
Neurotherapeutics 21 (2024) e00364
Contents lists available at ScienceDirect

Neurotherapeutics

journal homepage: www.sciencedirect.com/journal/neurotherapeutics
Review
Diffusion and functional MRI in surgical neuromodulation

Nicole A. Silva a, Jessica Barrios-Martinez b, Fang-Cheng Yeh b, Mojgan Hodaie d, Daniel Roque c,
Varina L. Boerwinkle c, Vibhor Krishna a,*

a Department of Neurological Surgery, University of North Carolina - Chapel Hill, Chapel Hill, NC, USA
b Department of Neurological Surgery, University of Pittsburgh, Pittsburgh, PA, USA
c Department of Neurology, University of North Carolina in Chapel Hill, NC, USA
d Division of Neurosurgery, University of Toronto, Toronto, Canada
A R T I C L E I N F O

Keywords:
Neuromodulation
Functional MRI
Diffusion MRI
Neural circuitry
Deep brain stimulation
Deep brain nuclei
* Corresponding author.
E-mail address: Vibhor_krishna@med.unc.edu (V

https://doi.org/10.1016/j.neurot.2024.e00364
Received 6 November 2023; Received in revised fo
1878-7479/© 2024 Published by Elsevier Inc. on be
ND license (http://creativecommons.org/licenses/b
A B S T R A C T

Surgical neuromodulation has witnessed significant progress in recent decades. Notably, deep brain stimulation
(DBS), delivered precisely within therapeutic targets, has revolutionized the treatment of medication-refractory
movement disorders and is now expanding for refractory psychiatric disorders, refractory epilepsy, and post-
stroke motor recovery. In parallel, the advent of incisionless treatment with focused ultrasound ablation
(FUSA) can offer patients life-changing symptomatic relief. Recent research has underscored the potential to
further optimize DBS and FUSA outcomes by conceptualizing the therapeutic targets as critical nodes embedded
within specific brain networks instead of strictly anatomical structures. This paradigm shift was facilitated by
integrating two imaging modalities used regularly in brain connectomics research: diffusion MRI (dMRI) and
functional MRI (fMRI). These advanced imaging techniques have helped optimize the targeting and programming
techniques of surgical neuromodulation, all while holding immense promise for investigations into treating other
neurological and psychiatric conditions. This review aims to provide a fundamental background of advanced
imaging for clinicians and scientists, exploring the synergy between current and future approaches to neuro-
modulation as they relate to dMRI and fMRI capabilities. Focused research in this area is required to optimize
existing, functional neurosurgical treatments while serving to build an investigative infrastructure to unlock novel
targets to alleviate the burden of other neurological and psychiatric disorders.
Introduction

As surgical neuromodulation treatments advance, an evolving field of
study aims to optimize the treatment parameters by precisely targeting
the neural circuitry of interest using microstructural and functional
neuroimaging [1]. Conventionally, neurosurgeons utilized structural
magnetic resonance imaging (MRI) to indirectly localize the relevant
anatomical targets, using atlas superimposition and indirect coordinates
relative to the anterior and posterior commissures. Subsequent advances
in target-specific imaging sequences improved the visualization of
anatomical boundaries. For example, the fast gray matter acquisition T1
inversion recovery (FGATIR) sequence provides excellent resolution of
the globus pallidus pars interna (GPi) nucleus for deep brain stimulation
(DBS) to treat dystonia and Parkinson's disease (PD) [2]. Similarly,
high-resolution quantitative susceptibility mapping (QSM) improved
visualization of the subthalamic nucleus (STN) for presurgical targeting
[3].
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Despite these advances, a few limitations exist when applying
standard-of-care imaging for surgical targeting. Some nuclei of thera-
peutic interest cannot be visualized, such as the ventral intermediate
nucleus (VIM), which is indistinguishable from adjacent ventral thalamic
nuclei. In other cases, optimal therapeutic targets can be embedded as
distinct subregions within the known anatomical nucleus, yet the borders
of those subregions cannot be seen adequately on standard sequences [4,
5]. Finally, side effect minimization is crucial for optimal clinical out-
comes, and the treatment-associated side effects are often derived from
critical white matter tracts adjacent to the anatomical nuclei, such as the
pyramidal tract or the medial lemniscus. Avoiding these critical struc-
tures becomes paramount for DBS and focused ultrasound ablation
(FUSA), an incisionless FDA-approved treatment for essential tremor
(ET) and PD [6,7]. Considering these limitations alongside a growing
body of literature indicating the importance of patient-specific surgical
targeting to optimize outcomes, current research aims to achieve precise
and personalized identification of therapeutic targets that conventional
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imaging cannot identify. To this end, two primary imaging modalities,
diffusion MRI (dMRI) and functional MRI (fMRI), have been tested and
implemented in the surgical workflow [1,8,9]. Current research is un-
derway to better understand if dMRI and fMRI can improve clinical
outcomes. This review summarizes dMRI and fMRI techniques, their
utility in surgical planning post-operative programming, and their role in
discovering the mechanisms underlying neuromodulation.

