 56]. IR sequences, including STIR and FGATIR, have also been
used for targeting of the ANT based on delineation of the mammillothalamic tract,
which terminates in ANT [48, 57, 58]. An IR sequence suppressing signal from
white matter (i.e., white matter attenuated inversion recovery [ WAIR]) has demon-
strated significant enhancement of contrast between different gray matter territories
in PD and ET patients, with promise in visualizing the internal subdivisions of the
thalamus [59]. On WAIR, the Vim appears as a hypointense band crossing the ven-
trolateral region of the thalamus relative to the surrounding nuclei.

Across the very small number of studies comparing thalamic visualization
sequences, IR sequences—specifically WAIR, STIR, and FGATIR—have been
found to be superior to routinely used T1w imaging (Table 4.2; Fig. 4.2), while
PDW sequences have been shown to be an improvement over T2w acquisitions [48,
53, 57].

Limitations

As highlighted in many of the aforementioned studies, advances in MRI sequences
have allowed direct targeting to become more clinically feasible through improved
visualization of subcortical structures [19]. However, there are common limitations
evident within the existing literature that future studies may wish to address. Most
apparently, there were few studies that directly and quantitatively compared
sequences as to their ability to visualize DBS targets. Consequently, it is not possi-
ble to confidently conclude which sequences should be adopted for any given target.
Further, additional studies are needed to determine whether direct targeting strate-
gies are superior to indirect targeting in terms of clinical outcome, particularly when
considering that the geometric distortions associated with many novel sequences
have yet to be evaluated. Another caveat associated with certain studies was that
images were acquired in healthy subjects rather than DBS patients, in whom target
nuclei may be more difficult to appreciate [60, 61]. Finally, some sequences are
limited by the need for using specific head coils that may not physically accommo-
date stereotactic head frames. While frameless techniques may be used, these may
introduce errors inherent with MRI-CT or MRI-MRI co-registration that may fur-
ther contribute to first-pass inaccuracy [62].

We attempted to systematically evaluate the utility of the sequences described in
the literature for visualizing common DBS targets. However, this retrospective
approach has several inherent limitations. While sequences were scored and ranked
according to predefined criteria, it should be stressed that it is difficult to accurately
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compare sequences between studies. Further, the optimal sequences for each target
may have been different if additional criteria were assessed, or if individual criteria
were weighted differently. To truly establish the best sequences for direct visualiza-
tion and preoperative planning, it is essential that future studies directly and objec-
tively compare a priori chosen sequences in a prospective fashion according to
clinically meaningful criteria.

Future Directions

The increasing availability of ultra-high field (UHF) MRI is likely to yield further
improvements in the visualization of common DBS targets. Higher magnetic field
strengths enable increased SNR and CNR, permitting increased spatial resolution
and improving the ability to differentiate adjacent structures [63, 64]. It is not sur-
prising then that UHF MRI has been shown to better visualize DBS targets—includ-
ing STN and GPi [65]—than 1.5 T and 3 T [65, 66]. However, while higher magnetic
field strengths may improve visualization, they are also more prone to susceptibility
effects and image distortions [67], theoretically leading to a greater risk of mistar-
geting. That being said, higher field strengths also facilitate better acceleration fac-
tors and the development of advanced acquisitions which may be developed to
mitigate these risks. Finally, while recent studies have shown preliminary evidence
for the safety of DBS systems in UHF MRI, this has yet to be evaluated in vivo
[68, 69].

Increasingly, there has been a shift in focus from what is being stimulated at
the local level, toward what is being engaged at the network level [70]. Rather
than discrete structures, such as deep gray matter nuclei, optimal targets may
include white matter pathways [68, 71, 72] or focal hubs within larger functional
networks [73]. To be appreciated, white matter tracts and functional networks
require specialized MRI sequences, including diffusion MRI (dMRI) based trac-
tography and functional magnetic resonance imaging (fMRI), respectively.
Tractography-based targeting has already been used prospectively, with targeting
of the dentato-rubro-thalamic tract (DRTT) and medial forebrain bundle for the
treatment of essential tremor and psychiatric disorders, respectively [47, 74, 75].
Recently, probabilistic tractography has also been leveraged to provide reliable
distinction of the motor and sensory thalamus for prospective targeting during
asleep deep brain stimulation [76], and the protocol for a randomized controlled
trial comparing the efficacy of the Vim-DBS (the traditional DBS target for
tremor) and DRTT DBS has been published [77]. Beyond tractography, studies
have hinted at the potential for using fMRI in operative planning. Notably,
Younce et al. showed that preoperative resting-state functional connectivity (as
assessed with resting state-fMRI) could predict clinical outcome, while Gibson
et al. have shown that intraoperative fMRI can be used to determine engagement
of distributed motor hubs associated with therapeutic effects [78, 79]. Overall,
fMRI and tractography provide a potential opportunity to refine targeting using
network-centered approaches (Fig. 4.4).
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Fig. 4.4 Network-based approach to DBS target planning and lead insertion. MRI could be used
to facilitate network-based target planning based on preoperative structural (a) and functional (b)
connectivity. Panel A demonstrates parcellations of the thalamus based on structural connectivity
to remote network hubs [47]. Intraoperative fMRI could be used to determine network engagement
prior to final lead placement (c). Abbreviations: DBS deep brain stimulation, fMRI functional mag-
netic resonance imaging

Conclusions

Due to technological advances in neuroimaging, most DBS targets can currently be
visualized on MRI to some degree, providing an adjunct or alternative to indirect
targeting. Progress in this field largely stems from the development of optimized
sequences and the increasing use of 3 T MRI in clinical settings, and it is expected
that the visualization of DBS targets will only continue to improve. However, while
direct targeting allows for anatomical variability between patients, encourages more
individualized preoperative planning, and is more technically intuitive, studies are
needed to objectively determine which visualization techniques are optimal for any
given target.
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Introduction

Magnetic resonance imaging (MRI) provides invaluable information to clinicians
and researchers that other imaging modalities such as computed tomography scan
cannot provide. New comorbidities that arise in patients following DBS surgery,
such as cerebrovascular disease, require MRI but only 5% of patients with DBS
devices in whom MRI is indicated are actually scanned [1]. Each institution’s MR
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safety policies regarding scanning DBS devices are site-specific and usually signifi-
cantly restrictive.

DBS devices are considered active implantable medical devices (AIMDs) and
some are classified as MR Conditional (i.e., patients with this device or object may be
scanned safely but are subject to compliance with certain specified conditions) [2, 3].
AIMDs are powered through a built-in battery or internal pulse generator (e.g., DBS
Medtronic Percept PC), or through a coupled external supply (e.g., DBS Medtronic
SE-4). These are at an additional risk of malfunction, modification in their operation
mode, inhibition, unintended stimulation, and/or permanent damage to the unit [4].

Given the history of MR-related injuries in patients with DBS devices, preventa-
tive measures are taken by precluding patients with devices or implants that might
create a health risk or interfere with the MRI [5]. The possibility for MR-induced
device heating generated by radiofrequency (RF) exposure, amongst other risks,
could lead to detrimental brain damage [6—8]. Neural tissues are extremely sensitive
to even modest temperature elevations and permanent brain damage can occur at
45 °C (i.e., 7-8 °C in excess of normal body temperature). Although there are no
guidelines ascertaining a safe limit of RF heating of the brain tissue, temperature
increases below 2 °C have been deemed to be safe as this temperature elevation is
comparable to a low-grade fever [9].

In this chapter, we discuss: (1) the standard method of safety testing and the
importance of emulating device configuration and positioning, (2) the unpredictable
nature of MR-induced heating, (3) the findings from MR safety studies performed
in humans, (4) special considerations when operating with high-field MR units or
performing advanced sequence parameters, and (5) innovations, tools, and policies
designed to safeguard against MR hazards.

Standards of Safety Testing
Magnetic Field Components within the Suite

The MR environment is composed of three magnetic fields: 1) the main static field
(By), 2) the RF pulses (B,), and 3) the gradients (dB/dt) responsible for spatial local-
ization [10]. Each of these raise different safety concerns for DBS patients (sum-
marized in Table 5.1). Each safety concern has a designated standard guidelines for
safety testing set forth by the American Society for Testing and Materials (ASTM)
[9, 11, 12] or International Organization for Standardization Technical Standard
(ISO/TS), [13] and incorporated into the standards of the International
Electrotechnical Commission (IEC) [14]. ASTM testing standards require the use of
phantom models which are standardized containers commonly filled with a semi-
solid gel containing a polyacrylic acid or saline medium designed to simulate ther-
mal and electrical properties of neural tissues (see Fig. 5.1) [9, 11-13]. The following



5 Safety of Magnetic Resonance Imaging in Patients with Deep Brain Stimulation 57

Table 5.1 Safety concerns contributed by each component of the MR environment

Components of

MR Physical Potential adverse Testing Acceptance
environment MR-induced effects | effects to patient standard criterion
Static Rotational force Tearing of tissues; | ASTM Torque less
Magnetic (torque) on rotation of DBS F2213-17,low | than
Field— electrodes, IPG components to friction gravitational
Always align with field surface torque
present method
Static Translational force | Tearing of tissues; | ASTM Magnetic force
Magnetic on electrodes, IPG | acceleration of F2052-15 less than
Field Spatial implant; “missile medical device
Gradient— effect” weight
Always Lenz force from Tugging or pulling
present rapid motion in a on implant with
direction excessive
perpendicular to B, | movement
orientation
Gradient Induced currents in | Device Device No device
Magnetic DBS extensions/ malfunction or interrogation malfunction,
Field—Pulsed | electrode due to dB/ | failure of DBS-ON | following scan | interference,
during dt altered settings
imaging or permanent
damage.
Radio RF-induced Overheating of ASTM Change in
frequency currents resulting in | tissues; thermal F2182-19e2 heating less
Field—Pulsed | electrode heating of | and electrical than 2 °C
during tissue burns; antenna
imaging effect
Electromagnetic Device Device No device
interference of malfunctioning; interrogation malfunction,
DBS-ON induced noise following scan | interference,

altered settings
or permanent
damage

three sections will discuss theoretical safety risks and findings from phantoms (find-
ings from human studies will be presented separately).

