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. Introduction 

The success of intracranial interventions relies on accurate and pre-
ise visualization and mapping of relevant anatomical brain structures.
evelopments in imaging techniques has evolved in parallel and en-
bled advances in neurosurgery and radiosurgery. The ability to ‘see’
nside the skull meant that neurosurgeons could plan to remove struc-
ural abnormalities such as tumors, blood clots, and brain abscesses.
ortical, subcortical brain regions, and large white matter bundles
ave been studied through anatomical dissection studies. ( Horsley and
chafer, 1888 ) Post-mortem lesion studies (following strokes, trauma
r surgery) provided various pieces of the jigsaw to map out func-
ional regions, ( Brodmann, 1909 ) and direct electrical stimulation dur-
ng neurosurgical procedures in awake patients provided a means to map
rain function ( Penfield, 1972 , Ferrier, 1886 , Hughlings Jackson, 1868 ,
orsely, 1886 ). It was not until the arrival of advanced MRI methods

hat in vivo structural and functional connectivity studies was possible
n humans. 

Prior to the advent of computed tomography (CT) and magnetic res-
nance imaging (MRI), the historical inability to directly visualize neu-
oanatomy was tackled by the development of stereotactic atlases, pro-
iding an estimation of spatial relations with respect to landmarks visi-
le on ventriculography or angiography such as the anterior and poste-
ior commissures. ( Spiegel et al., 1947 ) This approach, however, lacked
he ability to identify individual anatomic variability. The use of inva-
ive intraoperative mapping and target adjustment was therefore cru-
ial. ( Akram et al., 2018 ) While the introduction of CT allowed visual-
zation of landmarks in a non-invasive fashion, it was the advent of MRI
hat made it possible to directly visualize and localize target structures.
ars Leksell emphasized that “stereotactic localization … is part of the
herapeutic procedure … is the surgeon’s responsibility and should be
losely integrated with the operation.’’ ( Leksell et al., 1985 ) 

The subsequent introduction of diffusion-weighted MR imaging has
llowed for in vivo localization of relevant targets by dint of their
R connectivity. While structural connectivity typically allows for the

xploration of monosynaptic connections, functional connectivity can
dentify polysynaptic connections through the identification of areas
ith synchronized activity. Functional imaging of metabolic activity
r blood flow using positron emission tomography and functional MRI
fMRI) has provided theoretical impetus to the identification of poten-
ial surgical targets in a variety of different pathologies. ( Hamani et al.,
011 , May et al., 1998 ) Functional connectivity imaging has also been
sed as a research tool to shed light on the physiologic mechanisms lead-
ng to clinical improvement after surgical intervention. ( Kahan et al.,
012 ) 

Ultimately, the continued evolution of computational neuroimaging
echniques has expanded the armamentarium of imaging tools available
2 
imaging techniques have expanded the armamentarium of imaging tools avail-
linical neuroscience. Non-invasive, in vivo brain MRI structural and functional
to identify therapeutic targets, define eloquent brain regions to preserve, and
cesses and treatments as well as prognostic biomarkers. These tools have the
ecific treatment strategies. Nevertheless, a realistic appraisal of clinical utility is
 excitement and interest in the field with important limitations associated with
raw data, minutiae of the processing methodology, and the statistical models
ults and their interpretation. A lack of standardization in data acquisition and
ues with reproducibility. This limitation has had a direct impact on the reliabil-
onfidence in their clinical use. Advances in MRI technology and computational

standardization of processing methods, including machine learning approaches,
ssues and make these tools more reliable in clinical use. In this review, we will
 of MRI connectomics in the diagnosis and treatment of neurological disorders;
nd technologies with limitations of connectivity analytic approaches to present
 perspective. 

or clinical applications in Neurosurgery, Neuro-Oncology, and Neuro-
adiology. The ability to visualize structural connectivity has become
articularly useful in clinical applications where white matter pathways
ay either determine the therapeutic target or define regions that must

e preserved during treatment – delineations that are needed when tis-
ue MR contrast is lacking on structural MRI sequences. Meanwhile,
unctional connectivity can be used to gain insight into whole brain
etwork changes that may occur in response to pathological processes
r therapeutic interventions. Analyses of both structural and functional
onnectivity can potentially inform patient-specific treatment strategies
y providing insight into the interconnections between various brain
egions. ( Hagmann, 2005 , Sporns et al., 2005 ) 

This non-invasive mapping of networks in the in vivo human brain
as led to the birth of a field focused on the study of brain networks, or
onnectomes, which has been dubbed as connectomics – the formal de-
cription of the whole brain and its interconnections. Since the term was
ntroduced in 2005, ( Sporns et al., 2005 ) this field has blossomed and
ontinues to gain interest. ( Sporns and Bassett, 2018 ) By improving our
nderstanding of underlying pathophysiology and mechanisms of thera-
eutic interventions, such research has the potential to improve patient
election for treatment, allow for tailored surgical planning, improve the
fficacy of surgical interventions, and support outcome prediction. 

With the excitement and interest that accompanies the rapid growth
f research in brain connectivity and connectomics, it can be easy to
verlook the barriers to clinical applications. We therefore intend to
ighlight the current clinical uses of structural and functional connec-
ivity in the diagnosis and treatment of neurological disorders; while
alancing emerging applications and technologies with limitations of
onnectivity analytic approaches to provide appropriate perspective. 

. Data acquisition and analysis of connectivity MRI data 

.1. Diffusion MRI 

Diffusion MRI (dMRI) allows measurements of random molecular
otion of water molecules in a medium or tissue. By analyzing the di-

ectional propensity of this random (Brownian) motion, we can infer
he distribution of one or more axonal bundle orientations (which hin-
er diffusion in particular directions) within each imaging voxel. ( Le Bi-
an, 2003 ) This makes dMRI uniquely capable of providing information
n the route of white matter pathways in vivo. dMRI has long been rou-
inely used clinically, particularly for mapping apparent diffusion coef-
cients (ADC) in the context of acute stroke. ( Lansberg et al., 2001 ) But

n recent years, its use in mapping connectivity for surgical planning has
xpanded. ( Romano et al., 2009 , Essayed et al., 2017 , Rodrigues et al.,
018 ) While ADC mapping is a quick scan with minimal overhead, map-
ing connectivity is more involved and requires more care. 
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Fig. 1. The importance of high-resolution diffusion 
data. Increased resolution of diffusion data can help 
increase the sensitivity of fiber tracking. 
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Mapping structural connectivity in an individual patient with suffi-
ient accuracy requires both good quality data and careful processing.
 Sotiropoulos et al., 2013 ) In deciding on the optimal set of acquisition
arameters, many factors need to be balanced, often against each other.
 protocol is optimized for the needs of a given application. For example,
ith high spatial resolution ( ∼1-1.5mm) one can better resolve white
atter projections to different subcortical targets, ( Sotiropoulos and Za-

esky, 2019 ) which is important in deep brain stimulation (DBS) appli-
ations. [ Fig. 1 ] 

If one is instead interested in mapping the bulk of major pathways
or planning tumor surgery, it is more important to be able to model
rossing fibers in each voxel, and thus the emphasis is on acquiring data
ith multiple gradient orientations and a sufficiently high b-value to
ave good orientational contrast. ( Jbabdi et al., 2012 , Behrens et al.,
007 ) In both cases (spatial resolution vs. diffusion contrast), this needs
o be balanced against a lower SNR and longer scan times. It is impor-
ant to run pilot acquisitions and design tests that are tailored for the
pplication to ensure test-retest reliability. 

Once data have been collected, the standard analysis pipeline
s as follows: (1) correction for motion and geometric distortions,
 Kober et al., 2012 , Andersson et al., 2003 ) (2) image registration to
igh resolution anatomical scans, ( Klein et al., 2009 ) (3) voxelwise mod-
lling of diffusion (modelling the diffusivity in each individual voxel),
 Dell’Acqua and Tournier, 2019 ) (4) tractography (modelling diffusiv-
ty across multiple voxels) ( Catani et al., 2002 ). All these steps involve
ifferent methodological choices that can affect the final outcome. How-
ver, step (1) is crucial for anatomical fidelity, yet it is often overlooked.