Evolution of Targeting Techniques in Surgical Neuromodulation

The first descriptions of stereotaxy that paved the way for surgical
targeting for neuromodulation began in 1906 when Horsley and Clarke
created preclinical stereotactic frame and stereotactic needles [10].
Speigel and Wycis are credited with inventing the first human stereo-
tactic frame [11]. As technology for the modulation of deep brain targets
developed in the 1970s, the field adapted to stimulation, rather than
lesioning, for surgical neuromodulation. The first target for neuro-
modulation to treat the extrapyramidal tremor of PD was VIM electrical
stimulation, described in 1963 by Fessard et al. [12,13] and successfully
implemented in the clinical practice to treat ET and PD tremor by
Benabid et al. [12]. In 1990, Bergman et al. described the STN as a
therapeutic target in an experimental model of PD [14]. In the early
1990s, STN stimulation was clinically utilized for symptom control in PD
patients, followed by GPi DBS [15,16]. In the early 2000s, the indications
for DBS expanded to dystonia and psychiatric disorders such as
obsessive-compulsive disorder (OCD) and depression [17]. More
recently, DBS was approved for treating epilepsy [18]. Ongoing trials are
investigating the role of targeted neuromodulation in treating Tourette's
syndrome, depression, Alzheimer's disease, and motor recovery after
stroke [17,19–23]. In the last decade, FUSA has emerged as a treatment
for thermal ablation of therapeutic targets. It is now FDA-approved to
treat essential tremor (ET), tremor-predominant PD, and Parkinson's
disease fluctuations and dyskinesia [6,7,24].

Accurately identifying the therapeutic targets is critical to clinical
outcomes and treatment efficacy, and even a millimeter deviation in any
planar direction can lead to sub-optimal outcomes [25,26]. There has yet
to be a consensus on which sequences are optimal for target visualization.
Intraoperative physiology was successfully implemented in the surgical
workflow to determine patient-specific differences in functional anatomy
and explore whether test stimulation provides the desired clinical benefit
with enough margin before side effects appear at high stimulation
thresholds [27]. Although intraoperative physiology reliably predicts
postoperative outcomes [28], it is optimally performed in an awake state
during surgery, which presents challenges limiting the broader adoption
of DBS. Similarly, there is limited opportunity for physiological explo-
ration during FUSA, where test stimulation can be performed using
thermal neuromodulation [29].

With a goal to offer both DBS and FUSA treatments to patients widely,
it is critical to improve surgical targeting to differentiate therapeutic
targets from neighboring structures that cause side effects and ultimately
improve clinical outcomes. This shift in practice underscores the need to
accurately delineate patient-specific white matter tracts and neural
pathways while creating personalized neuromodulation treatment plans.
The advent of advanced imaging, such as fMRI and dMRI, allows for
imaging patient-specific connectomics, which can be implemented for
personalized DBS and FUSA targeting and treatment optimization. As a
result, there have been significant initiatives to implement dMRI and
fMRI to advance the care of patients undergoing neuromodulation
treatments.