Heterogeneity in Implanted Configurations and Positioning

When conducting site-specific, “local” testing with phantom models, the DBS con-
figuration should emulate the institution-specific implantation arrangement in terms
of electrode quantity (bilateral versus unilateral implants), placement of excess
extension wires, and internal pulse generator (IPG) positioning. Several studies
have reported rises in temperature on the contralateral electrode to the IPG com-
pared to the ipsilateral electrode [15], or the excess coiling behind the IPG, found in
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Fig. 5.1 Phantom filled with a semisolid polyacrylamide gel used to test the main hazards of
performing magnetic resonance imaging with a deep brain stimulation device. (From left to right)
(i) heating at the electrode tips, (ii) unintended stimulation, (iii) translation displacement, torque,
or vibrations of device components, (iv) device integrity is compromised or malfunctioning

the thoracic area, may lead to marked temperature rises as opposed to subgaleal
coiling in the head area [16, 17]. Unilateral and bilateral IPG configurations also
influence heating differently with the latter increasing temperatures more than the
former configuration [18]. Furthermore, older MRI safety studies are configured in
a way where the testing simulates the “first stage” of staged DBS surgeries when
systems are not considered fully implanted. In particular, the first stage only com-
prises electrodes implanted in the target structure with the extracranial portion of
the lead routed under the scalp. In the second stage, fully-implanted systems have
leads connected to extensions, which are then routed subcutaneously down the neck
and connected to the IPG in the infraclavicular region [19]. Thus, it is important to
consider the configuration and position of the device in the RF and gradient fields
relative to the MR coil when scanning patients. Other than the physical configura-
tions of the DBS device and positioning of the patient within the MR bore, (1) heat-
ing at the electrode tips, (2) induced currents, (3) mechanical forces, and (4)
implantable pulse generator dysfunction must also be accounted for (these factors
will be discussed in the following sections).
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MR-Induced Heating Concerns
The Unpredictable Nature of Heating

Heating caused by the RF pulses is termed “resonant heating” (also known as the
antenna effect). Resonant heating primarily occurs when the length of the DBS
leads or extensions are approximately half the wavelength of emitted RF pulses.
MRI at different field strengths emit RF pulses at different resonant (Larmor)
frequencies for 'H nuclei (64 MHz at 1.5 T and 127 MHz at 3 T MRI) which can
be intercepted by conductive DBS components approximately 29 cm long in
1.5 T or 15 cm long in 3 T MRI analogous to a common wire antenna (hence the
“antenna effect”) [20]. However, there is an extra degree of complexity as the
resonant wavelengths vary considerably from tissue to tissue since the wave-
length is dependent on the unique dielectric properties (i.e., permittivity) of the
tissue type. Furthermore, the physical length of the implanted lead may not
reflect the true length or design of the conductive material within (i.e., there may
be internal loops or redundancy of conductive elements within the lead), making
resonant conditions arise unpredictably from leads of a variety of physical
lengths. The degree of heating can reach >10 °C within seconds early in an
acquisition at the tips of the electrodes, but other complex interactions within the
MR environment can also contribute to heating [10].

Heating unpredictably varies across scanners, devices, imaging techniques,
electromagnetic interference, human factors, position within the fields amongst
other factors. Heating can result from RF pulses emitted at tissues or resonant
heating. Although for the same generated images, a 3 T scanner will produce
more heating than a 1.5 T scanner. The scenario can dramatically change in the
presence of elongated leads due to the resonance effect. In fact, components
within the DBS device could theoretically be more susceptible to resonant heat-
ing at 1.5 T rather than 3 T due to their dimensions. Studies conducting physical
safety experiments have found that temperature rises between 1.5 and 3 T were
not significantly different (< 1° increase difference) [21, 22]. In other words, risk
assessments are not straightforward and immediate specifications of an MRI
scanner (e.g., field strength) should not predetermine whether a patient is
scanned. Rather, vendor guidelines to SAR and B, , ., limits of a particular
device should always be followed to determine safety. For example, two systems
of different generations—but the same vendor, field strength, similar coils, and
RF power deposition—resulted in a significant difference in averaged body SAR
(albeit sequence parameters were not provided and gradients between the scan-
ners were different) [23, 24]. Different coils (body-transmit versus head-trans-
mit), clinical and research pulse sequences employing varying levels of RF
energy, and phantoms containing different concentrations of polyacrylic acid
may also result in inconsistent temperature rises [17]. Thus, results from past
studies are usually difficult to replicate because of variations in the MRI hard-
ware and software, DBS systems, and testing materials.
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Measuring Heating

With the DBS leads implanted in thermally brain sensitive tissues, it is essential that
assessment of conditions for safe scanning are made with the DBS device in its
entirety, after identifying all implanted components of the system. Limiting the
assessment only to those related, for example, to the IPG (typically implanted in the
thoracic region), without appreciating conditions associated with the leads tunneled
subcutaneously towards the burr holes, or electrodes implanted into designated ana-
tomic targets could pose significant patient hazards.

When testing in phantoms, temperature recordings are measured with a ther-
mometry probe at the location suspected of having the highest increases in heating
and/or locations of tissues most sensitive to temperature changes. In the case of
DBS devices, this is typically at the tips of the electrodes where stimulation of brain
structures occurs [9, 11, 12]. FDA guidelines use specific absorption rate (SAR), a
conservative RF exposure estimate of energy deposited in a region (e.g., head,
whole-body, partial body) during a pulse sequence [3, 23, 24]. Each DBS vendor
has recommended SAR limits for each product and these recommendations are
more restrictive than the FDA’s general SAR requirements for humans under-
going MRL

Alternatively, the B, field root-mean-square (B, , ,,,) is a time-averaged value of
the effective transmit (+) component of the B, field strength employed during MR
image creation [25]. DBS vendor guidelines recommend that scanning should not
exceed the recommended SAR or B, , s limits for particular DBS models. Using
B, ; ms may resolve some of the inherent limitations of SAR, but is far from being an
ideal measure of heating [26]. Predicting SAR is dependent on factors such as the
known B, , .,y value, morphology, tissue composition, posture, landmark location,
and averaging time. Conversely, B, , ,,«—Wwhich is less restrictive within the DBS
vendor guidelines—is a fundamental electromagnetic field parameter more depen-
dent on the incident RF field rather than the patient’s absorption of RF within
the body.

Other Potential MRI-Related Risks
Unintended Stimulation

The electrode tip is the location where the electrical current flux density is highest
in resonant conditions, as well as the location with the highest resistance. This can
possibly induce unintended stimulation, depending on the position of the electrodes
in the brain and exposure to the RF or gradient fields [20]. Induced voltages of up to
1.5 V have been recorded in studies investigating the IPG output during 1.5 T and
3 T MRI [22]. However, induced voltages should not be of clinical concern since
IPGs typically stimulate at 3 to 6 V in clinical practice for Parkinson’s disease
patients [21, 27]. Additional low voltages induced by the RF pulses or applied gra-
dient field superimposed on the stimulation of the DBS system and discomfort
experienced by patients are seldom reported [22, 28, 29].
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Magnetically Induced Displacement or Vibrations

Modern day neurostimulators are non-magnetic or diamagnetic, and strong mag-
netically induced rotational and translational forces (known as the “missile effect”)
are not expected [28, 30]. However, vibrations induced by eddy currents on the
conductive surfaces of DBS components can theoretically lead to breakage of inter-
nal components and subsequently device malfunctioning. Consistent with the fact
that DBS systems have demonstrated to be non-ferrous in nature, the risk of implant
motion tends to be trivial for smaller implanted leads or electrodes [31]. More recent
studies have shown that Medtronic Activa PC devices do not generate any gross
translation or torque forces on the IPG [21, 22, 26]. Obsolete DBS devices with RF
receivers and a separate RF transmitter (i.e., Medtronic Itrel IT) may contain residual
magnetic materials, such as sealing chips, ferrite core antennas, and reed switches
that might move or dislodge the device from its implanted position [30]. For this,
older studies testing dated DBS models may not be relevant to current DBS devices
(i.e., Medtronic Percept PC is full-body MR Conditional at 1.5 and 3 T) [16, 17, 23,
28, 30, 32-38]. Further, the majority of studies in the literature examine Medtronic
DBS devices and safety studies for other DBS device vendors are scarce.

Internal Pulse Generator Malfunctioning

Lastly, the magnetic fields produced by MRI could interfere with IPG function,
particularly in older IPG models. Early studies using DBS devices examined
patients during the “first stage” of surgery, in which the IPG has not yet been
implanted and where externalized electrodes are connected to an external stimulator
that remains a safe distance from the scanner via a sufficiently long cable [39, 40].
Thus, these “lead-only systems” safety studies do not provide insight on IPG func-
tion during the MRI scan. In addition, these early-stage IPG models also relied on
the presence of a non-implantable transmitter near the pulse generator. Depending
on the patient’s position within the bore, these reed switches could spontaneously
activate during scanning, which precluded the use of body-transmit coils [30].
Modern IPGs can render scanning safer by buffering eventually arising currents and
transmitting them to surrounding tissues (see MRI Safety Innovations). While the
newer IPG models may not have magnetic reed switches, device malfunction
induced by static magnetic fields, gradients, or RF fields should nonetheless be
tested following imaging as per the standards [41]. Thus far, studies featuring newer
IPG models have not found IPG malfunctioning to be a risk [26].

Magnetic Resonance Imaging Safety Studies with Humans

Outside of the experimental findings conducted on phantom models, human studies
have also provided insights on the safety of patients with DBS entering MR envi-
ronments. The recent upsurge in human studies coincides with the end of the safety
warning issued by the FDA (from 2005 to 2011) [42]. In accordance with new DBS
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vendor guidelines, several human studies with large cohorts were performed [37,
43-46]. None of these studies performed with a 1.5 T MRI (or at lower field
strengths) reported any adverse events after scanning patients with DBS which
highlighted the importance of following “on-label” guidelines recommended by
vendors [43, 44].

Conversely, “off-label” studies were performed testing sequences with higher
SAR, atypical IPG configurations (e.g., placed in the abdomen) [37], or higher field
strengths (i.e., > 3 T MRI) [34]. Indeed, as the use of 3 T MR units became more
widespread, higher field strength studies did not demonstrate any adverse events
across 150 patients [21, 26, 47-49]. Although these studies diverged from vendor
guidelines, it must be known that it is difficult to differentiate inherent risks from
lack of safety testing by implant vendors. Thus, prior to performing off-label MRI
on patients with DBS, local institutional safety testing using the specific MRI hard-
ware, DBS configuration, and sequences must be performed in phantom models.
Furthermore, the integrity of the DBS device—as reflected by the device’s imped-
ances, electrical circuits, and stability of peri-electrode tissues—must be scrutinized
following MRI examinations [26, 29, 48].

Special Considerations
The Impetus for Using High-Field MRI

A tremendous amount of research has been conducted using low-field (i.e., < 1.5 T)
MR scanners due to their clinical prevalence. Nevertheless, MR units with higher
field strengths (i.e., 3 or 7 T) provide superior signal-to-noise ratio (SNR) making
delineations between small abutting neural structures more apparent compared to
1.5 T [50, 51]. This improved imaging quality has the potential to provide superior
diagnostics compared to lower field MR imaging. In addition, the superior SNR
can reduce the number of imaging averages required to produce images, subse-
quently reducing the overall scan duration. However, MR scanners with higher
field strengths are associated with more pronounced DBS susceptibility artifacts
and geometric distortions [48]. There is a trade-off between SNR and artifact size
using high-field MRI, unless techniques that reduce susceptibility artifacts are
employed [48].

Depending on the field strength of the scanner and dielectric properties of a par-
ticular tissue, conductive DBS components with lengths close to the half-wavelength
of the RF field have the potential for very rapid and high heating (i.e., antenna
effect). 7 T MRI transmits RF pulses at a higher resonant frequency (297 MHz) than
most clinical MRI field strengths (< 3 T), and leads to higher and more rapid tem-
perature elevations in shorter electrically conductive implants (i.e., 5-7 cm) [25].
Furthermore, complex patterns of constructive and destructive interference created
within the tissue make it difficult to produce a uniform RF transmit field within tis-
sues at 7 T. This could foreseeably result in SAR hotspots outside of the vendor
guidelines [52]. Without physical experiments and modelling of different exposure
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conditions (i.e., realistic MR imaging scanning, nature and location of the implants,
tissue types) in the 7 T environment, direct translation of existing DBS systems
could lead to significantly higher translational, or rotational forces. Recently, pre-
liminary ex vivo safety testing of DBS leads disconnected and connected to the IPG
within a 7 T MRI was conducted by Bhusal and colleagues found that most safety
concerns (i.e., RF heating, device movement and integrity) did not pose any major
risks, although more thorough, systematic assessments are required to assure all
aspects of MR safety are evaluated before patients are scanned [53]. With the recent
FDA approval of 7 T scanners for clinical imaging and increased accessibility at
some institutions, comprehensive and rigorous safety testing (i.e., physical experi-
ments and modelling) and risk assessments must be a customary practice, regardless
of the scanner or field strength in question [54].