Echo planar imaging, which remains the predominant method for
MRI acquisition is subject to geometric distortions caused by varia-
ions in magnetic susceptibility can be of the order of centimeters in
he vicinity of brain-air interfaces (e.g. temporal poles and ventral pre-
rontal cortex). These distortions can affect alignment with anatomical
cans, which are generally undistorted, and cause major inaccuracies
n mapping connections in individuals. In addition, eddy-current distor-
ions in diffusion imaging can cause additional distortions that affect
he signal modelling itself, and thus further impact downstream mod-
lling of anatomical connectivity (steps (3) and (4)). Acquisition strate-
ies, including field mapping for unwarping ( Reber et al., 1998 ) and
eversed phase-encoding gradients ( Chang and Fitzpatrick, 1992 ) can
e used to directly correct for such distortions. In addition, state-of-the-
rt academic software now allow sophisticated corrections that account
 a  

3 
or these sources of distortions and their interactions, ( Andersson et al.,
016 , Andersson et al., 2017 , Andersson et al., 2018 ) but these tools
re often developmental and time consuming, requiring expertise and
omputer power that limits their clinical applicability. [ Fig. 2 ] 

.2. Blood oxygen level-dependent imaging 

Blood oxygen level-dependent (BOLD) fMRI is a 4-dimensional image
hat relies on multi-slice gradient-echo echoplanar imaging sequences,
 Bollmann and Barth, 2020 ) which are particularly sensitive to changes
n local ratios of paramagnetic deoxyhemoglobin to diamagnetic oxy-
emoglobin. Such imaging is therefore capable of detecting local tissue
xygenation levels, which serves as a surrogate marker for levels of neu-
onal activity. Individual slices are typically acquired sequentially over
he course of a designated repetition time (TR), which is typically on the
rder of 2 seconds for current clinical scans. ( Wardle and Baker, 2020 ,
oares et al., 2016 ) In order to minimize the effects of slice excitation
n spatially adjacent slices, images are commonly acquired with inter-
eaved slices. ( Parker et al., 2014 ) As part of the tradeoff between SNR
nd total acquisition time, the typical clinical fMRI consists of voxel
izes of 2-3mm in one direction. ( Soares et al., 2016 , Goense et al., 2016 ,
ng and Schwarzbauer, 2014 , Conrad et al., 2018 ) With the sacrifice of
patial resolution, fMRI has a key advantage in its ability to detect tem-
oral changes in functional activation. Significant challenges in current
ardware, acquisition and reconstruction techniques, and distinction of
unctional activations must first be addressed if we are to overcome cur-
ent limits on spatial resolution. ( Bollmann and Barth, 2020 , Silva et al.,
018 ) 

Such sequences can be used to assess changes in BOLD activation
ssociated with a specific task or event (task-based fMRI, tb-fMRI) or
ith the patient at rest (resting state fMRI, rs-fMRI). rs-fMRI has grown

n popularity because it obviates the need for specific task paradigms
nd in some cases, has been shown to be comparable to tb-fMRI.
 Mannfolk et al., 2011 , Rosazza et al., 2014 , Kokkonen et al., 2009 ,
ierker et al., 2017 ) It is important to note, however, that rs-fMRI may

epresent an extended ‘resting task’ – as patients are asked to passively
est or stare at a fixation point. ( Buckner et al., 2013 ) With the possibil-
ty of different brain states during this ‘resting task’, greater temporal
ampling with acquisitions of at least 12-13 minutes may be necessary
o optimize the reliability of rs-fMRI. ( Birn et al., 2013 ) Ultimately, rel-
tively poor test-retest reliability of tb- and rs-fMRI continues to limit
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Fig. 2. The importance of distortion correction. Geometric distortions can affect alignment with anatomical scans and cause major inaccuracies in mapping connec- 
tions. It is therefore important to implement distortion correction before modeling white matter tracts with diffusion-based imaging. 
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he clinical applicability of these tools. ( Elliott et al., 2020 , Wang et al.,
017 , Holiga et al., 2018 ) 

Functional connectivity can be established by temporal correlation
f BOLD signals (believed to originate in small venules) or cerebral
lood flow (arterial spin labelling, ASL, which corresponds to arteri-
le properties) between voxels ( Fox and Raichle, 2007 ) and represents
he synchronicity of spatially discrete neurophysiological processes.
 Friston, 1994 ) While no consensus exists on the specifics of fMRI pre-
rocessing, it is common practice to: (1) discard the initial volumes to
nsure that scanner gradients have been stabilized; (2) perform slice
iming correction to account for differences created in the sequential
cquisition of slices (particularly for TR ≥ 2 seconds); ( Sladky et al.,
011 ) (3) perform rigid-body coregistration of fMRI with anatomical
equences and apply gray matter, white matter, and CSF masks; (4) ap-
ly motion correction to account for and quantify head movement; (5)
emove outlier volumes in the sequence; and increase SNR by (6) spa-
ially smoothing (by approximately twice the voxel size) fMRI volumes
nd (7) applying temporal filtering to reduce noise at unwanted fre-
uency bands. ( Soares et al., 2016 ) [Fig. 2] For rs-fMRI, direct effects
f motion and physiologic processes must also be handled by regress-
ng out these confounds. ( Murphy et al., 2013 ) Of note, it may also be
ecessary to utilize the quantification of head motion as a covariate or
uisance variable in subsequent statistical analysis in order to account
or the possibility that such motion may simultaneously generate corti-
al activations that affect the intended analysis. 

Following preprocessing, functional connectivity is commonly ana-
yzed in the context of specific regions of interest (ROIs), rather than be-
ween individual voxels. It is therefore important to highlight the differ-
nces in methods used to define these ROIs. With seed-based correlation
nalysis (SCA), BOLD activation within a pre-defined ROI is correlated
ith individual voxels throughout the brain or with other pre-defined
OIs. This a priori selection of a ROIs makes SCA well suited for inves-

igating the functional connectivity to a specific seed region – allowing
or direct testing of a specific hypothesis and straightforward interpre-
ation of results. ( Cole et al., 2010 , Joel et al., 2011 ) Of note, the way
n which these ROIs are defined can alter estimates of functional con-
ectivity. ( Cole et al., 2010 , Marrelec and Fransson, 2011 , Sohn et al.,
015 ) Since ROIs in SCA are based on anatomical or functional atlases,
ack of consideration of variability between patients can introduce noise
nto the analysis and ultimately bias the results. Meanwhile, spatial in-
ependent component analysis (ICA) is a data-driven approach in which
tatistically independent, non-Gaussian components are extracted from
he rs-fMRI. This approach yields ROIs defined by independent compo-
ents that by definition are not highly co-linear and possess maximal
 s  

4 
patial independence. ( Cole et al., 2010 ) Without a priori selection of
OIs, ICA serves as a useful method for exploration of intrinsically con-
ected networks and their interactions. ( Joel et al., 2011 ) Although ICA
s inherently less prone to artifact, bias can still be introduced in the se-
ection of independent components, which typically requires manual re-
iew. Furthermore, while this approach generates a more complete pic-
ure of whole brain networks, results of this data-driven approach can be
ore difficult to interpret without a clear hypothesis. Ultimately, these

wo approaches have been shown to produce results that differ quantita-
ively, but lead to comparable representations of major networks (such
s motor, visual, default, and attention networks). ( Marrelec and Frans-
on, 2011 , Van Dijk et al., 2010 ) For exploratory investigations of func-
ional connectivity, however, subject-specific ROIs have been shown to
ield more accurate results. ( Sohn et al., 2015 ) 

. Applications in neuro-oncology and radiotherapy 

Neurosurgical mapping of eloquent cortex (e.g., sensorimotor and
anguage areas) as well as connecting white matter bundles (e.g., the
yramidal tract, visual pathways) is essential for planning safe and max-
mal resection of brain tumors; this mapping can also benefit intraop-
rative decision making and prediction of postoperative functional out-
ome. 