dMRI and Tractography

Brief background

The dMRI technique quantifies the Brownian motion of water
molecules using specialized sequences with diffusion gradients. These
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gradients are added to the MRI pulse sequence, affecting signal phases.
Water molecules moving in the same direction as these gradients produce
signal attenuation. Thus, the signal becomes dependent on diffusion (i.e.,
diffusion-weighted). The direction in which the signal weakening occurs
provides information into tissue-specific microscopic structure. The
methods to analyze dMRI fall into two categories: model-based and
model-free approaches [9]. Model-based techniques fit data to pre-
defined models, such as the tensor or kurtosis model, providing fiber
orientations for tracking. Among all the model-based methods, diffusion
tensor imaging (DTI) is the most commonly used in dMRI analyses [8]. In
brief, neural tissue comprises gray matter (cell bodies and nuclei) and
white matter (axons, myelin, and microtubules), with axonal projections
connecting specific brain regions. DTI is based on a voxel-wise analysis of
the water diffusivity to derive the anisotropy measure, also known as the
fractional anisotropy (FA). Typically, anisotropy is higher in white matter
than gray matter, and a higher value may indicate more compact axonal
bundles or better axonal integrity. The principal determinant of this
diffusion anisotropy suggests the overall orientations of the tubular
structure of axonal walls lined by myelin sheaths [30]. Modeling the
diffusivities reveals the preferential axonal directions, which can be
further used in fiber tracking to map connections within the brain. DTI
methods provide voxel-wise information about the structure (i.e.,
anisotropy) and trajectory (i.e., direction) of axons in three-dimensional
space. Voxel-wise analysis can then be implemented to generate the maps
of whitematter pathways, a processing known as tractography [8,31]. The
anisotropy defines the termination criterion of fiber trajectories. A lower
value of anisotropy may indicate the termination of a pathway. Fiber
directions are used by fiber tracking methods to guide the tracking pro-
cess of a white matter pathway. The commonly used fiber tracking
methods can also be categorized into probabilistic or deterministic
tractography. Deterministic tractography uses predetermined directional
information, resulting in deterministic reconstruction of pathways [32,
33]. Deterministic tractography is commonly implemented in
FDA-approved software for neurosurgical localization. In contrast,
probabilistic tractography introduces a random variable into the direc-
tional information [34–36]. As a result, the reconstructed pathways have
a probabilistic distribution [37]. The final product can be used to esti-
mate probabilistic connectivity between brain regions in each individu-
alized patient.

Pre-operative planning with dMRI and tractography

Table 1 outlines the literature highlighting the use of dMRI to
delineate patient-specific brain anatomy and for target optimization in
surgical neuromodulation. VIM is the most studied target in the context
of DBS for treating ET. VIM DBS proves to be particularly challenging,
given that this target is poorly visualized on both 1.5T and 3T MRI, and
published studies of the use of tractography for tremor control optimi-
zation are promising [38,39]. One study by Coenen et al. described a
series of patients who had tremors refractory to standard placement of
DBS and underwent re-placement of leads, using tractography targeting
the center of the dentatorubrothalamic tract (DRT). The active electrode
was positioned close to the DRT, improving tremor control [40]. In
another study, twenty patients with intention tremor underwent dMRI
tractography for individualized DRT mapping, which was targeted with
millimeter precision, significantly improving the tremor amplitude [41].
Sammartino et al. used deterministic tractography to develop a
tractography-based VIM targeting and compared it with conventional
targeting methods (Fig. 1A). Using tractography, the VIM was observed
to be more lateral and anterior to the traditional atlas-based VIM [42],
and this method proved to be accurate when verified against the intra-
operative physiology [43]. The tractography-based VIM targeting was
prospectively implemented in patients undergoing focused ultrasound
ablation, and outcomes were determined rigorously using blinded inde-
pendent raters [44]. The key findings from this investigation were a 56%
tremor improvement and the frequency of patient-reported side effects,



Table 1
Literature utilizing dMRI for neuromodulation target optimization.

Manuscript Target Methods and key findings

Coenen et al.,
2014 [41]

VIM DBS for
treatment of ET

Retrospective analysis. Effective DBS
contacts were located inside or in
proximity to the DRT. In moderate tremor
reduction, the electric field was centered
on anterior DRT border. In good and
excellent tremor reduction, the electric
field was centered on DRT.

Riva-Posse et al.,
2014 [51]

SCC DBS for TRD Retrospective analysis. The white matter
connections critical for successful
antidepressant response to SCC DBS
include forceps minor, uncinate fasciculus,
and cingulum bundle.