High-Performance Sequences

Modern MR scanners are not only increasing in field strength, but more powerful
gradients are also being installed to facilitate performance enhancements (e.g.,
imaging with high-resolution volume, shorter echo times and echo spacing) [55,
56]. Functional magnetic resonance imaging (fMRI) sequences require such gradi-
ent performance and allow researchers to visualize brain activity changes as a result
of stimulation, revealing clinically efficacious networks in DBS indications [34,
48]. A number of studies—most commonly with limitations (e.g., scanners with
lower field strengths, smaller sample sizes, externalized DBS components)—have
previously used fMRI to study DBS mechanisms of action. Possible safety concerns
that may deter the acquisition of fMRI in DBS patients include its requirement for
high-performance acquisitions (e.g., echo-planar imaging (EPI)) which may
increase the risk of inducing currents, unfamiliarity with the distribution of maxi-
mum dB/dt for particular MR scanners, and the overall lack of comprehensive test-
ing and modelling with fully-implanted systems [57]. Many researchers or clinicians
likely find the additional risks unnecessary and have concerns about the data quality
(i.e., susceptibility artifacts), but these concerns may be unfounded since fMRI
sequences have and can be performed safely within vendor guidelines and certain
imaging techniques can be applied to minimize artifacts created at higher field
strengths [21, 26]. Irrespectively, many centers refrain from performing high-per-
formance sequences due to the posed safety concerns.

Future Directions
Magnetic Resonance Safety Innovations
Technological advancements create opportunities to use techniques and tools to

improve MRI safety for patients with DBS. Using phantom models poses limita-
tions such as imprecise heating estimations. Phantom models can show
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considerable variation across studies due to the shape of the model and concentra-
tion of polyacrylic acid used to form the semisolid, flesh-simulating gel, along with
the variations in the MR unit (i.e., hardware and software) and DBS systems (i.e.,
orientation and positioning) tested. In response, bioengineering innovations have
emerged to improve MRI safety for patients with DBS. These innovative techniques
and tools include optimized MRI acquisition parameters [58—60], modified DBS
[61-63], or MRI hardware (including coils) [64—70], and computational simulation
(see Fig. 5.2) [15, 71-75]. For example, DBS electrodes have even been engineered
to act as heat sinks which disperse heat [64], or decrease the MRI-related suscepti-
bility artifact [76, 77], and models using machine learning have been used to predict
local SAR in tissues adjacent to the lead tips [78]. MRI hardware and coil modifica-
tions that lower SAR deposited, low-SAR MR sequence parameters that produce
less electrode-related image distortions [58—60], or designing a rotatable linearly
polarized birdcage transmit coil are some of the approaches different groups have
taken to improve MR safety for DBS patients [79-82].

Fig. 5.2 Innovative solutions utilized to improve the safety of MRI in patients with deep brain
stimulation devices. (From left to right) (i) low-specific absorption rate sequences, (ii) modifica-
tions to the magnetic resonance imaging hardware, software, and techniques (iii) use of materials
or technologies to dissipate heat, (iv) computational and graphic simulators of heating, and (v)
modifications to deep brain stimulation device components and lead trajectories
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Substantial developments for teaching purposes have been made with a three-
dimensional graphic simulator allowing for the individualization of MRI safety. In
fact, one application software has been designed as an MR safety teaching tool
assisting with the visualization of distributions and relative spatial strengths of the
energies and magnetic fields found in different MRI scanner models [83]. Special or
novel MRI cases can be simulated by the application and the patient’s gender,
height, weight, and implant position/orientation are accounted for [83]. Even though
many of these solutions seem promising, the very complex interactions that can
occur between DBS devices and MRI (in all its testing variations) still prevent us
from using a robust, safe, and general solution for MRI in DBS patients.

Possibilities for a New MR Safety Process

As there are virtually no “MR Safe” AIMDs as most have metallic components,
MRI scanning in DBS patients is limited by stringent guidelines. Centers should be
familiar with the restrictive guidelines and use them to perform on-label scans when
necessary and perform site-specific safety testing to facilitate off-label scans.
Existing MR safety labels have led to early deliberations of a more open-ended
process that would introduce a fourth MR classification: MR Unlabelled [84]. In
scenarios where an MR examination is needed but the patient has a DBS device
whose compatibility is unknown and the scenarios do not meet the working condi-
tions specified for safety, the benefits must outweigh the potential risks for scanning
to commence [84]. For example, if the DBS vendor MRI guidelines does not specify
that the DBS Activa PC system (i.e., MR Conditional for head scans with a head-
transmit/receive coil at 1.5 T) is not eligible for head-only scans at 3 T, then the
device would fall under MR Unlabelled. Subsequently, adequate local safety risk
assessment should be undertaken by a multidisciplinary team, including the MR
Safety Officer, MR Safety Expert, radiologists, relevant specialists, and referring
clinicians, to decide whether the study should be cancelled, or proceed under spe-
cific conditions of operation [83, 84]. The implementation of new safety processes
could enable more patients with DBS indicated for an MRI to get scanned, but stud-
ies must proceed in the safest possible manner by prioritizing the health and safety
of the patient and weighing the risks and benefits.

Conclusion

In summary, the complexity of factors that contribute to heating risks and other
concerns have severely constrained the use of MRI in DBS patients to date. Although
some institutions are exploring DBS and MRI applications following adequate
safety testing that do not adhere to vendor guidelines, many other centers remain
conservative and prohibit most MRI for patients with DBS. Rather than not per-
forming MRI for patients with DBS, institutions should be familiar with the guide-
lines and offer, if possible, on-label scanning for clinical questions. With off-label

ALGrawany



66 C.T.Chow et al.

scanning, the numerous interactions and conditions that may influence heating and
other risks, observations and conclusions made at one institution are not generaliz-
able and thus not directly applicable to other conditions or institutions regarding
safety risks assessment. As with most aspects of medicine, clinicians and research-
ers should always weigh the risks and benefits of conducting off-label interventions
and this decision should not solely be dictated by a label or mark. Only if MRI is
likely to provide substantial benefits for the patient with DBS and considerable local
safety testing and risk assessments have been performed, then some degree of risk
may be justified.
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Postoperative MRI Applications 6
in Patients with DBS

Jurgen Germann, Flavia V. Gouveia, Emily H. Y. Wong,
and Andreas Horn

Introduction

There are several applications for postoperative Magnetic Resonance Imaging
(MRY) in Deep Brain Stimulation (DBS) patients that are important for both clinical
practice and research. DBS utilises precisely placed electrodes to deliver carefully
titrated electrical stimulation to modulate dysfunctional brain circuits [1, 2].
Confirmation of electrode placement after the surgery can be done using MRI or
Computed Tomography (CT). Accurate electrode placement is crucial for clinical
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benefit as misplacement by as little as 2 mm can result in poor outcome and might
necessitate a second surgery to correct electrode position [3, 4]. Investigating the
relationship between individual electrode location, determined using pre- and post-
operative imaging, and clinical outcome across multiple patients can be used to
investigate optimal location for electrode placements, so-called ‘sweet spots’ of
DBS stimulation [5-9]. Knowing the exact electrode trajectory and location also
allows to precisely map electrophysiological data providing insights into physiolog-
ical characteristics, possible disease processes, and the effects of electrical stimula-
tion to specific brain regions [10-12]. Furthermore, MRI lead placement combined
with whole brain functional or structural MRI data can be used to elucidate the brain
wide networks implicated in symptom improvement following DBS treatment [5,
13-16]. Lastly, post-surgical structural MRI acquired at various intervals, either for
research purposes or because they were clinically indicated can also be used to
assess longitudinal structural changes providing insight into long-term changes
associated with the clinical effect of DBS stimulation [17].

Electrode Localisation and Mapping of Optimal DBS Target
Using Pre- and Postoperative Imaging

Multiple studies have demonstrated that optimal clinical benefit of DBS treatment
is related to precise electrode placement, on the order of millimetres [5-7, 16, 18—
20]. These studies make use of the small variability in exact electrode placement
found across large cohorts to allow the determination of the optimal treatment target
in terms of anatomical location, a process referred to as ‘sweet spot mapping’ [9]. It
is imperative for these techniques that the patients’ electrodes are localised pre-
cisely and that the electrical field induced by the individual stimulation is modelled
faithfully. Moreover, steps of making localisations comparable—across patients or
even DBS centres and surgeons—are needed. This often involves registering elec-
trodes to a common model of the target structure, such as a model STN [21].
Practically speaking, most researchers currently choose to register data into a com-
monly used stereotactic standard brain template defined by the Montreal
Neurological Institute (MNI space).

Either CT or MRI can be used to visualise the DBS electrode postoperatively
(Fig. 6.1). These postoperative images are then registered to (i.e., MRI) or fused
with (i.e., CT) the preoperative MRI to localise the lead precisely. Fusing postopera-
tive CT images with the corresponding preoperative MRI has proven successful for
lead localisation [22] and using postoperative CT offers the advantage that the arte-
fact is slightly smaller compared to postoperative MRI and higher signal-to-noise in
the electrode artefact [23, 24]. However, using postoperative MR images offers
some distinct advantages: MRI uses non-ionising radiation, allows for the detection
of complications such as infarctions [25-28], and the better anatomical contrast
enables fine-scale registration with the preoperative image that will allow for the
detection and correction of possible local brain shifts [29, 30]. While it has been
suggested that spatial distortion deteriorates the precision of the metallic artefact on
MRI [31, 32], subsequent studies have demonstrated that the artefact is a reliable
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Pre-operative MRI Post-operative Scan

Fig. 6.1 Lead localisation using Magnetic Resonance Imaging (MRI) or Computed Tomography
(CT). Top row shows a sagittal preoperative MRI on the left and the corresponding postoperative
MRI on the right. The hypointense MRI artefact corresponds to the Deep Brain Stimulation (DBS)
lead. The lead contacts cause a slightly enlarged artefact allowing for direct localisation. Bottom
row shows a sagittal preoperative MRI on the left and the corresponding postoperative CT on the
right. The DBS causes a metallic artefact (hyperintense in plane, hypointense elsewhere). MR/
Magnetic Resonance Imaging, CT Computed Tomography

marker of lead localisation [33]. Furthermore, the theoretical advantage in precision
of CT as compared to MRI is small and can be further minimised by optimising
postoperative MRI acquisition [34, 35]. Multiple studies have demonstrated that
DBS electrodes can be localised with high precision using postoperative MRI
(Fig. 6.2) [3, 28, 34]. Also, MRI offers the opportunity to safely use various special-
ised sequences with implanted leads that allow for direct target visualisation, and
thus precise estimation of anatomical lead placement [36—41]. A recent study sug-
gests that MRI-assisted direct targeting might allow comparable individual preci-
sion in lead placement as the use of intraoperative microelectrode recordings [42]
and direct MRI-based targeting is a concept highly debated and actively being
investigated, especially in light of improvements in imaging resolution.