.1. Clinical applications 

Structural connectivity as measured by white matter tractography
erived from dMRI has long been used for preoperative delineation of
ritical tracts for surgical planning. ( Essayed et al., 2017 ) Use of trac-
ography has been associated with the extent of tumor resection and
unctional outcomes. ( Essayed et al., 2017 , Henderson et al., 2020 ) Ad-
anced approaches, such as multi-fiber tractography (to better identify
rossing fibers within a single voxel) ( Gong et al., 2018 , Chen et al.,
016 , Chen et al., 2015 ) and free water modeling ( Gong et al., 2018 ,
arker et al., 2020 ), have also been developed for sensitive white mat-
er tract identification in challenging situations where crossing fiber and
eritumoral edema are present. 

With its ability to investigate large-scale resting-state networks
RSNs), ( Fox and Raichle, 2007 , Biswal et al., 1995 ) rs-fMRI has gained
raction for neurosurgical brain mapping because it does not require
ctive task performance, and thus can be deployed in patients with neu-
ological deficits who may not be able to undergo conventional tb-fMRI.
 Kokkonen et al., 2009 , Liu et al., 2009 , Zhang et al., 2009 ) While earlier
tudies focused on sensorimotor mapping, more recent work has mapped
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Fig. 3. rs-fMRI ICA-derived language component (yellow) ( Tie et al., 2014 ) 
and language-related white matter tracts of a patient with a recurrent left 
temporal glioblastoma multiforme tumor (green). Identified tracts include the 
arcuate fasciculus (blue), medial longitudinal gasciculus (cyan), inferior lon- 
gitudinal fasciculus (purple), and the superior longitudinal fasciculus (or- 
ange). Tractography parcellation (anatomical tract identification) was per- 
formed using the whitematteranalysis package and the ORG tractography atlas 
( http://dmri.slicer.org/atlases/ ). ( Zhang et al., 2018 , O’Donnell et al., 2017 ). 
(For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 
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he complex and highly individually variable language networks with
CA ( Hsu et al., 2020 ) or ICA ( Branco et al., 2016 , Lu et al., 2017 ,
ie et al., 2014 ). [ Fig. 3 ] 

These rs-fMRI-based functional connectivity approaches require ex-
ertise for seed selection (for SCA) or identification of components-of-
nterest (for ICA), which may be challenged by tumor-induced mass
ffect, anatomic distortion, and functional reorganization. Automated
s-fMRI analytic approaches based on supervised machine learning al-
orithms have shown promising results in mapping of eloquent cor-
ex ( Penfield, 1972 , Leuthardt et al., 2018 , Mitchell et al., 2013 ,
uckett et al., 2020 ) and prediction of tb-fMRI activations ( Parker Jones
t al., 2017 ) in patient populations. 

Validation of rs-fMRI-based functional connectivity for mapping of
loquent cortex in brain tumor patients has shown good concordance be-
ween RSN maps and clinical gold-standard of brain mapping, such as
ntraoperative electrocortical stimulation (ECS). ( Rosazza et al., 2014 ,
hang et al., 2009 , Mitchell et al., 2013 , Zaca et al., 2018 , Qiu et al.,
014 , Cochereau et al., 2016 , Fox et al., 2016 , Wang et al., 2015 ) In
 large study of 98 patients with a diffuse low-grade glioma (LGG),
ignificant correlation between SCA-identified RSNs and ECS sites was
bserved. ( Cochereau et al., 2016 ) Furthermore, when compared to
b-fMRI, rs-fMRI has shown lower failure rates in mapping eloquent
ortex in tumor patients. ( Rosazza et al., 2014 , Branco et al., 2016 ,
euthardt et al., 2018 ) 

.2. Current research 

.2.1. Functional reorganization in brain tumor patients 

The dynamic connectome perspective promotes a paradigm shift
rom the localizationism to network-based approach in neurosurgical
rain mapping. This approach can be a powerful tool to study functional
eorganization in tumor patients, particularly those with slow growing,
ntrinsic tumors such as LGG. ( Desmurget et al., 2007 ) Language net-
ork reorganization has been demonstrated in these patients, by com-
aring brain network changes before and after tumor resection, or by
5 
omparing preoperative LGG patients with healthy subjects. ( Jin et al.,
021 , van Dokkum et al., 2019 ) 

.2.2. Microstructural injury induced by intracranial radiotherapy 

Intracranial radiotherapy (RT) is an indispensable noninvasive tool
or the management of primary and metastatic brain tumors. However,
rain RT is associated with potential for neurocognitive decline, likely
ue to injury to eloquent tissue. ( Greene-Schloesser et al., 2012 ) The
athogenesis of radiation-induced brain injury is complex, driven in part
y vascular injury, neuroinflammation, and depletion of neurogenic pro-
enitor cells. ( Brown et al., 2005 , Greene-Schloesser and Robbins, 2012 ,
u et al., 2012 , Monje et al., 2002 , Makale et al., 2017 ) Thus, efforts to

reate safer, more precise radiation treatments by preserving structural
nd functional connectivity are paramount. ( Duffau, 2020 ) Advanced
euroimaging techniques and quantitative imaging biomarkers allow us
o better understand microstructural injury as it contributes to cognitive
ecline, and to guide efforts to avoid unnecessary damage to eloquent
reas. 

Changes in dMRI biomarkers correlate with pathologic white mat-
er demyelination and axonal injury in animal models treated with RT.
 Wang et al., 2009 , Peiffer et al., 2010 ) In humans, dMRI is used to study
adiation-induced white matter changes, ( Connor et al., 2016 , Zhu et al.,
016 ) with greater susceptibility to injury among white matter tracts
ritical for neurocognition. ( Connor et al., 2017 ) [ Fig. 4 ] Furthermore,
he particular susceptibility of neurocognitive networks has also been
emonstrated with rs-fMRI. ( Mitchell et al., 2020 ) 

Radiation dose-dependent white matter injury has been demon-
trated, using different b-values to query extra-axonal versus intra-
xonal white matter compartments. ( Connor et al., 2016 ) Moreover, an
ssociation between diffusion biomarkers of white matter injury and
ognitive functioning in brain tumor patients has been shown in mul-
iple studies, ( Chapman et al., 2012 , Chapman et al., 2016 ) including
omain-specific studies of memory, ( Tringale et al., 2019 ) language,
 Tibbs et al., 2020 ) attention and processing speed, ( Huynh-Le et al.,
021 ) and executive functioning. ( Tringale et al., 2019 ) Tractography
as been used to guide white matter tract sparing efforts with RT,
 Wang et al., 2015 , Koga et al., 2012 ) though most studies are small and
etrospective. Prospective investigation of such techniques in RT plan-
ing are warranted; a novel clinical trial of image-guided white matter
nd hippocampal sparing stereotactic radiosurgery (SRS) in brain metas-
ases is ongoing. ( https://clinicaltrials.gov/ct2/show/NCT04343157 )
 Fig. 5 ] 

.2.3. Movie-watching fMRI 

More recently, a promising brain mapping approach of using movie-
atching fMRI (mw-fMRI) ( Spiers and Maguire, 2007 , Hasson et al.,
004 ) has gained attraction in studies consisting of psychiatric
 Eickhoff et al., 2020 ) and pediatric populations ( Vanderwal et al.,
019 ). mw-fMRI uses naturalistic and ecologically valid stimuli that
imic real-life experience, thus it can probe neural activity involving

motion, cognition, mentalization, and theory-of-mind. Compared to
ypical language mapping tasks, movie-watching can better engage the
istributed, multimodal neural networks that support language function
n real life, including the preserved functional areas in patients with
anguage deficits. The feasibility of mw-fMRI for mapping putative lan-
uage areas in individual subjects has been demonstrated in healthy con-
rols. ( Tie et al., 2015 ) A more recent study in 34 brain tumor patients
emonstrated reduced in-scanner head motion, higher mapping sensi-
ivity in receptive language areas, and overall higher language mapping
pecificity (with respect to a multimodal canonical language template),
f mw-fMRI versus antonym generation task-based fMRI. ( Yao et al.,
021 ) Future studies on mw-fMRI paradigm design, related connectome
pproach development, intra-operative mapping of non-eloquent func-
ions, ( Yordanova et al., 2019 , Duffau, 2021 ) and incorporation of sys-
ematic neuropsychological assessment will help to advance neurosur-

http://dmri.slicer.org/atlases/
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Fig. 4. Novel computational tools allow exploration of differential dose sensitivities based on diffusion metrics along a white matter tract. ( Houri et al., 2018 ) 
3-dimensional view of corticospinal tract with “slices ” overlaid on tract axis (left). FA sensitivity to dose in Gray vs. slice number for entire tract in each hemisphere 
(right). 
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ical brain mapping of extensive eloquent and non-eloquent brain net-
orks related to human behavior and quality of life. 