Sammartino et al.,
2016 [43]

VIM DBS for
treatment of ET

Methodology of tractography-based VIM
targeting and prospective verification with
electrophysiology. The tractography-
based VIM was more lateral and anterior
compared to conventional targeting. The
concordance between imaging and
physiology was within millimeters when
comparing locations of the VIM, sensory
thalamic nucleus, medial lemniscus, and
pyramidal tracts.

Chazen et al.,
2018 [39]

VIM FUSA for
treatment of ET

Retrospective analysis. Tractography was
able to identify white matter tracts
adjacent to the FUSA lesion including
DRT. There was a clinical improvement in
ET observed after disruption of the DRT.

Krishna et al.,
2019 [45]

VIM FUSA for
treatment of ET

Prospective tractography-based targeting.
In a blinded assessment of tremor
outcomes, FUSA of the tractography-based
VIM target reduced tremor by >50%
without significant motor or sensory side
effects.

Sammartino et al.,
2021 [49]

GPi FUSA for
treatment of PD

Retrospective analysis. Quantitative
diffusion MRI analysis used to distinguish
the motor subregions of globus pallidus.
Optimal outcomes associated with FUSA
lesions overlapping with the motor
subregion.

Wu et al., 2021
[34]

VIM FUSA for
treatment of ET

Retrospective analysis. Probabilistic
tractography was found to be more precise
and safer in delineation of VIM compared
to deterministic tractography.

Feltrin et al., 2022
[47]

VIM FUSA for
treatment of ET

Technical overview of four tract
tractography, on an FDA approved
software, with a potential to standardize
treatment protocol for VIM FUSA.

Abbreviations: VIM – ventral intermediate nucleus, DBS - deep brain stimulation,
ET – essential tremor, DRT – dentatorubrothalamic tract, SCC – subcallosal
cingulate gyrus, TRD – treatment-resistant depression, FUSA – focused ultra-
sound ablation, GPi – Globus pallidus.
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which was significantly lower than in the reported literature. A recent
meta-analysis subsequently verified these findings and found a reduced
risk of side effects (specifically the most common side effect, ataxia)
when tractography was used to target VIM for focused ultrasound abla-
tion [45]. The use of dMRI for tractography presurgical target planning
can be standardized, as per one study, with FDA-approved software so
that other institutions can utilize methods for improving target identifi-
cation and reducing side effects [46].

The white matter connections with the motor, premotor, supple-
mentary motor, and frontal eye field regions are closer to STN and GPi
than VIM, making investigations with deterministic tractography
particularly challenging [47]. Therefore, investigators implemented
alternative approaches. In one study, dMRI was employed to detect
specific patterns of microstructural organization within the GPi [48].
Three distinct anatomical subregions (anterior, central, and posterior)
were detected within GPi, and these sub-regions were found to have
functionally distinct connections to regions involved in motor and
non-motor processing (Fig. 1B). Furthermore, distinct hot spots of
3

improvement in dyskinesias andmotor impairment were localizedwithin
the posterior subregion, highlighting its significance as a therapeutic hot
spot for PD patients undergoing DBS and FUSA.

dMRI also plays a critical role in DBS targets without singular
anatomical structures of interest, such as those targeted in psychiatric
disorders. dMRI has been used to assess the structural connectivity of
white matter tracts associated with optimal outcomes following sub-
callosal cingulate DBS to treat depression [49,50]. The investigators
found that the best response was mediated by three white matter bun-
dles: the uncinate fasciculus, forceps minor, and the cingulum bundle.
Another study utilized deterministic tractography to identify the medial
forebrain bundle (MFB), which cannot be seen on conventional MRI, to
successfully treat treatment-resistant depression [51].