Once the DBS lead is localised successfully, sophisticated modelling can be
applied to determine the Volume of Activated Tissue (VAT; also sometimes called
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Post-operative scan Pre-operative scan Standard MNI space

—
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L

Lead localized and VAT
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Functional Structural Voxel
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Fig. 6.2 Outline of the different processing steps necessary for electrode localisation using
Magnetic Resonance Imaging (MRI). After localisation, modelling can be used to estimate the
Volume of Activated Tissue (VAT) and possible further analysis can be performed to investigate the
most efficacious stimulation site and brain wide networks associated with clinical outcome. MNI
Montreal Neurological Institute, VAT Volume of Activated Tissue
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Volume of Tissue Activated -VTA), the theoretical region where electrical stimula-
tion is conceptualised to elicit additional action potentials [43]. A number of differ-
ent models with varying complexity have been proposed [16, 18, 19, 44-46]. These
allow for the fast and reliable estimation of the anatomical regions within each
patient that are affected by the electrical stimulation (Fig. 6.2). Using the estimated
VATs of a cohort of patients one can then create voxel-wise efficacy maps of larger
regions. Voxel-wise efficacy maps illustrate the spatial pattern and extent associated
with beneficial stimulation. These maps provide insight beyond mapping of an ideal
target or ‘sweet spot’ [5-7, 20].

Overall, precise lead localisation and stimulation modelling provide critical
input for subsequent DBS programming, suggesting an optimal contact to be used
and offering insight into potentially beneficial stimulation parameters. Using the
precise lead localisation and observed phenomena occurring intraoperatively or
during subsequent programming sessions, one might also use this data, similar to
the use of direct cortical stimulation [47-50], to identify the neural substrate of
other phenomena [51, 52]

MNI Space and Investigating Potential Mechanisms of DBS

No two human brains are identical, and this variability poses a challenge when com-
paring findings between patients and when communicating the results of analyses.
A common reference space is essential when combining data from larger patient
cohorts, and while creating a cohort specific common space is feasible, the use of
the Montreal Neurological Institute (MNI) common reference brain space—short
‘MNI space’ [53—-56]—has been established since the 1990s. The MNI space is the
common template space for group analyses as well as the reference space to report
study findings [57]. Using MNI space also allows for the use of a large number of
publicly available brain atlases enabling for example the comparison of study results
with meta analyses generated from large numbers of previously reported functional
MRI studies [58, 59], or the comparison of findings to detailed human high resolu-
tion histology atlases [60] or to patterns of whole brain normative spatial gene
expression data [61-63], among others. These atlases enable additional insights to
be gleaned into the possible underlying mechanisms of DBS.

Connectomics to Investigate Brain Networks of DBS

Since the brain is a complex network, DBS modulates not only local brain structures
but also distributed brain networks [1]. Registering to MNI space allows for the use
of normative structural and functional connectomic data to investigate these brain
wide networks, while acquiring specialised MRI sequences before surgery makes
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the analysis of patient-specific connections possible. The term ‘connectome’ origi-
nates from mathematical network models and is used to describe the brain as a
network consisting of nodes (anatomical regions) and their connections (structural
or functional) [64, 65]. Structural connectomics involves the use of diffusion-
weighted MRI (dMRI) that can be employed to estimate structural connectivity, i.e.,
the white matter connections, between brain regions. dMRI is based on the direc-
tionality and anisotropy of water diffusion in each voxel. Functional connectomics
makes use of resting-state functional MRI (rsfMRI) to measure the relationship
between brain regions based on the covariance of low-frequency blood oxygen
level-dependent (BOLD) signal oscillation. Higher covariance indicates that two
regions are more related, more functionally connected, based on their functional
MRI signal. Multiple studies over the last years have shown that neurological and
psychiatric symptoms can be mapped to distributed brain networks using functional
and structural connectomics [14, 17, 51, 52, 66-73].

Multiple structural connectomes have been made openly available and are often
based on publicly available data. Some were created from dMRI data of healthy
individuals, such as the Human Connectome Project (HCP) [74, 75], while others
have made use of dMRI data from patients to create a disease-specific connectome,
for example the Parkinson’s Progression Markers Initiative (PPMI) [76]. Most
structural connectomes, both healthy and disease-specific, incorporate data of less
than 100 subjects or patients; however, both larger structural [5, 77] and functional
connectome created using data of about 1000 healthy subjects have been utilised [5,
14, 52]. One particularly commonly used functional connectome is derived from
Brain Genomics Superstruct Project (GSP) [78, 79] data using a 1000-subject,
healthy control rsfMRI dataset. Some recent work has made use of smaller disease-
specific functional connectomes created using rsfMRI data of patients [52, 80]. The
use of disease-specific normative connectomes compared to connectomes derived
from healthy participants has some advantages and disadvantages. There are likely
differences between the brains of patients with a given neuropsychiatric or neuro-
logical disease and healthy subjects [81] and these would not be reflected in healthy
normative connectomes [81, 82]. On the other hand, both HCP and GSP data were
acquired with specialised MRI hardware offering high fidelity and superior signal-
to-noise ratio [83, 84]. Also, some of the healthy connectomes mentioned above are
derived from approximately 1000 subjects and recent work has demonstrated that
these larger samples allow for more stable and confident estimation of connectiv-
ity [85].

Both normative structural and functional connectomics have some limitations
that should be considered when designing and interpreting the results of such analy-
ses. It has been shown that brain connections identified by dMRI are partially ana-
tomically incorrect [86, 87] and tend to be biassed towards long, highly myelinated
tracts while underestimating short or thin bundles [88, 89]. The MRI signals used
for functional connectivity analyses (i.e. BOLD) may be contaminated by other
sources of noise [90, 91], are subject to changes depending on patient characteris-
tics (e.g. ageing processes will alter the neurovascular coupling process and result
in altered BOLD signal) [92, 93], and may not capture brain activity in higher
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frequency ranges. Although these limitations apply to both normative and disease-
specific connectomes, analyses based on dMRI and rstMRI are still the only means
of investigating structural and functional connectivity in humans in vivo [94].
Moreover, functional and structural connectomics have proven externally applica-
ble by successfully corroborating symptom-associated lesions with efficacious neu-
romodulation targets. These techniques have been successfully applied to identify
the common underlying brain networks implicated in particular symptoms and dis-
eases [67, 68, 70].

Summary and Conclusion

In the past couple of decades there has been an exponential increase in the use of
DBS for several distinct clinical indications, along with the interest of investigat-
ing lead localisation, modelling of volume of activated tissue, and whole brain
connectomics to understand the underlying neurobiological mechanisms of action
of DBS and to further optimise DBS treatment. As outlined, MRI is an essential
tool for this endeavour. It can be used to localise DBS in individual patients with
high accuracy, offering the particular advantage of precise target confirmation
especially when employing some of the newly developed specialised sequences
that offer enhanced tissue contrast in the anatomical region of interest. This infor-
mation can be used directly to inform clinical treatment plans through identifying
the optimal contact and informing the stimulation parameters to be interrogated.
Also, once the electrodes are successfully localised, scientists may use advanced
modelling of the electrical field induced combined with a number of state-of-the-
art imaging analysis tools to investigate the potential underlying mechanisms of
action of DBS, the brain network implicated in efficacious treatment as well as
determining the ideal target location. MRI and the advanced analysis tools
described here have contributed tremendously to our growing understanding of
the mechanisms and brain networks involved in symptom alleviation following
DBS treatment.
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Introduction

Deep brain stimulation (DBS) is a reversible and adjustable neurosurgical treatment
that involves electrically stimulating brain structures through stereotactically
implanted electrodes [1-4]. Since its inception in the early 1960s, over 200,000
patients have been treated with DBS [4]. While DBS is most commonly used to
alleviate the motor symptoms of Parkinson’s disease (PD) and essential tremor
(ET), it is also a promising treatment for several refractory neurological and psychi-
atric conditions, including obsessive-compulsive disorder (OCD), epilepsy, Tourette
Syndrome (TS), Alzheimer’s disease, and chronic pain [4]. Despite its growing uti-
lization, the mechanisms of DBS remain largely unknown. Additionally, DBS
patient selection and programming are time and resource intensive and largely
dependent on empirical clinical experience and trial-and-error [4]. This highlights
the need for research tools that can enhance our understanding of DBS and aberrant
neural networks behind neuropsychiatric disorders, as well as biomarkers that can
optimize DBS patient selection, targeting, and programming.

Functional neuroimaging modalities, such as positron emission tomography
(PET), single-photon emission computed tomography (SPECT), magnetoencepha-
lography (MEG), and functional magnetic resonance imaging (fMRI), offer insights
into local and global changes in brain activity and connectivity. These modalities
can be used to interrogate neural responses to DBS and investigate the function of
neural circuits with respect to disease, cognition, and behavior [5-7]. fMRI is
unique among these imaging modalities as it is readily available at most centers and
does not involve radiation or the administration of exogenous contrast [8]. fMRI can
measure blood-oxygen-level-dependent (BOLD) signals, a type of “endogenous
contrast,” to detect changes in brain metabolism [9, 10]. Additionally, fMRI pro-
vides a good balance between spatial and temporal resolution compared to other
modalities [8]. Despite these advantages, the use of fMRI in DBS patients has been
limited by safety guidelines, namely the risk of electrode heating during fMRI
acquisition [8, 11-13]. Technical challenges, such as loss of signal from suscepti-
bility artifacts related to DBS hardware, may have further delayed the widespread
application of fMRI in DBS patients [8, 11-13].

ALGrawany


mailto:alfonso.fasano@uhn.ca

7 Acquiring Functional Magnetic Resonance Imaging in Patients Treated with Deep... 87

Fig. 7.1 The cumulative
number of fMRI-DBS
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Consequently, studies have often investigated the effects of DBS on brain net-
works by relying on publicly available functional connectivity templates acquired
from large cohorts of healthy volunteers, also called “normative connectome” [14—
17]. Such studies estimate the connectivity between a given brain region and the
stimulation location in a normative (i.e., averaged ‘“normal”) brain and are herein
referred to as normative fMRI studies. In contrast, studies that acquire fMRI from
patients after DBS surgery with stimulation on and off are referred to as “patient-
specific fMRI studies” [18-21]. While normative fMRI studies have the advantage
of using large, high-quality fMRI datasets, they are limited by the fact that they
might not reflect patient- or disease-specific connectivity. Furthermore, normative
connectome studies cannot assess brain network responses to DBS in a causal man-
ner [16]. Conversely, patient-specific fMRI is acquired in DBS patients and can
directly assess the effects of stimulation on the brain [16, 21]. The information
gathered from patient-specific fMRI studies can thus be used to obtain valuable
insights into the mechanisms of DBS, provide biomarkers associated with therapeu-
tic outcomes, and produce vast theoretical knowledge about the neurological condi-
tions associated with aberrant neural networks [2, 16, 22].

To date, 37 patient-specific fMRI-DBS studies have been published, reporting
findings from over 400 patients with various DBS indications and targets. The num-
ber of studies that applied fMRI in DBS patients has steadily increased over the last
three years (Fig. 7.1). This increase may be attributable to recent advances in fMRI
acquisition, safety, and analyses methods which have improved the quality and reli-
ability of findings. Here, we describe challenges in acquiring fMRI in DBS patients,
experimental design paradigms, and analyses methods employed by fMRI-DBS
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studies and summarize the main characteristics and findings of these studies, includ-
ing the effect of DBS on various disorders and neural networks.