.3. Potential future applications 

Network-based approaches are able to assess brain network changes
aused by tumors as well as tumor surgery, which could contribute to
umor tissue detection ( Huang et al., 2018 , Feldman et al., 2009 ) and
rediction of functional outcome and overall survival ( Sparacia et al.,
020 , Lang et al., 2017 , Daniel et al., 2021 ). Graph theory analysis,
ased on both functional ( De Vico Fallani et al., 2014 , Hart et al., 2016 )
nd structural ( Ahsan et al., 2020 ) connectivity, has been used to char-
cterize complex network topology and identify critical brain regions.
uture large-scale validation studies and clinical trials ( Wu et al., 2007 )
re needed to truly assess the utility of these techniques in the pre- and
ost-operative assessments of brain tumor patients. 

While neurosurgical brain mapping has largely focused on localizing
ensorimotor and language functions, mapping of non-eloquent areas,
uch as networks involving emotion, cognition, and memory is critical
or preserving and improving patients’ quality of life. ( Yordanova et al.,
019 , Duffau, 2021 , Lang et al., 2017 , Catalino et al., 2020 ) To this
nd, rs-fMRI can be used to simultaneously explore multiple large-scale
SNs related to these higher order functions, such as the default mode,
ttention, salience, and executive functional networks. ( Catalino et al.,
020 ) 
6 
Intra-operative rs-fMRI ( Qiu et al., 2017 ) has been proposed for real-
ime eloquent area localization; with the help of real-time tb-fMRI anal-
sis, it may evolve into a valuable strategy for neurosurgical brain map-
ing. ( Vakamudi et al., 2020 ) Furthermore, multi-modality assessment
f brain connectivity with navigated transcranial magnetic stimulation
 Tarapore et al., 2013 , Krieg et al., 2015 ) and magnetoencephalogra-
hy ( Martino et al., 2011 , Tarapore et al., 2012 ) can help to evaluate
he clinical relevance of brain connectome approaches in neurosurgical
ettings. 

. Applications in epilepsy 

Epilepsy is widely accepted as a brain network disorder. Seizures
re the manifestation of aberrant neuronal synchronization and ictal
etworks display complex and rapidly evolving propagation patterns.
he functional and structural connectivity underlying these networks is
undamental to the preoperative evaluation of epilepsy. ( Vakharia et al.,
018 ) Understanding ictal propagation patterns, seizure semiology, and
otential sequelae of different surgical procedures are critical to guiding
iagnostic and therapeutic interventions. 

.1. Clinical applications 

Since standard anterior temporal lobe resection remains a common
urgical treatment for drug-resistant epilepsy, use of tractography to
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Fig. 5. Axial T1 + c MRI slice with right frontal brain metastasis in a patient 
with metastatic breast cancer. Stereotactic radiosurgery (SRS) dose shown in 
colorwash; white matter tracts for avoidance shown in orange. 
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haracterize the inter-subject variability of temporal lobe optic radia-
ions is of particular interest. A number of studies have demonstrated
 strong correlation between resection of Meyer’s loop tract reconstruc-
ions and postoperative visual deficits. ( James et al., 2015 , Borius et al.,
014 , Piper et al., 2014 ) Prospective implementation of tractography
ith intraoperative MRI has been shown to prevent a significant visual
eld deficit after temporal lobectomy. ( Winston et al., 2014 ) [ Fig. 6 ] 

At the same time, the exact advantage of tractography in guiding
urgical resection has yet to be determined – as prospective studies di-
ectly quantifying the benefit in outcomes using these methods are yet
o be conducted. ( Piper et al., 2014 ) 

In addition to tractography, fMRI plays a significant role in surgi-
al planning for epilepsy. tb-fMRI activation allows for localization of
he eloquent cortex relative to the epileptogenic zone. ( Ganesan and
rsekar, 2014 ) Preoperative identification of regions representing sen-

orimotor and language functions can help guide selection of a specific
ntervention and be used to tailor surgical approaches. Gross localiza-
ion of memory functions can also be used to help counsel patients about
otential deficits associated with certain interventions. ( Rabin et al.,
004 , Baxendale et al., 2006 , Sidhu et al., 2015 ) Although the accu-
acy and reliability of language localization is debated, lateralization
f language to a dominant hemisphere can reliably be achieved with
MRI. ( Fernandez et al., 2003 , Szaflarski et al., 2017 ) Given the high
ongruency between fMRI and invasive intracarotid sodium amobarbi-
al testing, fMRI serves as a valuable non-invasive means of identify-
ng the dominant hemisphere for language in preoperative evaluations.
 Ishikawa et al., 2017 , Tracy et al., 2009 ) Overall, current clinical prac-
ices commonly utilize fMRI to help refine clinical decisions that are
ased on a synthesis of multimodal information acquired during the pre-
perative evaluation. 
7 
.2. Current research 

.2.1. Whole brain structural connectivity changes in epilepsy 

Network analyses of whole-brain structural connectivity can be ap-
lied at local and global scales through the application of graph theory
etrics, ( He and Evans, 2010 , Rubinov and Sporns, 2010 ) which have

een used to explore the structural connectivity relationships and po-
ential perturbations within disease states. ( Gleichgerrcht et al., 2017 )
omparison of whole-brain connectivity in patients with temporal lobe
pilepsy (TLE) compared to control subjects revealed a marked re-
uction in connectivity which lateralizes to the side of hippocampal
clerosis. ( Besson et al., 2014 ) While TLE was associated with diffuse
lobal and interhemispheric connectivity reductions, those with left TLE
emonstrated connectivity changes that were particularly pronounced
n the perisylvian language circuitry – indicating the wide-ranging ef-
ects of a focal pathology on the whole brain network connectivity. Ma-
hine learning classifiers have also been employed based solely on pre-
perative connectome data and can correctly distinguish patients with
LE from normal controls with 80% accuracy, which is comparable to
xpert-based clinical predictions. ( Gleichgerrcht et al., 2018 ) Addition-
lly, histopathological findings such as hippocampal sclerosis with both
trophy and gliosis result in greater remodeling of the structural connec-
ome compared to those with isolated gliosis. ( Bernhardt et al., 2019 ) 

.2.2. The role of structural connectivity in seizure propagation 

Electroencephalography (EEG) data is fundamental to the lateral-
zation and localization of pathological activity in epilepsy. Recent ev-
dence has suggested that in addition to slower cortical spreading be-
ween contiguous regions, rapid seizure propagation patterns to non-
ontiguous brain regions reliably follows structural connections. The
onnections with the greatest contribution to focal epilepsy propa-
ation manifest through direct short-range association fiber bundles.
 Parker et al., 2018 , Shah et al., 2019 ) Further evidence from cortico-
ortical evoked potentials (CCEPs) employing single-pulse electrical
timulation confirms a high degree of concordance between the CCEP la-
ency and the streamline density. ( Matsumoto et al., 2007 , Swann et al.,
012 ) Directly connected regions have been recorded in both adjacent
yri, through U-fiber propagation, and also at remote locations through
ssociation fiber bundles. Moreover, propagation of stimulated electri-
al activity from within the seizure onset zone has been shown to elicit
CEPs with greater amplitudes. ( Parker et al., 2018 ) Whilst the pre-
ise mechanism underlying this phenomenon remains unclear, it does
uggest that the seizure onset zone is hyperexcitable and may reflect
 down-regulation of inhibitory circuits or innate property of cortical
ysplastic tissue. ( Turkdogan et al., 2005 ) 

In a study of patients undergoing structural connectivity analysis be-
ore and after temporal lobe surgery, the number of nodes with abnor-
al connectivity was identified by comparing the epileptogenic connec-

omes to those derived from healthy controls. ( Sinha et al., 2021 ) The
umber of residual abnormal nodes within the connectome following
urgery showed an inverse correlation with sustained seizure remission
nd was able to predict seizure outcome at 12 months following surgery
ith 100% specificity and an area under the curve of 0.91. 