Post-operative programming and understanding neuromodulation
mechanisms

dMRI tractography has the potential for postoperative use in DBS
patients to localize the white matter tracts that need to be modulated for
therapeutic effect [52]. In one study, Gonzalez-Escamilla et al. demon-
strated that successful STN DBS in PD patients was associated with fiber
pathways from STN to M1 and the supplemental motor association
(SMA). What remained unknown was whether maximizing the overlap
between therapeutic fiber tracts with the stimulation volumes using the
latest beyond-DTI applications can improve DBS therapeutic effects [53].
Furthermore, dMRI tractography has recently been used to study
long-term connectome changes in patients treated with DBS. One study
analyzed patients who had undergone STN DBS for PD and found
elevated fractional anisotropy in white matter tracts, offering the possi-
bility that long-term stimulation can enhance connectivity over time
[54]. While considering the use of dMRI to optimize DBS programming,
it is critical to consider that the unintended stimulation of certain
neighboring white matter tracts can cause side effects limiting the ther-
apeutic potential of DBS. Therefore, recent dMRI research aimed to
distinguish fiber tracts associated with specific side effects from those
involved in the therapeutic efficacy (Fig. 1C). For example, fiber tracts
associated with non-motor side effects are organized medial to those
associated with improvement in Parkinsonian symptoms [55] (Fig. 1).
Interestingly, the symptom-specific tracts have an anterior-to-posterior
organization such that the tracts associated with stimulation-induced
changes in mood were organized most anteriorly. In contrast, tracts
associated with sweating were the most posterior. By incorporating the
extent of fiber tractography of different DBS targets, one can attempt to
optimize the STN DBS stimulation parameters to maximize therapeutic
potential while minimizing side effects [53]. Finally, the most novel is
the neuro-restorative use of DBS. Evolving DBS research aims to target
subcortical regions to improve function in patients with stroke and
traumatic brain injury deficits. One study used tractography to identify
cortico-spinal tracts injured after diffuse axonal injury in traumatic brain
injury (TBI) and targeted the optimal motor thalamus nuclei to restore
motor function [19].

fMRI and Functional Connectivity

Brief background

Functional MRI (fMRI) is a modality of imaging blood-oxygen-level-
dependent (BOLD) brain regions, of which 4-dimensional imaging is
created by changes in local ratios of paramagnetic deoxyhemoglobin to
diamagnetic oxyhemoglobin [56,57]. As a result, local tissue oxygena-
tion levels can serve as a surrogate marker for detecting neuronal activity
and connections. Pulse sequences are acquired during a designated
repetition time (TR) with millimeter voxel resolution. The TR ranges
from fractions of seconds to a few seconds per entire brain volume and is
generally acquired through interleaved slices to minimize error [56,58].
Resting-state fMRI (rs-fMRI), wherein the patient in the scanner can be



Fig. 1. A. The implementation of deterministic tractography for personalized targeting for tremor surgery. Preoperative dMRI was acquired to precisely target the
ventral intermediate nucleus and the adjacent white matter tracts using FDA-approved software (Brainlab Elements, Brainlab Inc., Munich, Germany). Shown here are
the pyramidal tract (in red) and medial lemniscus (in blue) relative to the FUSA lesion (shown in orange) in axial, sagittal, and coronal projections. B. The use of dMRI
to distinguish subregions of therapeutic interest within anatomically defined nuclei (adapted Sammartino et al. JNS 2021). Quantitative analysis of diffusion pa-
rameters revealed three distinct subregions within the globus pallidus (posterior, central, and anterior). The posterior and central subregion corresponded with the
motor part of the globus pallidus. C. The functional segmentation of the subthalamic region is shown in a dMRI investigation (adapted from Sammartino et al. Brain
Imaging and Behavior 2021). The stimulation volumes were modeled, and distinct stimulation-induced clinical effects were analyzed to reveal the symptom-specific
tracts. The tracts associated with motor improvement (green) were lateral while those associated with non-motor side effects were medial with an anterior-to-posterior
organization such that the tracts associated with stimulation-induced changes in mood (red) were organized most anteriorly. In contrast, tracts associated with
dizziness (yellow) and sweating (blue) were the most posterior.
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awake or asleep, without a specific motor or cognitive task, can be used
to localize connectivity derangements in overlapping BOLD sources [59].
Rs-fMRI has proven helpful in pathological network characterization in
many neurological disorders, as shown in several meta-analyses. In PD,
rs-fMRI research revealed that cognitive decline was associated with
changes in functional connectivity and abnormal BOLD alterations in the
bilateral supplementary motor areas, left putamen, left premotor cortex,
left inferior parietal gyrus, and right inferior parietal gyrus, corre-
sponding to motor deficits and compensation in PD [60,61]. A
meta-analysis of major depression demonstrated the value of rs-fMRI in
identifying targets for neuromodulation [62] and treatment response
prediction value [63]. Finally, the localization of DBS targets by rs-fMRI
in Alzheimer's and other dementias is reproducible by meta-analysis
[64].