Challenges Associated with Acquiring fMRI in DBS Patients

Safety considerations associated with scanning DBS patients with MRI include
potential injuries caused by heating of electrode tips, induced currents, implantable
pulse generator dysfunction, and mechanical forces, of which electrode heating is

p

Fig. 7.2 Metal susceptibility artifact associated with DBS hardware. Axial slices of gradient-
recalled echo-echo planar imaging acquired from a patient treated with DBS. Blue arrows indicate
the metal susceptibility artifact produced by the DBS coil and electrode
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the primary concern [11]. These have been addressed by early fMRI-DBS studies—
and subsequent safety and phantom studies—which confirmed that 1.5 T and 3 T
MRI acquisitions are safe in patients with DBS under specific scanning conditions
(i.e., low specific absorption rate, certain geometry of DBS hardware in relation to
the scanner) and with thorough prior safety testing [12, 23]. However, it should be
emphasized that guidelines for scanning vary for each DBS manufacturer.

fMRI in patients with DBS is additionally limited by technical challenges,
including the susceptibility artifact from the DBS electrode and subgaleal wires
(Fig. 7.2) [13]. While susceptibility artifact leads to signal loss around the subcorti-
cal stimulation targets and cortical regions adjacent to the coil wire (e.g., primary
motor cortex—M1), it should be highlighted that the artifacts only affect a small
portion of the brain (mean electrode contact artifact diameter = 9.3 mm and coil
artifact accounts for 1.9-2.1% of the whole-brain volume) [13]. Previous DBS-
fMRI studies have accounted for these artifacts by performing unilateral stimulation
[22,24-26], segmenting and masking areas of signal loss to exclude affected regions
from the analysis [27-34], or assessing brain regions with significant signal loss
(i.e., subthalamic nucleus) as “hidden nodes” [35, 36]. Of note, a recent study was
able to extract useful BOLD signal near the electrode such as brain areas within the
volume of tissue activated despite the presence of the metal artifact [37].

fMRI Study Results

The study characteristics including the sample size, DBS indication and target, and
experimental design of the 37 patient-specific fMRI-DBS studies are summarized in
Table 7.1. Apart from a few recent studies, fMRI-DBS studies include small sample
sizes (mean = 13 + 13, median = 10, IQR = 11). It should be noted that interpreting
and comparing fMRI findings should be done with caution as BOLD signal
responses and network connectivity can change dramatically based on many vari-
ables including the study cohort, fMRI experimental design and scanning condi-
tions, stimulation parameters, analysis methods, or a combination of these factors.

fMRI Acquisition, Experimental Design Paradigms and Analysis

Depending on a study’s research question and hypothesis, the fMRI acquisition and
experimental design can vary significantly between studies. For clarity, this review
categorizes TMRI experimental designs into three broad paradigms: (1) resting-
state, (2) task-based, and (3) cycling-stimulation (Fig. 7.3).

As the name suggests, resting-state fMRI (rs-fMRI) design involves scanning
subjects at rest with their eyes open or closed and where the experimental or stimu-
lation conditions remain constant throughout the duration of the scan. The decision
to instruct participants to open or close their eyes depends on the research question
and hypothesis; however, both conditions present comparable results [10].
Conversely, in task-based fMRI, participants perform tasks (e.g., finger-tapping)
specifically designed to induce brain changes while being scanned. fMRI-DBS
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2 Resting-state fMRI

Unchanging
condition

(E.g.: Rest, DBS ON, or DBS OFF)

—
Elapsed time

®  Task-based fMRI

Task
30s
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Fig. 7.3 Schematic representation of fMRI-DBS experimental design and acquisition. (a)
Resting-state fMRI involves acquiring scans when subjects at rest and the experimental or stimula-
tion conditions remain constant throughout the duration of the scan. (b) Task-based fMRI involves
acquiring scans while participants perform tasks specifically designed to induce cognitive changes.
“Block design” is a specific paradigm in which participants alternate between a period of perform-
ing a task, followed by a period of rest in a continuous ON/OFF fashion. (¢) Cycling-stimulation
fMRI is an extension of task-based block-design fMRI, where DBS is programmed to cycle
between different conditions in a continuous ON/OFF fashion
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studies included in this review that employed the task-based fMRI paradigm used
the block design, where participants alternate between a period of performing a
task, followed by a period of rest (control), continuously. Finally, cycling-stimulation
fMRI is an extension of block-design fMRI. It involves programming the stimula-
tion to cycle between different conditions (e.g., DBS ON and OFF or optimal and
non-optimal settings). Comparable with task-based fMRI studies, studies that
employ the cycling-stimulation fMRI paradigm programmed the DBS device to
alternate between DBS ON and OFF states for 15-30 second intervals, for a total
duration of approximately 6—12 min.

Researchers can employ one of many statistical tools to analyze their data. The
specific analytical approach used by each study will differ based on the study’s
research question and hypothesis, as well as their fMRI experimental design and
acquisition. In total, ten fMRI-DBS studies employed a resting-state experimental
design. These studies predominantly investigate functional connectivity, which
show undirected temporal associations between the BOLD signal from distinct
brain regions or across the whole brain [27, 37, 43, 47, 52, 58, 60]. There were
many methods to analyze resting-state networks including seed or region-of-interest
based analysis, correlation analysis, whole-brain computational modeling, and
eigenvector centrality modeling [9, 10]. rs-fMRI DBS studies have also employed
dynamic causal modeling to investigate effective connectivity, that is how the
BOLD signal response of one brain region causes a change in another, as well as
amplitude of low-frequency fluctuations (ALFF) which reflects the regional inten-
sity of spontaneous fluctuations in the BOLD signal [24, 35, 36, 52].

Eleven fMRI-DBS studies employed task-based fMRI paradigms. These studies
commonly examined the differences in neural response between two states or con-
ditions (e.g., task vs rest) using Student’s T-tests, general linear modeling, regres-
sion analysis, or a combination of these methods [28-31, 41, 50, 53]. These methods
can be used to create contrast or “activation” maps that show brain regions with
BOLD signal changes that are significantly associated with the two conditions [9,
10]. A small number of task-based fMRI-DBS studies examined connectivity [32,
35, 36, 48]. Since the cycling-stimulation fMRI paradigm (n = 21) is an extension
of task-based fMRI, cycling-stimulation fMRI-DBS studies employed similar fMRI
analysis techniques used in task-based fMRI studies to identify changes in BOLD
signals significantly associated with DBS.

Movement Disorders
Parkinson’s Disease (PD)

PD is the most common DBS indication investigated by fMRI. For the treatment of
PD, DBS electrodes are placed in major hubs of the motor circuit such as the sub-
thalami nucleus (STN) and the globus pallidus pars interna (GPi). Two-thirds
(n = 24) of studies reviewed in this chapter included PD patients treated
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Left lateral Left midline Right midline Right lateral
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Fig. 7.4 BOLD signal changes associated with STN-DBS acquired using cycling-stimulation
fMRI. Results only from cycling-stimulation fMRI-DBS were included in this figure because these
studies intuitively report brain regions where STN stimulation increased or decreased BOLD sig-
nal, whereas task-based fMRI report BOLD signal effects due to DBS and motor tasks and resting-
state fMRI report changes in connectivity. Studies reporting brain areas modulated by STN-DBS
using a cycling-stimulation fMRI paradigm were identified. These areas were assigned an auto-
mated anatomical labeling 3 (AAL3) atlas parcellation based on their reported MNI or Talairach
coordinates, or their qualitative description. Across all studies, the frequency that each AAL3
(https://bioimagesuiteweb.github.io/webapp/mni2tal.html) region was reported was used as a
weighting (e.g. if the right Pallidum — AAL3 region 80 — was reported in 5 studies, it was assigned
a value of 5). Weighted parcellations were then used to generate a frequency map, which was
overlaid on axial slices of a standard MNI T1-weighted brain template (https://www.bic.mni.
mcgill.ca/ServicesAtlases/ICBM152NLin2009). Only brain regions that were reported by three or
more publications were included in the figure. The color gradient represents the number of studies.
The most-reported areas (yellow) include thalamus (n = 8), M1 (n = 6), and palladium (n = 6). Sum
map was overlayed on BrainMesh_ICBM 152 brain available on the software Surf Ice v1 (https://
github.com/neurolabusc/surf-ice), and overlayed on a standard MNI T1-weighted brain template
(https://www.nature.com/articles/s41597-019-0254-8) and visualized using FSLeyes

STN-DBS. Three of these studies included a smaller cohort of PD patients treated
with GPi-DBS.

The most common experimental design used in PD fMRI-DBS studies was the
cycling-stimulation paradigm (n = 10 studies). These studies identified brain regions
associated with DBS ON and OFF conditions [22, 25, 26, 33, 39, 40, 42, 44-46].
Cycling between DBS ON and OFF states was associated with BOLD signal
changes in the motor cortex, cerebellum, and the basal ganglia, including the thala-
mus, globus pallidus (GP), substantia nigra, and caudate nucleus (Fig. 7.4). In par-
ticular, the BOLD signal of the GP and thalamus consistently increased in the
STN-DBS ON state when compared to OFF [22, 25, 26, 39, 40, 44—-46]. However,
the directions of BOLD signal changes of other brain regions were variable. For
example, the BOLD signal of the premotor cortex and M1 was reported to increase
with STN stimulation [33, 39, 40, 42, 46], but three papers with large sample sizes
reported decreased BOLD response from M1 [22, 26, 45]. Likewise, the cerebellum
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showed both increased [25, 26, 40, 42, 44-46] and decreased [22, 26, 44, 45] BOLD
response to STN stimulation.

Though the reasons for these discrepancies are unclear, differences in BOLD
signal response to STN-DBS may be attributable to differences in scanning condi-
tions (e.g., awake vs general anesthesia; medication status at the time of scan), stim-
ulation parameters (e.g., optimal vs suboptimal stimulation), variability in the
biological response to stimulation across individuals, and specific patient character-
istics (e.g., PD phenotype). Knight et al. [42] reported that DBS induced similar
brain regions in both the awake and anesthesia state; however, BOLD signal inten-
sity was stronger when subjects were awake. Variations in BOLD signal response
may also be attributable to DBS stimulation settings. Indeed, frequency-dependent
BOLD signal responses have been reported in GP, thalamus, and cerebellum [44,
45]. Boutet et al. [22] reported that clinically suboptimal stimulation parameters
(i.e. voltage, frequency, and contact) produce a different BOLD fMRI signal signa-
ture than that produced by clinically optimal settings. Additionally, Hancu et al. [26]
reported subject-level differences in BOLD signal response between monopolar and
bipolar STN stimulation. Another possible explanation for BOLD signal variability
in cycling-stimulation fMRI studies is PD phenotype. Dimarzio et al. [33] reported
that STN-DBS induced increased M1 BOLD response among patients with akine-
sia-rigidity type PD and decreased response in patients with tremor dominant PD.

In addition to cycling-stimulation fMRI-DBS studies, eight studies employed
rs-fMRI in PD patients to investigate the impact of STN-DBS on neural networks
and functional connectivity [24, 27, 32, 34, 35, 37, 61]. STN stimulation was con-
sistently shown to modulate brain areas associated with the cortico-striato-thalamic-
cortical loop. STN-DBS was commonly associated with increased connections
within and between M1, supplementary motor area, striatum, thalamus, cerebellum,
and putamen [24, 32, 34, 35, 47, 61]. STN-DBS was also found to reduce the
strength of all STN afferent and efferent projections and connections between the
STN and thalamus [35, 36]. Interestingly, two studies with age-matched healthy
controls showed that STN-DBS normalized the global brain connectivity patterns of
PD patients to that of healthy controls, suggesting that the therapeutic mechanism
of DBS involves modulations of large-scale brain networks as well as changes to
local brain activation [27, 37].