.2.3. Functional connectivity may define epilepsy networks 

rs-fMRI may serve as a useful tool for the identification of patholog-
cal epilepsy networks. Given the nature of the BOLD signal, it is logical
hat it can reflect local field potentials generated by the summation of
ynaptic activity from a group of neurons. ( Ekstrom, 2010 ) Studies lever-
ging the capabilities of concurrent EEG and fMRI acquisitions have
emonstrated that increases in BOLD occur approximately 6 to 7 sec-
nds after interictal epileptiform discharges (IEDs). ( Benar et al., 2002 )
his relationship, however, is not consistent, as it can differ according to
rain region and be influenced by fMRI methodology. ( Ekstrom, 2010 )
bnormalities in neurovascular coupling in patients with epilepsy may

urther affect this relationship. ( Bettus et al., 2011 ) As such, functional
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Fig. 6. Example of preoperative (pink) and intraoperative (orange) representations of Meyer’s loop fibers of the optic radiations, which can be used to plan surgical 
resection. Adapted from Chen et al. ( Chen et al., 2009 ) 
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onnectivity within epileptic networks have been shown to both be pos-
tively ( Su et al., 2019 ) and negatively ( Bettus et al., 2011 ) correlated
ith IEDs. Furthermore, using ICA, it has been shown that epilepsy-

elated independent components can be identified even in the absence
f IEDs. ( van Houdt et al., 2015 ) 

With regards to surgical interventions, recovery of these networks
fter surgery has been strongly correlated with clinical outcomes.
 Neal et al., 2020 , Boerwinkle et al., 2019 ) In one study, source local-
zation of surface EEG was used to identify a potential irritative zone.
he epilepsy network was then defined by regions with high functional
onnectivity to this zone. ( Neal et al., 2020 ) Preoperatively these net-
orks demonstrated higher functional connectivity relative to healthy

ontrols. More importantly, after surgery seizure-free patients demon-
trated greater recovery with increased network disconnection. In the
bsence of surface EEG, advanced analysis of rs-fMRI may still allow
or the identification of the seizure onset zone. Using ICA, independent
omponents (ICs) may be pathological if they are located within gray
atter regions that cannot be attributed to a typical RSN, have an irreg-
lar time course, and have greater higher frequency activity ( > 0.4Hz)
n their BOLD signal. ( Boerwinkle et al., 2017 ) A presumed seizure on-
et zone may be defined by overlapping pathological ICs, which have
een used to guide surgery to directly resect or disconnect these regions.
urthermore, postoperative recovery of the frequency power spectra in
s-fMRI BOLD signals within the epilepsy network predicted seizure free-
om with an accuracy of 94%, with 96% sensitivity and 93% specificity.
 Boerwinkle et al., 2019 ) 

A combination of dMRI and rs-fMRI data has revealed a decou-
ling between the structural and functional networks within the default
ode network (DMN) in patients with epilepsy. ( Zhang et al., 2011 ,
irsich et al., 2016 ) Greater structural-functional connectivity decou-

ling has also been associated with idiopathic generalized epilepsies,
 Zhang et al., 2011 ) left TLE, and higher seizure burden. ( Wirsich et al.,
016 ) Furthermore, restoration of the DMN has been associated with
emory preservation after temporal lobe surgery. ( McCormick et al.,
013 ) 

.3. Potential future applications 

Once the important connections and propagation patterns between
pileptogenic brain regions have been identified, it may be possible to
uide surgical interventions to disconnect or remove them whilst pre-
enting damage to surrounding critical connections that may be impor-
8 
ant for normal brain functions. Understanding the structural connectiv-
ty underlying seizure networks is essential for elucidating the potential
ropagation patterns as well as guiding and improving the safety of sur-
ical interventions. During surgical resections in eloquent brain regions,
revention of damage to the major white matter fiber tracts is consid-
red more critical than the overlaying grey matter as unlike the cortex,
hite matter tracts do not exhibit plasticity and therefore functional

ecovery following damage is not possible. ( Jellison et al., 2004 ) 
With this in mind, future applications are likely to focus on using con-

ectomes to fine-tune invasive EEG implantations to quantify connectiv-
ty between abnormal nodes and to tailor resections or disconnections to
educe the burden of residual abnormal nodes following surgery. Sim-
lated resections, in which presumed postoperative brain networks are
sed to predict outcomes, may allow more accurate patient counselling
egarding the potential functional comorbidities related to surgery and
eizure remission prediction – extending beyond motor and language
etworks to networks involving emotion, cognition, and memory. Such
pproaches also open the potential for precision medicine through min-
mally invasive techniques, such as laser interstitial thermal therapy,
o disrupt the seizure network and prevent seizures from spreading.
 Vakharia et al., 2020 ) 

. Applications in stereotactic and functional neurosurgery 

.1. Clinical applications 

Surgical interventions in Functional Neurosurgery can be highly ef-
ective at improving symptoms and enhancing the patient’s quality of
ife. However, clinical outcomes can vary significantly within and across
tudies. Much of this variability can likely be accounted for by differ-
nces in the specific location of an implanted electrode or an ablation.
 Starr et al., 1999 , Rolston et al., 2016 , Wodarg et al., 2012 , Aviles-
lmos et al., 2014 ) 

A visible target is easier to reach than an invisible one. Stereotac-
ic MRI can “remove the blindfold ” but there are a number of caveats.
 Zrinzo et al., 2013 ) Appropriate stereotactic MRI sequences must be
sed to capitalize on the ability to visualize intracranial structures di-
ectly. This approach addresses the challenge of anatomical variability.
owever, geometric distortion of images must be minimized and cor-

ected. The neurosurgeon must also be aware that image-fusion can in-
roduce stereotactic errors and that linear co-registration of images (e.g.,
etween a non-stereotactic MRI and a stereotactic CT) cannot correct
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or the non-linear distortions present on MR images. Nevertheless, with
dequate care and quality control, high-fidelity stereotactic MR images
ffer a true geometric representation of spatial arrangement with dis-
ortion errors in the sub-voxel range. ( Zrinzo, 2012 ) Such images can be
everaged in applications ranging from surgical procedures such as DBS
nd radiofrequency ablation (RF), to incisionless ablative procedures
uch as high frequency focused ultrasound and gamma knife radiation
GKR). 

Stereotactic imaging also best documents the accuracy and preci-
ion of the surgical intervention by allowing a mathematical compar-
son of intended with actual target coordinates. An image-verified ap-
roach ensures that suboptimal lead placement is recognized during a
BS procedure, and this can be rectified immediately. The mathematical
eviation observed between intended and actual lead placement can di-
ect the single additional pass necessary for lead relocation. ( Holl et al.,
010 ) Conversely, when performing ablative procedures, suboptimal le-
ion placement cannot be reversed. One strategy to improve safety is to
erform surgery under local anesthesia, using electrical stimulation and
eversible lesions to check for beneficial and adverse effects prior to
aking a permanent lesion. An alternative approach for RF ablation is

o perform surgery under general anesthesia, but to obtain an intraop-
rative stereotactic MRI with a “marker ” at the target (for example a
lastic stylet or DBS lead) to confirm accurate targeting before an RF
robe is passed down the same track to generate the permanent lesion. 

.1.1. Tractography-based targeting 

With the capability of reliable white matter reconstruction, DBS and
blative procedures can now be guided by white matter reconstructions
f relevant tracts. At present, the main application of connectivity in
unctional neurosurgery is in thalamic surgery for medically refractory
remor. 