Rs-fMRI-derived seizure onset zone networks (SzNET) and more
typical resting state networks (RSN) are connectivity patterns that can
be derived from a data-driven solution, which detects differentiating
oscillating signals over time and conform to established spatial and
temporal network pattern criteria [65–67]. Hence, abnormal rs-fMRI
connectivity has the potential to not only differentiate epilepsy from
healthy but can classify epilepsy sub-types [68,69]. In summary,
rs-fMRI is highly sensitive to seizure network (SzNET) activity in deep
brain regions in epilepsy [70]. Finally, compared to rs-MRI, task-based
fMRI can capture functional connectivity during tasks or stimuli and
neuronal connectivity at rest [71]. However, a limitation of fMRI is the
complexity of neural systems in the brain, as many tasks include several
different areas of activation. From a surgical perspective, interpreting
task-based fMRI data remains challenging, as it is hard to differentiate
activated areas critical for the function from those activated but as
supplemental activity [58].

Pre-operative planning with fMRI

fMRI has limited utility in pre-operative planning to determine
therapeutic targets and has been studied mainly for the treatment of
drug-resistant epilepsy (DRE). In neuromodulation for epilepsy, fMRI and
Rs-fMRI could be used to find neuromodulation targets that provide
4

therapeutic antiseizure effects [72]. The most common clinically used
targets in DRE include the anterior nucleus of the thalamus (ANT), the
centromedian nucleus of the thalamus (CMT), and the hippocampus (HC)
[72,73]. Rs-fMRI has also helped define the connectivity of these neu-
romodulation targets to the medial and dorsal thalamus and dorsal and
ventral mesencephalon, postulating an underlying brain network that is
being stimulated [72]. Another study demonstrated the effect within the
rs-fMRI networks of the default mold (DMN) and limbic systems in pa-
tients with neuromodulation of ANT correlating with excellent thera-
peutic efficacy [74].

Post-operative programming and understanding neuromodulation
mechanism

fMRI was shown to detect real-time changes in functional connec-
tivity during DBS ON and OFF states [75] and, more recently, distinguish
efficacious and non-efficacious stimulation settings. Table 2 summarizes
literature describing the utility of fMRI to optimize DBS therapeutic
settings and understand the neuromodulation mechanisms. Conven-
tionally, patients have stimulation settings adjusted and titrated over
many appointments over several months. One could argue that this
trial-and-error approach is resource-intensive for patients and providers
[76]. fMRI can potentially detect neural circuity changes in real-time,
making the process of stimulation adjustment more efficient.

Most published fMRI DBS studies for movement disorder involve PD
patients who underwent STN DBS, and stimulation was associated with
significant BOLD changes in the cortico-basal ganglia-thalamo-cortical
loop and cerebellum [57,77]. Boutet et al. described the largest cohort in
an observational study of sixty-seven PD patients undergoing stimulation
setting changes while using fMRI to capture optimal neural network re-
sponses, finding deactivation of M1 and cerebellum, and activation of the
thalamus to be optimal [76]. Another study analyzed which neural net-
works impacted each specific PD symptom, showing contralateral tremor
improved with activation of the thalamic, brainstem, and cerebellar re-
gions. In contrast, bradykinesia improved with the activation of the
primary motor cortex [78]. Side effects were noted with activating the
striatum and sensorimotor tracts [78].



Table 2
Literature utilizing fMRI in neuromodulation.

Manuscript Disease/
Target

Key findings

Knight et al.,
2015 [77]

STN DBS for
PD

Treatment efficacy associated with BOLD
activation of primary and premotor circuity and
limbic circuitry.

Gibson et al.,
2016 [79]

VIM DBS for
ET

Long-term outcomes associated with
stimulation-evoked activation on of tremor
circuit, as well as brainstem, supplemental
motor area, and contralateral cerebellum.

Boutet et al.,
2021 [76]

STN DBS for
PD

Clinically optimal stimulation produced a
characteristic fMRI brain response pattern
marked by preferential engagement of the motor
circuit, which can be used as a biomarker for
stimulation programming in PD patients.

Sarica et al.,
2021 [73]

ANT DBS for
DRE

Specific BOLD changes associated with ANT DBS
in the anterior thalamus, putamen, precuneus
and cingulate, which could be used as biomarker
for optimal stimulation for ANT based epileptic
neural networks.