Eight studies employed task-based fMRI to investigate BOLD signal changes
associated with DBS during motor or sensory tasks. Hesselmen et al. [41] showed
that STN-DBS during finger-tapping task increased BOLD signal in the anterior
insula, putamen, and caudate nucleus and decreased signal in the primary sensory
motor cortex and cerebellum when compared with DBS OFF. Furthermore, effec-
tive connectivity studies reported that STN-DBS modulated the cortico-striato-
thalamic-cortical loop and recruited subcortical-cerebellar pathways during
voluntary movement tasks [35, 36]. In contrast, Mueller et al. [30] found no signifi-
cant interactions between STN-DBS and motor tasks. Of note, Steinhardt et al. [48]
found that the STN-DBS increased the functional connectivity of the salience net-
work and simultaneously decreased the connectivity of reward-related networks in
the context of food cue processing.
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Among these studies, three included smaller cohorts of PD patients treated with
GPi-DBS [22, 33, 47]. A cycling-stimulation fMRI study by Dimarzio et al. [33]
found that both STN and GPi stimulation increased the BOLD signal in the thala-
mus and GP. Conversely, GPi stimulation was associated with decreased BOLD
signal of the M1, whereas STN stimulation increased M1 signal. A recent rs-fMRI
study showed that both STN and GPi-DBS reduced the functional connectivity
among motor-related cortical and subcortical regions. However, STN-DBS showed
a more extensive reduction in connectivity between the postcentral gyrus and the
cerebellar vermis [47].

Essential Tremor (ET)

Besides PD, BOLD fMRI has been used to investigate the effects of DBS in ET
[23, 29, 38]. The first of the studies acquired fMRI from two ET patients with ven-
tral intermediate thalamus (VIM) DBS while stimulation cycled between ON and
OFF states. VIM stimulation induced BOLD signal responses in the thalamus,
basal ganglia, and somatosensory cortex [23]. Seventeen years later, another study
acquired intraoperative fMRI from 10 ET patients with VIM-DBS using a cycling-
stimulation fMRI paradigm. The authors observed that VIM-DBS was associated
with significant BOLD response in the sensorimotor cortex, thalamus, and cerebel-
lum and that their BOLD response was positively correlated with therapeutic effect
[38]. Most recently, Awad et al. [29] acquired fMRI from 16 patients with caudal
zona incerta (cZI) DBS while participants engaged in motor tasks using a task-
based fMRI paradigm. Independent of motor tasks, cZI-DBS modulated the BOLD
response of the premotor cortex, while task-dependent DBS effects were observed
in the primary sensorimotor cortex (S1), supplementary motor area, and cerebel-
lum [29].

Neuropsychiatric Disorders
Obsessive-Compulsive Disorder (OCD)

As of yet, very few publications have used fMRI to investigate the effect of DBS
on BOLD signal changes and connectivity outside of movement disorders. Three
studies have assessed the effect of DBS using fMRI in OCD [49-51]. A case
report of an OCD patient treated with bilateral nucleus accumbens (NAc) DBS
found local BOLD signal changes in the medial thalamus, putamen, head of the
caudate, anterior cingulate, and the cerebellum using cycling-stimulation fMRI
[49]. In a subsequent case series, three OCD patients received NAc-DBS and an
intraoperative fMRI using the cycling-stimulation fMRI paradigm [50]. The study
investigated BOLD response to both NAc and internal capsule stimulation by
changing the stimulation location using different contacts. Stimulation of the
internal capsule was associated with subject-level BOLD signal changes in the
caudate nucleus and anterior cingulum. NAc stimulation was associated with
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BOLD signal changes in the limbic system, including the parahippocampal region
which was common to all three patients [50]. Gibson et al. [51] examined the
BOLD signal response to laughter-inducing ventral capsule/ventral striatum (VC/
VS) stimulation in four OCD patients under general anesthesia using rs-
fMRI. Stimulation of the VC/VS was associated with BOLD signal changes in the
mediodorsal thalamus, amygdala, pons, and orbitofrontal cortex. Interestingly,
laughter-inducing stimulation was associated with enhanced connectivity from
the anterior cingulate cortex to VS and attenuated connectivity from the thala-
mus to VS.

Depression, Anorexia, and Bipolar

More recently, Elias et al. [52] employed resting-state fMRI to investigate subcal-
losal cingulate (SCC) DBS within 16 patients with major depressive disorder,
anorexia nervosa, or bipolar. ALFF analysis found that SCC-DBS reduced sponta-
neous changes in BOLD signal in the bilateral dorsal anterior cingulate cortex, pos-
terior cingulate cortex, precuneus, middle cingulate cortex, middle frontal gyrus,
left inferior parietal lobule, and lateral occipital cortex. Interestingly, the study
found that ALFF BOLD signal changes in the dorsal ACC, left PCC, and left precu-
neus significantly predicted clinical improvement. Additionally, functional connec-
tivity analysis found that SCC-DBS increased the connectedness between the above
regions.

Pain

The effect of DBS on pain has been investigated by three studies [23, 28, 53]. Two of
the studies scanned participants while stimulation was cycling between DBS ON vs
OFF states. The first included three subjects with refractory chronic pain treated with
ventralis caudalis nucleus of the thalamus (Vc) (n = 2) and periventricular gray
(PVG) DBS (n =1). While Vc stimulation increased the BOLD signal of the somato-
sensory perception pathways including the S1 and secondary somatosensory cortex
(S2), thalamus, and insula, PVG stimulation only increased the BOLD signal in the
anterior cingulate cortex and the medial thalamus [23]. A subsequent paper exam-
ined BOLD signal changes associated with STN stimulation in PD patients with
chronic pain. The study reported that STN stimulation was associated with increased
BOLD signal in the S1 cortex among participants experiencing pain relief (n = 5) and
decreased S1 BOLD signal in treatment non-responders (n = 5), suggesting that dif-
ferential BOLD response of S1 may be a potential fMRI signature for pain relief [28].

Jones et al. [53] applied heat stimuli to 10 patients with post-stroke pain syn-
drome treated with the anterior limb of the internal capsule (ALIC) DBS. Heat
stimuli were delivered to patients in a block paradigm during both DBS ON and
OFF conditions. In the DBS OFF state, heat stimuli were associated with increased
BOLD response of the orbitofrontal and superior convexity cortex. When
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ALIC-DBS was turned ON, the signal from these regions was reduced and fewer
foci were reported in response to heat stimuli. Additionally, heat stimuli were asso-
ciated with decreased BOLD response of the precentral gyrus and hippocampus
with ALIC stimulation.

Epilepsy

Three fMRI studies have evaluated the effects of anterior thalamic nucleus (ANT)
stimulation for the treatment of epilepsy [54-56]. Cycling-stimulation fMRI in four
patients treated with ANT stimulation showed a widespread increase in BOLD sig-
nal within the default mode network (DMN) and limbic network including the thal-
amus, anterior and posterior cingulate cortex, precuneus, medial prefrontal cortex,
amygdala, ventral tegmental area, hippocampus, striatum, and right angular gyrus
[54]. Changing the active stimulation contact away from ANT reduced the BOLD
signal intensity of these areas [56] and high-frequency (145 Hz) ANT-DBS pro-
duced greater BOLD signal increase within the DMN and limbic networks com-
pared to low-frequency stimulation (30 Hz) [55].

Other DBS Indications

Other DBS indications investigated using fMRI included Lewy body dementia
(LBD) [58] and TS [57]. In a randomized, crossover, double-blind trial, four LBD
participants with DBS of the nucleus basalis of Meynert (NBM) underwent resting-
state fMRI. In these patients, NBM stimulation was associated with decreased con-
nectivity within the DMN, specifically between the posterior cingulate cortex and
the right inferior parietal lobule. NBM stimulation was also associated with changes
in the functional connectivity of the frontoparietal network. Finally, Jo et al. [57]
examined the effects of stimulating the centromedian nucleus of the thalamus in five
TS patients using cycling-stimulation fMRI. The authors reported that thalamic
DBS induced suppression of the motor and insular networks which was associated
with motor tic reduction. Likewise, stimulation suppressed frontal and parietal net-
works which was associated with vocal tic reduction.

Potential Applications and Future Directions

The fMRI-DBS literature is a rapidly growing field in the world of functional neu-
roimaging. Half the number of papers reviewed by this book chapter were published
in the last five years and the number of fMRI-DBS studies published each year is
steadily increasing. While these fMRI-DBS studies have traditionally focused on
elucidating neural responses to stimulation, more recent studies have assessed the
potential of fMRI as a clinical tool to improve DBS treatment. Among PD DBS
patients, fMRI has been used to identify specific BOLD activation and connectivity
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signatures associated with optimal and suboptimal DBS parameters. These signa-
tures could be used to better direct DBS programming, which is currently a time-
intensive process based on subjective evaluations of patient-specific responses to
stimulation. Additionally, future DBS-fMRI studies could use intraoperative fMRI
to assess real-time modulation of brain activity and recruitment of neural networks
during DBS implantation. Thus, intraoperative fMRI could supplement electro-
physiological local field potential recordings to better guide DBS targeting.

Furthermore, there are many DBS indications and targets that have yet to be
investigated by fMRI. Outside of PD, limited studies have been published for each
DBS indication, often with small sample sizes. DBS indications that have yet to be
explored by fMRI include dystonia, Alzheimer’s disease, and consciousness disor-
ders. fMRI may offer valuable insights within these conditions, further supplement-
ing findings from other functional imaging modalities. Combining DBS with fMRI
provides a unique opportunity to probe and modulate neural circuits and interrogate
dynamic neural responses to stimulation. As DBS hardware and fMRI technology
and analysis continue to advance, fMRI-DBS studies may offer opportunities to not
just understand the mechanisms of DBS, but to better understand neuropsychiatric
diseases and ultimately the complexities of the brain.
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MRI in Pediatric Patients Undergoing 8
DBS

Han Yan, Elysa Widjaja, Carolina Gorodetsky,
and George M. Ibrahim

Introduction

As with most novel technologies and innovations within medicine, deep brain stim-
ulation (DBS) became a commonplace tool first for adults prior to being applied to
pediatric patients. One of the earliest reports of DBS for a child took place in
November, 1996 [1]. Bilateral stimulation of the globus pallidus interna (GPi) was
offered to an 8-year-old girl with severe generalized dystonia, who had been under
sedation and respiratory assistance for 2 months prior to the surgery. DBS helped
her recovery with lasting benefits for 20 years [2].

The indications for pediatric DBS slowly began to expand despite the challenges
related to the lack of pediatric-specific clinical trials. Nonetheless, there are special
considerations concerning DBS surgery for children and adolescents; and there are
also unique considerations regarding the acquisition, use, and study of magnetic
resonance imaging (MRI) for these patients.

This chapter will introduce the specific indications of DBS for children and dis-
cuss pediatric-specific factors related to imaging.
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Indications for Pediatric DBS

DBS is most commonly utilized in the treatment of medically refractory movement
disorders in pediatric populations such as dystonia and chorea. Increasingly, patients
with drug-resistant epilepsy who are not candidates for resective surgery may also
consider DBS. The most common indications are listed in Table 8.1.

Dystonia remains one of the most common indications for pediatric DBS. Notably,
children with DYT-TORIA related dystonia (DYT1) and other monogenic dystonias
(such as DYT-SGCE, DYT-KMT2B and GNAOI! related dystonia) respond well to
GPi-DBS [3]. Children with neurodegenerative disorders such as pantothenate
kinase-associated neurodegeneration (PKAN) and Lesch—Nyhan syndrome (LNS)
experience clinically significant improvement post DBS, although the response can
be very variable [4, 5]. Individuals with dyskinetic cerebral palsy (CP) have an infe-
rior response to DBS with only 27% having a clinically significant improvement
[6]. GPI-DBS should be considered early in the course of refractory status dystoni-
cus as up to 90% of cases resolve after the surgery. In the largest review of pediatric
and adolescent patients with dystonia treated with DBS, data from 72 articles and
321 patients demonstrated that 86% of patients showed some improvement with a
median motor improvement of 42% [7].