The conventional, established surgical target is the ventral inter-
ediate nucleus (Vim) in both stereotactic ablative procedures and
BS. The Vim acts as a relay nucleus centrally placed on a dentato-

halamo-cortical pathways (DTC), ( Llinas et al., 2005 , Llinas, 1988 ,
teriade and Llinas, 1988 ) which contains neurons predisposed to os-
illatory firing behavior, making this structure instrumental in synchro-
izing and propagating tremor-generating oscillations seen in both es-
ential tremor (ET) and Parkinson’s Disease (PD). ( Duval et al., 2016 ,
aethjen and Deuschl, 2012 ) The cortical focus in this tremor network

s in the primary motor cortex, receiving input from the dentate nu-
leus of the contralateral cerebellum via the Vim; and projecting back
o the cerebellum via collaterals to the pontine nuclei and superior
live. ( Baker et al., 2010 , Helmich et al., 2012 , Dum and Strick, 2003 ,
orntell and Ekerot, 1999 , McIntyre and Hahn, 2010 , Gallay et al., 2008 )
 subjacent area, the caudal zona incerta (cZI), is another effective DBS

arget for the treatment of tremor. ( Plaha et al., 2008 , Blomstedt et al.,
007 , Blomstedt et al., 2010 , Blomstedt et al., 2009 , Murata et al., 2003 )
he fact that the stimulation of various targets that DTC traverses (e.g.,
im, cZI, and ventralis oralis posterior) leads to tremor control, albeit
ith various degrees of efficacy, suggests that modulation of this tract

s important for tremor treatment. ( Middlebrooks et al., 2020 ) 
Unlike other stereotactic targets, the Vim is not visible on conven-

ional stereotactic MRI sequences used in image guided and image ver-
fied surgery ( Vassal et al., 2012 , Traynor et al., 2011 , Deistung et al.,
013 , Lemaire et al., 2010 ) and has therefore been traditionally tar-
eted using atlas-based coordinates along with other identifiable struc-
ures ( Schaltenbrand et al., 1977 ). Unfortunately, this method does not
ompletely account for individual anatomical variability. ( Akram et al.,
018 ) Because of this, surgery has been often performed with the pa-
ient awake to allow for intraoperative confirmation of targeting, thus
ncreasing patient discomfort. ( Gross et al., 2006 ) Moreover, intraoper-
tive confirmation is not always readily feasible, such as when perform-
ng a thalamotomy using GKR. ( Witjas et al., 2015 ) 

Tractography has therefore been used in an attempt to more accu-
ately locate the Vim in vivo by several groups. ( Akram et al., 2018 ,
9 
oenen et al., 2011 , Middlebrooks et al., 2018 , Morrison et al., 2021 ,
ouratian et al., 2011 , Sammartino et al., 2016 , Tian et al., 2018 ) As
ith other stereotactic targets, tractography research involving the Vim
egan with retrospective analyses of tracts associated with good clin-
cal response after DBS. Such studies demonstrated that tractography
an be used to identify clinically relevant targets in the treatment of re-
ractory tremor – namely the DTC, which is represented by structural
onnectivity between primary motor cortex, the thalamus, and the den-
ate cerebellar nucleus. Connectivity-based segmentation of the Vim can
e performed in individual patients in, a clinically feasible timescale, us-
ng high angular resolution dMRI and high-performance computing with
arallel GPU processing. ( Akram et al., 2018 ) [ Fig. 7 ] 

Subsequent series by multiple groups have now shown the true clin-
cal applicability of tractography-based targeting of Vim, as prospective
se of tractography for stereotactic planning has yielded favorable clin-
cal outcomes. ( Coenen et al., 2011 , Morrison et al., 2021 , Tian et al.,
018 , Matias et al., 2019 bib229 ) [ Fig. 8 ] 

As of this writing, while some have derived similar connectivity maps
or other structures, ( da Silva et al., 2017 ) incorporation of structural or
unctional connectivity has yet to gain acceptance for the prospective
argeting of other structures. 

.2. Current research 

.2.1. Parkinson’s disease 

In a study of PD patients, improvements in individual motor symp-
oms following subthalamic nucleus (STN) DBS were correlated with
tructural connectivity between the STN and the cortex. Connections be-
ween the stimulation site and supplementary motor area (SMA) were
ssociated with improvement in bradykinesia and rigidity, while struc-
ural connections to the primary motor cortex (M1) were associated with
mprovement in tremor. ( Akram et al., 2017 ) In a similar study, main ef-
ects of motor improvement were accounted for by structural connectiv-
ty between the stimulation site and the SMA and (negative) functional
onnectivity between the DBS site and M1. ( Horn et al., 2017 ) [ Fig. 9 ] 

This model was trained on a first cohort of 51 patients from a first
enter and then used to predict outcomes in 44 patients from a sec-
nd DBS center. While this study applied normative connectome data,
he structural connectivity data of the model was subsequently vali-
ated using patient-specific connectivity data in an additional cohort
f 33 patients from three additional DBS centers. ( Wang et al., 2021 )
 similar approach has been used to investigate side-effects follow-

ng STN-DBS, namely the occurrence of mood changes after surgery
n PD. ( Irmen et al., 2020 , Mosley et al., 2019 , Mosley et al., 2020 ,
osley et al., 2018 ) 

Analysis of connectivity has also demonstrated its potential in pre-
icting response to DBS. In a study of functional connectivity in, it was
ound that patients with stronger preoperative connections between the
TN and ipsilateral globus pallidus had more favorable responses to STN
BS. ( Younce et al., 2021 ) A smaller study of 15 patients has also sug-
ested that frontal lobe connectivity and characteristic structural net-
ork topology may predict response to DBS. ( Koirala et al., 2018 ) 

Further work in this field will be discussed in a later section within
he context of specialized mapping techniques. 

.2.2. Essential tremor 

Similar to PD studies, connectivity between DBS electrodes and M1
as associated with improved tremor following Vim-DBS in patients
ith ET. ( Akram et al., 2018 , Al-Fatly et al., 2019 ) Furthermore, prox-

mity of the DBS site to the tractography defined cerebellar output into
he ventral thalamus (DTC) explained clinical improvements better than
roximity to the atlas defined DBS target in the Vim. ( Calabrese et al.,
015 ) 

Moreover; functional networks have been associated with the occur-
ence of ataxia and dysarthria in patients undergoing Vim-DBS for ET.
 Al-Fatly et al., 2019 ) Here, occurrence of ataxia was associated with
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Fig. 7. Connectivity derived thalamic template. Based on regions of interest consisting of the supplementary motor area (SMA), primary motor cortex (M1), primary 
sensory cortex (S1), and the dentate nucelus of the cerebellum (Dent), probabilistic tractography can be used to define connected regions of the thalamus. The 
dentatorubrothalamic tract (DRT) can then be identified by tracking fibers that connect the thalamus with the ipsilateral M1 and contralateral Dent. Adapted from 

Akram et al. ( Akram et al., 2018 ) 
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unctional connectivity to a specific site in the vermis that had been
reviously associated with ataxia. ( Reich et al., 2016 ) Finally, the same
tudy showed that electrodes implanted in locations specifically con-
ected to hand vs. head regions within M1 and the cerebellum were
redominantly effective in reducing hand vs. head tremor, respectively.

.2.3. Psychiatric indications 

The majority of psychiatric neurosurgical applications of imaging
onnectomic techniques have focused on treatment-resistant depres-
ion (TRD) and obsessive-compulsive disorder (OCD). In the case of
RD in particular, this approach has been very promising in neuro-
urgical target planning. As mentioned above, the last decade has wit-
essed a notable shift from targeting regions to targeting networks.
he chief example of this transition is DBS targeting the sub-callosal
10 
ingulate (SCC). ( Holtzheimer et al., 2017 , Holtzheimer et al., 2012 ,
ayberg et al., 2005 , Riva-Posse et al., 2018 , Riva-Posse et al., 2020 )

nitial studies targeting this region were unable to distinguish success-
ul implant strategies (producing treatment responders) from unsuccess-
ul strategies (producing non-responders) based on coordinates alone.
 Hamani et al., 2009 ) Subsequent fruitful work has demonstrated that
 network-minded connectomic targeting approach is more success-
ul at predicting responders and even for prospective planning. ( Riva-
osse et al., 2018 , Riva-Posse et al., 2020 ) The SCC region is now
hought of as a “hub ” allowing connection to frontotemporal networks
ia specific white matter tracts, including forceps minor (anterior cor-
us callosum), cingulum bundle, uncinate fasciculus, and brainstem
racts. ( Tsolaki et al., 2017 ) Another promising target for TRD, pre-
iously called the superolateral branch of the medial forebrain bun-
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Fig. 8. Operative targeting to the connectivity-derived Vim. The top two panels contain a probabilistic heat map of structural connectivity to the primary motor 
cortex; and the bottom two panels contain a heat map of structural connectivity to the primary sensory cortex. As such, a surgical plan can then be developed to 
target the motor thalamus while avoiding the sensory thalamus (trajectory and modeled electrode in yellow/orange) ( Matias et al., 2019 bib229 ). (For interpretation 
of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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le ( Coenen et al., 2019 , Coenen et al., 2020 , Schlaepfer et al., 2013 )
ut now increasingly called the ventral tegmental area projection path-
ay, is also a tractography-defined target. It may represent another

ritical tract in DBS for TRD: a “hyperdirect ” limbic pathway from or-
ital/ventral prefrontal cortex to STN, ( Li et al., 2020 ) analogous to the
yperdirect motor pathway discussed in DBS for movement disorders.
 Gunalan et al., 2017 ) 