Gibson et al.,
2021 [78]

STN DBS for
DBS

Signature BOLD activation with STN stimulation
with a potential to serve as biomarker for
therapeutic DBS.

Abbreviations: STN – Subthalamic nucleus, DBS - deep brain stimulation, PD –

Parkinson's disease, VIM – ventral intermediate nucleus, ET – essential tremor,
ANT – Anterior thalamic nucleus, DRE – Drug-resistant epilepsy.
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fMRI has been studied with other DBS targets, such as VIM for ET.
One study reported significant BOLD activation in the contralateral
cerebellar cortex and deep cerebellar nuclei in the DBS ON state when
treating ET [79]. Targeting neural networks for treating psychiatric and
cognitive disorders has been influenced by fMRI, especially the activation
of the dorsal anterior cingulate cortex [80]. In summary, fMRI is a
promising advancement, only starting to be used in DBS. The field of
neuromodulation has only scratched the surface of the potential uses of
fMRI. This imaging modality could enhance understanding of the
network dysfunction specific to neurological disorders [81]. A recent
systematic review observed that the concurrent fMRI and DBS literature
has rapidly developed in the last five years, specifically emphasizing the
study of functional connectivity in ON and OFF DBS states [57]. Further
investigations are required to define disease-specific network dysfunc-
tion to distinguish whether any disease subtypes exist within the
Fig. 2. 3 Tesla MRI acquired in subjects with implanted DBS leads demonstrates t
Neurosurg 127:892–898.
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diagnoses currently described by shared symptomatology. It will be
interesting to test whether neuromodulation treatments to address
disease-specific network dysfunction are clinically effective and whether
network dynamics can be developed as proximal real-time feedback to
optimize the treatment parameters in situations where a significant delay
in symptom improvement is observed after instituting DBS or FUSA.

Limitations of dMRI and fMRI

Although advanced imaging modalities are promising, it is important
to recognize their current limitations in surgical neuromodulation. One
major limitation is a lack of harmonization across software tools used to
carry out dMRI and fMRI analysis, which can result in considerable
variability. There are multiple software for dMRI analysis that can be
used in functional neurosurgery [4,82–84]. These software offer tools for
interactive visualization of tracts with DBS electrodes and stimulation
volumes based on patient-specific parameters. However, software with
state-of-the-art tracking algorithms are currently not approved by the
FDA. FDA-approved software with advanced algorithms are required for
neurosurgeons to visualize the DBS electrode and stimulation volume
locations relative to patient-specific tracts. Moreover, MRI acquis-
ition—intra-operatively or post-operatively—with DBS systems in place
was initially explored cautiously to avoid adverse events such as heating
at the electrode tips or aberrant current development that could cause
device malfunction. With time and adequate investigation, DBS hard-
ware manufacturers (i.e., Medtronic, Boston Scientific, and Abbott) have
provided guidelines to prevent such adverse events and introduced de-
vice models [85] that carry conditional approvals under specific scanning
conditions [19]. However, DBS imaging is still a lengthy process as it
requires inspection of safety and the involvement of radiology and MRI
technologists to ensure the safety of the procedure. There are still diffi-
culties in interpreting fMRI at the individual patient level, and post-
operative fMRI or dMRI imaging can cause signal degradation due to
artifacts from implanted hardware [86,87](Fig. 2). In summary, although
these imaging modalities have great potential in neuromodulation, sig-
nificant evolution is still required to improve accuracy and clinical utility.

In conclusion, integrating dMRI and fMRI has promising utility for
personalizing presurgical targeting and parameter optimization of sur-
gical neuromodulation. However, these techniques must be rigorously
tested in large clinical trials to generate robust clinical evidence and
he range of artifacts that can occur. Adapted from Sammartino et al. 2017: J
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enable wider adoption. Moreover, the expedited testing and FDA
approval of software equipped with cutting-edge algorithms are imper-
ative to overcome challenges encountered during postoperative imaging,
such as motion artifact correction and signal degradation. Addressing
these aspects will enhance the accuracy and clinical utility of advanced
neuroimaging to optimize surgical neuromodulation techniques for cur-
rent and investigational indications.
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