There is increasing impetus to treat patients with dystonia with DBS at younger
ages due to the known natural history of the condition, which does not remit over
time. Furthermore, recent studies showed that duration of dystonia (shorter time
between dystonia diagnosis and DBS surgery) is a significant outcome predictor [8,
9]. Conversely, other movement disorders such as Gilles de la Tourette syndrome
(TS) may spontaneously remit without surgery and therefore, DBS ought to be
approached with caution for such indications in children [10, 11]. For a subset of
children with TS who are adversely affected by the disease, DBS may facilitate
social, educational, and brain maturation during critical periods of childhood and
adolescence. In a review of 21 articles and 58 pediatric patients with TS, DBS
seemed to improve tic severity with 68% of patients demonstrating improvement
greater than 50% [12]. Targets of DBS for TS in children were mainly the GPi
(57%), although several thalamic targets including the centromedian-parafascicular
(CM-Pfc) nuclei have also been attempted.

Children with drug-resistant epilepsy may also be considered DBS candidates.
From a review of 21 studies and 40 pediatric patients [13], many DBS targets have

Table 8.1 Summary of common indications and targets of DBS in children

Indication Targets Notes

Dystonia/ GPi High efficiency in monogenic dystonias

chorea

Epilepsy CM-Pfc, Several common targets with unknown optimal selection. At our

ANT institution, we utilize CM for generalized epilepsy specifically

Lennox—Gastaut Syndrome (LGS) and ANT for frontal-temporal
epilepsy

Tourette CM-Pfc, Controversial due to possibility of disease remission over time

syndrome GPi
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been attempted in children for epilepsy, including the CM-Pfc, the anterior nucleus
of the thalamus (ANT), the hippocampus, the subthalamic nucleus (STN), the pos-
teromedial hypothalamus, and the mammillothalamic tract. Although only 12.5% of
patients achieved seizure freedom, 85% of the patients were reported to have some
seizure frequency reduction.

The indications for pediatric and adolescent DBS will continue to grow as many
studies start to assess the perceptions of DBS for children with psychiatric or devel-
opmental illness, such as obsessive-compulsive disorder, Rett syndrome, or autism
spectrum disorder [ (14-16)]. The imaging needs will consequentially also grow as
scientists and clinicians try to understand the clinical and radiographic effects of
DBS on different populations of children and adolescents.

Imaging Considerations for Children

Although MRI is integral for the planning of all DBS procedures, this is particularly
critical for children and adolescents. Indirect targets relative to the anterior
commissure-posterior commissure (AC-PC) for localization are based on adult data
and therefore may be less accurate in children. Furthermore, it is much more com-
mon to perform DBS surgery in children under general anesthesia relative to adults.
This may reduce the reliability of microelectrode recordings (MERs) and MRI-
based direct targeting becomes crucial for accurate electrode placement. Direct tar-
geting with MRI for children and adolescents also poses additional challenges due
to the lack of age-specific atlases. At our institution, postoperative MRI is routinely
performed immediately after surgery if general anesthetic is required to acquire a
high quality scan. In the subsequent sections, we provide an in-depth review of the
many unique aspects of MRI for children and adolescents with DBS.

MR Imaging Acquisition for Planning DBS

The acquisition of high resolution (and therefore time consuming) MRI sequences
can prove to be a challenge for some children and adolescents. Certain children are
old enough to be aware of the surrounding environment and react to MRI noises but
are not cognitively mature to follow instructions, ultimately requiring sedation to
acquire adequate scans [17]. Specific diagnostic sequences, such as the spin echo
based T2 or echoplanar (EPI) based diffusion, can be difficult to acquire due to rela-
tive acquisition time, loud noises, or susceptibility to motion artifacts [18]. We do
not propose a specific age cut-off for sedation, but rather individualize this decision
to the specific child.

Practically, there are many methods that contribute to the successful acquisition of
pediatric MRI scans [18]. First, a dedicated child life team can help to reduce anxiety
or claustrophobia for children. These specialists are especially helpful for young or
developmentally delayed patients [19, 20]. Second, a practice session with a mock
scanner can relax children who are capable of understanding the procedure and
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rationale of the imaging process [21]. Other options for “MRI practice” include
online information for parents, use of toys or stories to simulate the scanning proce-
dure, and virtual reality programs. Third, scans can be broken into manageable 20-to-
30-minute segments to allow for breaks when necessary. Last, pediatric-sized MRI
scanners can improve image quality by increasing gradient slew rates and decreasing
distortion at air tissue interfaces [22]. The ongoing challenges of pediatric neuroim-
aging are to increase signal to noise while maintaining or shortening scan time.

The acquisition of functional MRI (fMRI) poses additional challenges in chil-
dren, if these scans are required in research settings before and after DBS. Teamwork
and communication between the child life specialist, neuropsychologist, radiolo-
gist, and referring physician is critical. In addition, patient comfort and positioning
are even more important to optimize given the need to wear headphones and gog-
gles. Pre-fMRI training is often needed to minimize movement and assess for strate-
gies to maintain attention. Yuan et al. [23] found that head movement was greater in
younger children and boys when studying various language tasks for fMRI. They
report that the use of a visual component or multi-sensory stimulation (i.e., auditory
and visual simultaneously) would limit excessive head movement. Pediatric jaws
are closer to the brain and would augment movement if tasks require verbal
responses, so paradigms should be adjusted accordingly. Reliable and useful fMRI
data can be obtained in 95% of typically developing children age 8 and older and
80% of those 4-5 years of age [24]. Unfortunately, patients with cognitive impair-
ment or neuropsychiatric disorders will have a lower rate of fMRI success. In these
situations, considerations for resting-state fMRI can still be valuable in assessing
intrinsic brain circuitry, as required by the specific study protocols. Real-time fMRI
processing is generally recommended to assess for quality during the examination
and to allow for repeated attempts. Children have thinner and less muscular skulls,
along with shorter necks, which do not always fit readily into MR head coils
designed for adults. When the brain does not rest in the center of the head coil, the
signal may be distorted by field inhomogeneity reducing the signal to noise ratio
upon which activation maps are based [25]. Surface coils closer to the brain are
more likely to enhance detection of increased signal induced by blood oxygen level-
dependent (BOLD) response [25].

The instigation of these techniques has greatly improved the ability to success-
fully collect high quality MRI acquisitions in pediatric patients at our institution.

Neuroimaging and the Developing Brain

Between the ages of 2 to early adolescence, total brain matter increases in volume
by approximately 25% [26, 27]. The ratio of gray matter and white matter volumes
fluctuate as gray matter volumes start decreasing at a younger age compared to
white matter volume [28, 29]. Critically, children’s brains have more variability
than those of adults in shape and size of nuclei [30]. Recognizing these differences
is important in the interpretation and analysis of clinical or research data of children
or adolescents.
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Analyses of pediatric neuroimaging may rely on adult or age-specific atlases or
templates. Early data demonstrated that 5-mm resolution of MRI and fMRI images
have the ability to transform healthy pediatric brains of age 7-8 within the same
stereotactic space as adults’ brains [31]. However, the many structural, volumetric,
and morphologic differences between adult and pediatric brains have encouraged
the development of several pediatric atlases and templates. The Montreal Neurologic
Institute (MNI) presented a standard MRI template of brain volume from pediatric
data from 324 children age 4.5-18.5 [32]. This was the cumulation of a multi-
institutional effort with support from the National Institutes of Health, National
Institute of Neurologic Disorders and Stroke, and several other funding agencies.
Despite this achievement, there are still many ongoing efforts to develop pediatric
templates on larger samples, for specific age ranges, and with updated alignment
tools to minimize deformation and optimize resolution [33, 34]. The choice of brain
template can have significant impact for structural co-registration when guiding
DBS placement (if an atlas is used) and adds to the nuances of pediatric imaging in
clinical and research settings.

Several studies have reported that functional activation maps are fundamentally
the same in healthy children over the age of 8 and adults [35-38] although greater
accuracy can be achieved with age-controlled comparisons. It is possible that during
fMRI analysis, one may be overly conservative in the choice of the statistical thresh-
old for pediatric images. Children have a greater gray to white matter ratio, which
may increase the threshold relative to adults, although the decreased signal to noise
in children may obstruct the real activity from reaching the level of statistical sig-
nificance [39]. Balancing these considerations requires a team of analysts with
experience in pediatric functional imaging.

Clinical Decision-Making for Children Based on Neuroimaging

In the assessment of children with refractory dystonia or epilepsy, a careful review
of the child’s neuroimaging may yield insights into the etiology of the condition and
may allow the clinician to glean some perspectives on whether or not DBS may be
successful.

Children with dyskinetic forms of cerebral palsy (CP) may demonstrate abnor-
mal findings within the deep gray structures due to injury from hypoxic insult [40].
Extensive injury to the GPi may yield GPi-DBS less effective, although at present,
there are no clear criteria to the extent of injury that would preclude a child from
undergoing the procedure. Ongoing studies evaluating preoperative neuroimaging
biomarkers of treatment success will likely inform such decision-making in the
future [35].

Functional neuroimaging may also better define the subtypes of CP, given that
many children present with “mixed patterns” (most frequently co-existence of dys-
tonia and spasticity) [41]. Specifically, diffusion tensor imaging (DTI) provides
details regarding white matter microstructure. White matter injury is the most com-
mon imaging finding for all children with CP, and commonly seen in children with
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spastic CP subtypes. This could inform preoperative patient stratification. For
instance, Lumsden et al. [42] suggest that differences in the fractional anisotropy
(FA) between children inherited and acquired dystonia could account for different
responses to DBS. In surgical decision-making for DBS candidates with dystonia,
neuroimaging remains a critical factor to determine eligibility for surgery and per-
haps also predict effectiveness of treatment.

Although there are established guidelines for the diagnosis and treatment of
pediatric epilepsy [43], there is significant heterogeneity in the image acquisition
protocols. The HARNESS-MRI protocol of 2019 [44] proposes the following man-
datory sequences: magnetization-prepared rapid gradient-echo (MPRAGE), 3D
fluid attenuation inversion recovery (FLAIR), and coronal spin echo with the long
axis perpendicular to the hippocampus. Optional sequences include gadolinium-
enhanced MRI and susceptibility weighted imaging. These sequences are necessary
to evaluate for hippocampal sclerosis, brain tumors, and malformations of cortical
development, vascular malformations, glial scars or encephalitis that may help
determine if a resective surgical approach would be appropriate.

Children and adolescents with epilepsy presenting for consideration of DBS may
have no apparent lesion on MRI. This is not surprising, given that approximately
50% of children with epilepsy present with no visible pathology on MRI [45, 46]. It
is unknown if normal thalamic or thalamocortical anatomy is a requirement for
DBS eligibility, and there are no clear exclusion criteria to delineate the relative
degree of thalamic injury that would preclude CM or ANT surgery. Both fMRI and
DTI will likely prove to be critical in the understanding of epileptic networks and
seizure propagation and the effect of neuromodulation on brain network excitability.