DBS for OCD has predominantly focused on targeting two re-
ions: the ventral capsule/ventral striatum (VC/VS) ( Greenberg et al.,
010 , Luyten et al., 2016 , Denys et al., 2010 , Denys et al., 2020 ,
ougherty et al., 2015 ) and the ventromedial STN. ( Mallet et al.,
008 , Tyagi et al., 2019 ) Outcomes have been heterogeneous, with half
o two-thirds of patients achieving response criteria. Recent imaging
onnectomic analyses have demonstrated the potential of performing
ndividual-specific targeting in hopes of improving outcomes. In par-
icular, multi-center data have highlighted the importance of a path-
ay from dorsal anterior cingulate cortex (dACC) that passes through

he anterior limb of the internal capsule (ALIC) on the way to the
TN region. ( Li et al., 2020 ) This “dACC hyperdirect ” pathway, again
nalogous to the one previously mentioned for TRD, may be a criti-
al network component for neuromodulation in OCD. This framework
s a parsimonious explanation for the observation that targeting vari-
us nodes along this pathway is effective: cingulotomy targeting dACC,
 Sheth et al., 2013 ) VC/VS DBS targeting the pathway coursing through
LIC, ( Greenberg et al., 2010 , Luyten et al., 2016 , Denys et al., 2010 ,
 t

11 
enys et al., 2020 , Dougherty et al., 2015 ) and STN-DBS targeting its
erminus. ( Mallet et al., 2008 , Tyagi et al., 2019 ) 

.2.4. Chronic pain 

Given its highly subjective and multifaceted nature, pain continues
o challenge clinicians both in terms of diagnosis and treatment. Patient-
eported scores remain the current standard for assessing pain despite
heir vulnerability to influence from comorbid conditions, psycholog-
cal state, and environmental factors. As such, in an effort to objec-
ively measure pain, investigations have focused on advanced MRI ap-
roaches. ( Coppieters et al., 2016 , Martucci et al., 2014 ) Such analyses
ave revealed associations between chronic pain and diffuse gray mat-
er changes involving somatosensory and pain regions, as well as areas
nvolved in motor function, cognitive processing, memory, and emo-
ion. Subsequent interrogation of structural connectivity of associated
racts have yielded less robust findings. Meanwhile, functional connec-
ivity, which is better suited to capturing acute changes, has been used to
dentify characteristic differences in structures within networks directly
esponsible for modulating afferent pain signals (e.g., rostral ventrome-
ial medulla, periaqueductal gray, thalamus) and those involved in the
ffective and cognitive processing of pain (e.g., insula, cingulate, sec-
ndary association areas). Machine learning of whole-brain rs-fMRI has
uggested the importance of these specific networks in characterizing
he supraspinal contribution to pain sensitivity. ( Spisak et al., 2020 ) 
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Fig. 9. Tracts activated by deep brain stimulation. By means of pathway acti- 
vation modeling ( Butenko et al., 2020 ), specific tracts from a set of predefined 
connections ( Middlebrooks et al., 2020 ) were shown to be activated (red) by 
DBS electrodes (silver) that were localized using pre- and postoperative MRI 
( Horn and Kuhn, 2015 ). The subthalamic nucleus is shown in orange, planes 
from a high-resolution 7T template ( Edlow et al., 2019 ) shown as backdrop. 
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Nevertheless, pain remains a heterogenous entity, not only in its
haracteristics and clinical manifestations, but also in its underlying
athology and associated comorbidities – all of which likely play a role
n the diversity of reported findings. Ultimately, without a clear under-
tanding of casual relationships between pain and the associated imag-
ng findings, translation into clinical applications remains challenging. 

Meanwhile, there have been endeavors to use structural connectiv-
ty to aid DBS planning in patients with chronic pain. Three separate
tudies have demonstrated the importance of stimulating the trigemino-
ypothalamic tract in the treatment in cluster headaches. ( Akram et al.,
017 , Seijo-Fernandez et al., 2018 , Owen et al., 2007 ) This tract con-
ects nuclei of the posterior mesencephalic tegmentum to the hypotha-
amus as well as to prefrontal and mesial temporal cortical regions.
nterestingly, patients with cluster headache have been found to have
 pathological increase in functional connectivity within this network,
hich involves midbrain dopaminergic systems. ( Ferraro et al., 2018 ) In

efractory neuropathic pain, direct stimulation of the ascending medial
nd trigeminal leminiscal pathways have demonstrated particular effi-
acy, ( Hunsche et al., 2013 , Coenen et al., 2015 ) with studies reporting
he success of prospective targeting of these tracts within the internal
apsule or as they synapse within the thalamus. ( Polanski et al., 2019 ,
ovanlikaya et al., 2014 ) The anterior cingulate and the periaqueductal
ray have also served as potential targets; and interestingly, may both
mpart their efficacy through modulation of the medial forebrain bun-
le. ( Coenen et al., 2015 , Boccard et al., 2016 ) 

.3. Specialized mapping techniques 

.3.1. Lesion mapping 

Lesion studies have provided the foundation for localization of most
eurological and psychiatric symptoms because they provide a causal
ink between the lesion location and the resulting symptom. ( Rorden and
arnath, 2004 ) However, similar symptoms can result from lesions in
ifferent locations, making localization to specific regions challenging.
urther, symptoms may result from lesion-induced alterations in con-
ected brain regions that are distant from the lesion location itself.
 Carrera and Tononi, 2014 ) 
12 
Thanks to efforts like the Human Connectome Project, we now have
 normative human connectome that can serve as an atlas for how
ifferent brain regions are anatomically and functionally connected.
sing the human connectome, we can now test whether lesion loca-

ions map to a connected brain network rather than a single brain re-
ion. Called lesion network mapping, the approach has been used to
ap over 20 different neurological and psychiatric symptoms includ-

ng parkinsonism, ( Joutsa et al., 2018 ) dystonia, ( Corp et al., 2019 )
remor, ( Joutsa et al., 2019 ) hemichorea, ( Laganiere et al., 2016 ) freez-
ng of gait, ( Fasano et al., 2017 ) depression, ( Padmanabhan et al., 2019 )
elusions, ( Darby et al., 2017 ) hallucinations, ( Kim et al., 2019 ) mem-
ry impairment, ( Ferguson et al., 2019 ) and many others (for reviews
ee ( Fox, 2018 , Cohen and Fox, 2020 )). Specificity is assessed through
omparison to lesion locations not causing the symptom while repro-
ucibility is assessed by comparing lesion networks across multiple in-
ependent cohorts. ( Padmanabhan et al., 2019 , Ferguson et al., 2019 ,
otovio et al., 2020 ) 

The most important impact of lesion network mapping is likely iden-
ifying therapeutic targets for neuromodulation including targets for es-
ential tremor, ( Joutsa et al., 2018 ) Holmes tremor, ( Joutsa et al., 2019 )
arkinson’s disease, ( Joutsa et al., 2018 ) cervical dystonia, ( Corp et al.,
019 ) depression, ( Padmanabhan et al., 2019 ) and mania ( Cotovio et al.,
020 ). In all cases, brain stimulation to the circuit identified using le-
ion network mapping appears to be effective at treating that symptom,
ven in patients without brain lesions. Given this success, lesion network
apping has been adopted and utilized by many labs ( Klingbeil et al.,
020 , Wawrzyniak et al., 2018 , Albazron et al., 2019 , Hwang et al.,
020 , Mansouri et al., 2020 , Sutterer et al., 2016 , Lee et al., 2019 ,
hilippi et al., 2021 , Elias et al., 2020 , Mithani et al., 2019 ) and used
o study an increasing variety of lesion etiologies ( Cohen et al., 2021 ).
he technique has also been expanded beyond “lesions ” to map brain
etworks based on neuroimaging coordinates, ( Salvalaggio et al., 2020 ,
im et al., 2019 ) locations of brain atrophy, ( Darby et al., 2017 ) tran-
cranial magnetic stimulation sites, ( Cash et al., 2020 ) and DBS sites
 Horn and Fox, 2020 ). 