DBS Targeting in Children

DBS for children differs in technique from the adult surgery for several reasons,
including the fact that children are often placed under general anesthetic for elec-
trode implantation. Although it is possible to record robust MERs under general
anesthetic, it may limit their utility. Furthermore, in children with dystonia and epi-
lepsy, there are no immediate on-off effects that can be tested intraoperatively.
Adverse stimulation effects on the cortical spinal tract in the form of unintended
contractures are often assessed when inserting electrodes in GPi, which provides
some insights into the medial and posterior boundaries of the electrode positions. In
children undergoing CM-DBS, we routinely attempt to capture a recruiting rhythm
in response to stimulation using intraoperative scalp electroencephalography. It has
been shown that low frequency stimulation of the CM generates a recruiting rhythm
causing EEG synchronization and high frequency stimulation leads to desynchroni-
zation [47, 48]. Stimulation of the CM-Pfc has also been described to desynchro-
nize intractable focal seizures with motor onset in adult stereoelectroencephalo-
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graphic patients [49]. Alongside direct MR targeting, these techniques in children
are helpful for confirmation of accurate electrode placement.

Certain sequences have been optimized at the Hospital for Sick Children in
Toronto to help with direct targeting in the planning stages of DBS implantation
(Table 8.2). Although the resolution and contrast can be adjusted to help delineate
the target nuclei, the exact borders often remain challenging to define. Knowledge
of neighboring structures and the relative intensities of nuclei are important for
assessment of a direct target.

Direct and indirect targeting methods are both utilized to optimize the placement
of DBS electrodes in children. In children, indirect formulaic targeting is not appro-
priate as a singular approach and direct targeting of visualized structures is pre-
ferred. In children with dystonia, Vayssiere et al. [50] have demonstrated that MRI
distortions did not induce detectable errors during stereotactic surgery and that
MRI-based target localization alone produced acceptable clinical results. In a recent
study of DBS for children with dystonia [51], the authors utilized direct GPi target-
ing in addition to MERs to elucidate substrates underlying clinical outcome. Volume
of tissue activated (VTA)-based probabilistic mapping suggested DBS-induced
benefits within the posterior GPi, lateral and significantly superior to the widely
described target in adults by Horn et al. [52] The authors report the optimized 50%
of voxels were centered on the following MNI coordinates: x = 23.7, y = =9.4,
z=-3.7[51]. This area has 59.3% overlap with the GPi proper, greatest in the pre-
motor and primary motor territories, with 29.8% overlap with the globus pallidus
pars externa (GPe). While preliminary, pediatric-focused neuroimaging studies of
DBS patients may demonstrate slight variances between optimal hot-spots for DBS
in the developing brain when compared to adults.

Table 8.2 Optimized parameters of MRI sequences to aid in direct targeting for DBS

Sequence | Parameters on Philips 3 T Achieva Parameters on Siemens 3 T Skyra
Axial TR/TE = 6.0/2.7 msec, FOV =22 cm, TR/TE = 1640/2.38 msec,
3DT1 TSE =213, Flip angle = 8°, voxel FOV =22 cm, TI = 800 msec, Flip
size = 0.45 x 0.45 x 0.45 mm angle = 8°, voxel
size = 0.45 x 0.45 x 0.5 mm
Axial T2 | TR/TE = 3000/287 msec, FOV =22 cm, | TR/TE =4070/81 msec, FOV =22 cm,
TSE = 145, Flip angle 60°, voxel Flip angle = 150°, matrix = 213 x 320,
size =0.7 x 0.7 x 1.0 mm, SENSE = 1.7 | slice thickness = 1.2 mm, IPAT =2
Axial TR/TE = 10,363/210 msec, TR/TE = 7850/72 msec, FOV =22 cm,
STIR FOV =22 cm, TSE = 17, Flip TI = 150 msec, Flip angle = 140°,
angle = 120°, matrix = 316x278, slice matrix = 256x256, slice
thickness = 1 mm, SENSE = 1.8 thickness = 1 mm, IPAT =2
Sagittal TR/TE = 8000/335 msec, FOV =22 cm, | TR/TE = 5000/387 msec,
3D TSE =110, IR = 2400 msec, Flip FOV =23 c¢m, TI = 1600 msec,
FLAIR angle = 50°, voxel = 1.2 x 1.2 x 1.2 mm, | voxel =0.4 x 0.4 x 0.9 mm, IPAT =2
SENSE =2
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Postoperative DBS Imaging

The postoperative DBS images are important to establish correct placement and
may aid in the subsequent programming of the electrodes. The sequences for post-
operative DBS at the Hospital for Sick Children are provided in Table 8.3. We do
not recommend serial imaging for young children with DBS. Electrode migration
due to growth of a developing brain can be suspected if there is an unexpected
change in the response of DBS after years of stability on specific stimulation param-
eters. A comparison of preoperative and postoperative images of GPi and CM-Pfc
are shown in Figs. 8.1 and 8.2, respectively.

Table 8.3 Parameters of MRI sequences for postoperative DBS

Sequence Parameters on Siemens 3 T Skyra

Axial 3D TR/TE = 1830/3.78 msec, FOV =22 cm, TI = 800 msec, Flip angle = 8°,

T1 voxel size = 1.0 x 1.0 x 1.0 mm

Axial T2 TR/TE = 4470/96 msec, FOV = 22 cm, Flip angle = 90°, matrix = 186x256,
slice thickness = 3 mm, NEX =2

Coronal T2 | TR/TE = 5300/108 msec, FOV = 22 cm, Flip angle = 90°, matrix = 186 x 256,
slice thickness = 3 mm, NEX =2

Fig. 8.1 Preoperative and postoperative images of GPi-DBS. (a) Preoperative T1-weighted
image. (b) Preoperative STIR image with adjusted resolution of nuclei. (¢) T2-weighted postopera-
tive axial image showing placement of the GPi electrode tips. (d) T2-weighted adjusted coronal
image along the electrode trajectory. The red arrow shows the mid-commissural point. DBS deep
brain stimulation, GPi globus pallidus internus, STIR short tau inversion recovery
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Fig. 8.2 Preoperative and postoperative images of CM-Pfc DBS. (a) T1-weighted preoperative
image. (b) T2-weighted preoperative image with improved resolution of nuclei. (¢) T2-weighted
postoperative axial image showing placement of the CM-Pfc electrode tips. (d) T2-weighted
adjusted coronal image along the electrode trajectory. The red arrow shows the posterior commis-
sure. CM-Pfc = centromedian-parafascicular

Ethics of Pediatric DBS and Neuroimaging

Relative to DBS for adults, pediatric DBS is still an emerging field for clinicians and
researchers, concentrated only at a handful of centers. Involvement of children in
decisions to undergo DBS treatment or to enter into a neuroimaging study can be
difficult since not all children are able to declare their preferences due to immaturity
or lack of cognitive abilities. Furthermore, the stress of any procedure, be it MRI or
surgery, cannot be reliably predicted in children. It is critical to prioritize the child’s
best interest in all decisions surrounding DBS, including the acquisition of neuro-
imaging. A set of guidelines have been published with regard to the ethical conduct
of DBS in children [53]. These guidelines advocate for (i) care in the design and
conduct of clinical research studies, emphasizing the child’s best interest, (ii) the
prioritization of the child’s developmental context when approaching hypotheses
and outcomes, (iii) cautious application of adult data to the design of pediatric trials,
and (iv) diligent reporting of methods and results in the spirit of collaboration.
These same guidelines should be applied in the conduct of neuroimaging in a
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clinical and research context surrounding pediatric DBS. Neuroimaging correlated
with clinical outcomes across several institutions will be critical to understand anat-
omy and networks that either contribute to effective treatment or trigger unwanted
side effects. A multi-institutional prospective, comprehensive registry for pediatric
DBS, the CHILD-DBS database is actively collecting both clinical and neuroimag-
ing data with a view towards better understanding the effects of DBS on pathologies
affecting the developing brain [54].

Finally, although the harms of MRI acquisition in children are generally low,
several bioethical questions were posed for participants of observational neuroim-
aging studies of children and adolescents [55]. These include issues surrounding the
disclosure of incidental findings and clinical reporting of sensitive information
involving risky behaviors acquired in research settings. Even seemingly benign neu-
roimaging research studies can be complicated by bioethical questions that require
careful consideration and foresight.

Conclusions

Although DBS may still be considered a relatively novel treatment option for chil-
dren, this procedure is supported by decades of clinical experience and data from
adult populations. The conduct of DBS in children and adolescents is associated
with unique considerations that call for the cautious adaptation of adult protocols
and evidence. As the number of indications for DBS in pediatric populations grows,
so do neuroimaging need for both clinical and research purposes.

On the basis of our experience in pediatric DBS, the current chapter provided
several considerations related to neuroimaging in children and adolescents, from
MRI acquisition to analysis and interpretation. It is evident that greater knowledge
linking the effects of DBS to pathologies that affect the developing brain will inform
clinical decision-making for the conduct of these procedures in pediatric popula-
tions. Advanced neuroimaging techniques including fMRI and DTI will continue to
play a meaningful role in better understanding these associations. Multi-institutional
collaboration among centers performing pediatric DBS will be critical to combine
expertise and improve the care provided to children and adolescents.
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Check for
updates

Deep Brain Stimulation and Magnetic
Resonance Imaging: Future Directions

Alexandre Boutet and Andres M. Lozano

The increasingly available ultra-high-field 7.0 Tesla MRI represents a major advance-
ment [1, 2]. It offers unprecedented image resolution, permitting the delineation of
smaller neuroanatomical structures. Once current limitations such as increased image
distortion have been addressed, direct targeting with ultra-high-field MRI will likely
emerge as the dominant surgical planning technique. Coil and gradient developments
will lead to improved and novel pulse sequences further enhancing target visualiza-
tion. Towards network-based connectomic targeting, we believe advanced sequences
visualizing larger networks rather than discrete structures will become increasingly
prominent [3]. In contrast to the indirect targeting techniques that have traditionally
dominated stereotactic neurosurgery, these novel MRI targeting methods will open
the door to individualized surgical planning, allowing symptom-specific circuitopa-
thies to be precisely modulated based on patients’ most disabling symptoms and
thereby maximizing quality of life improvement [4—6].

With regard to imaging patients with fully implanted devices, we expect that the
DBS hardware will become more “imaging friendly” with increased MRI compat-
ibility and decreased metallic susceptibility artefact [7]. This is necessary as MRI
becomes the gold standard imaging modality for a growing number of indications
and as it continues to develop as a pivotal component in many research endeavours.
As such, MRI compatibility will become a particularly important element of
marketing for vendors. We also anticipate vendors and researchers to start
investigating the safety of 7.0 Tesla MRI in DBS patients due to its potential to be
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used as a powerful research and clinical tool. Individuals receiving DBS will benefit
from this additional MRI safety knowledge as it offers the potential to expand the
possibilities of MRI and provide further research tools.

We predict that this expanded role of MRI in DBS will lead the way towards
imaging-based biomarkers, which will address pressing issues such as patient selec-
tion and postoperative programming. Functional MRI (fMRI) has been put forward
as a rapid and objective biomarker of treatment success for motor and psychiatric
DBS indications [8—-10]. Such a tool could facilitate individualized medicine for
these patients and may represent a step towards the possibility of autonomous,
closed-loop DBS programming. Finally, it is important to continue learning from
past DBS interventions with group-level MRI-based probabilistic stimulation map-
ping techniques, as they allow clinicians to refine current targeting and also lay the
groundwork for new network-based connectomics [11, 12].

In summary, we envisage a future in which the role of MRI in DBS will continue
to expand. It will likely be part of most future clinical and research endeavours,
meaning that familiarity with this tool and a firm understanding of its usages will
become an essential skill.
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