.3.2. Effective connectivity 

As demonstrated, network dynamics can be characterized using elec-
rophysiology or functional imaging, with subsequent analyses to quan-
ify between or within-region interactions. Functional connectivity is the
ost common means of achieving this, and refers broadly to any statis-

ical dependency (e.g., correlation) between the functional time series
f distant nodes. In order to have an in-depth study of how these ‘in-
eracting nodes’ influence each other, additional statistical models are
pplied to explore effective connectivity . This approach is defined as the
nfluence nodes exert on one another under a particular network model
f causal dynamics. In contrast to functional connectivity, effective con-
ectivity describes directed effects within a network, which allows a
ore specific characterization of the targeted functional anatomy, at

he cost of a more limited network view requiring a priori assump-
ions. Analyses of effective connectivity include Granger causality mod-
lling, ( Granger, 1969 ) structural equation modelling, ( McIntosh and
onzalez-Lima, 1994 ) and dynamic causal modelling ( Friston et al.,
003 ). 

Such modelling of fMRI data from PD patients with STN-DBS has
hown reductions in effective connectivity of afferents of the STN (hy-
erdirect and indirect pathways), as well as upregulation of the direct
athway and thalamo-cortical coupling. ( Kahan et al., 2014 ) During
otor tasks, there are additional modulatory effects on functional in-

egration between the cortico-basal ganglia loop and cortico-cerebellar
oop. ( Kahan et al., 2019 ) When a broader network of motor regions
re modelled, more widespread changes in cortico-cerebellar coupling
ave been noted. ( Hanssen et al., 2019 ) Data from patients with ET
nd Vim-DBS have revealed changes in intrinsic cerebellar connectivity
hat correlated with clinical improvement. ( Gibson et al., 2016 ) Simi-
ar work in patients with OCD and VC/VS DBS have shown changes in
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he limbic cortico-basal ganglia and Papez circuits. ( Gibson et al., 2017 ,
ridgeirsson et al., 2020 ) Systematic modeling of data from a variety
f patient populations targeting different elements of the cortico-basal
anglia network will teach us more about how DBS alters pathological
etwork interactions. 

.3.3. Neurophysiological correlates to structural and functional 

onnectivity 

A parallel and complimentary stream of research to advanced MRI
echniques has focused on unravelling the temporal dynamics of neu-
al populations in disease states; ( Oswal et al., 2013 ) the premise be-
ng that abnormally synchronized population activity may be patho-
ogical and that specifically targeting involved areas with intelligent
timulation approaches offers the possibility to ameliorate disease symp-
oms. ( Little et al., 2013 , Tinkhauser et al., 2017 ) Ultimately, consider-
tion for both the structural (space) and functional (time) characteris-
ics of pathophysiological networks offers the greatest promise to bring
bout improvements for future DBS technologies. ( Cagnan et al., 2019 ,
tarr and Little, 2021 ) 

Recordings from the STN in PD demonstrate that a major mecha-
ism of STN-DBS is likely to be the suppression of pathologically ex-
ggerated beta rhythms that occur in discrete quanta known as bursts.
 Tinkhauser et al., 2017 , Eusebio et al., 2011 ) Similar suppressive ac-
ions of DBS on neural activity have been reported within the globus
allidus pars interna (GPi) in dystonia. ( Barow et al., 2014 ) Importantly
owever, nuclei that are targets for DBS form part of broader cogni-
ive and motor networks whose functions maybe interrogated by per-
orming simultaneous cortical recordings – for example using magne-
oencephalography, electroencephalography, or electrocorticography –
hilst recording from the DBS target nucleus. Using these approaches,

t has been shown that specific cortical regions are functionally coupled
cross segregated frequency bands to subcortical sites in disease states.
 Gratwicke et al., 2020 , Hirschmann et al., 2011 , Litvak et al., 2011 )
oreover, DBS can exert modulatory effects not only within the target

ucleus, but also on these large scale networks, highlighting that net-
ork dysfunction may play a role in disease pathogenesis. ( Oswal et al.,
016 , Chen et al., 2020 , Miocinovic et al., 2018 , Wang et al., 2018 ) 

Important directions for future research will include refining the un-
erstanding of how short duration bursting activity propagates through
ortico-subcortical circuits. Techniques for predicting and specifically
argeting pathological bursting events may pave the way for the next
eneration of intelligent DBS technologies. In this regard, it will also
e important to marry neurophysiological data with information from
tructural and functional imaging techniques. Although these modal-
ties maybe distinct, recent studies have revealed interesting over-
aps between structural and functional connectivity in DBS studies.
 Oswal et al., 2020 , Oswal et al., 2020 ) In PD, for example, it has been
roposed that the hyperdirect pathway between cortex and the STN,
hich can be identified by dMRI techniques, has a detectable spec-

ral signature at high beta frequencies. Furthermore, activity within
his pathway may be responsible for promoting abnormal synchrony,
hereby implicating its importance in effective therapy. ( Kahan et al.,
014 , Oswal et al., 2016 , Oswal et al., 2020 ) 

.4. Potential future applications 

The previous sections have detailed ongoing efforts to leverage con-
ectomics in stereotactic and functional neurosurgery applications. Such
fforts help to improve our understanding of the pathophysiology at
and and the network changes specific to a particular disease process.
n turn, such knowledge will allow for the use of objective imaging data
hat will aid clinicians in diagnosis. This information has the potential to
nveil different subtypes or phenotypes of a disease, which may better
nform the selection of an appropriate treatment or intervention. Par-
icularly for a field in which relies heavily on clinical diagnoses, the
13 
rospect of objective imaging biomarkers is exciting – as it would sig-
ificantly improve the consistency of clinical outcomes and facilitate
iscussions with patients regarding expectations for specific treatments.

From a treatment standpoint, it is likely that connectivity-based sur-
ical targeting will continue to grow. In addition to using structural
onnectivity for targets other than the Vim, incorporation of functional
onnectivity may provide a more complete understanding of patient
onnectomes, which would allow surgeons to tailor surgical plans to ac-
ommodate for nuanced variations in both structure and function. Sim-
larly, connectomics has potential applications outside of the operating
oom with the facilitation DBS programming. With DBS systems now
apable of steering electrical stimulation towards or away from specific
tructures, clinicians could potentially apply programs that preferen-
ially target elements of specific connectomes to modify clinical effects.

. Limitations of connectivity analyses 

“Seeing is not believing – it is only seeing. ” ( MacDonald, 1986 ) 
-George MacDonald 

Structural and functional connectivity studies are heavily reliant on
tatistical models, and the quality of raw data. The base MRI sequence
cquisition (mainly gradient echo/echo planar imaging) has inherent
imitations due to increased sensitivity to magnetic field inhomogene-
ty, susceptibility effects (off resonance field), and motion artifacts. It
equires high-performance gradients to achieve desired b -values. The
nalysis strategy further impacts the results; it is vital that these mod-
ls are validated against a ground truth model (e.g., with anatomical
tudies or against clinical outcomes) prior to clinical use. 

Translation of brain connectome approaches to clinical practice is
imited by the availability of expertise needed for data analysis and
esult interpretation for complicated approaches, as well as by a lack
f standardization across institutions. Such discrepancies arise in regis-
ration methods, in which multiple registration steps using multimodal
ata can result in accumulated spatial error, as well as with variations
n region-of-interest definition and selection. ( Akram et al., 2019 ) Ef-
orts have been devoted to the development of data analysis software
ackages ( Zaca et al., 2018 , Norton et al., 2017 , Bottger et al., 2011 ,
uang et al., 2016 ) and algorithms for automatic identification of RSNs
 Lu et al., 2017 , Zaca et al., 2018 , Huang et al., 2016 ) and white matter
racts ( O’Donnell et al., 2017 , Tunc et al., 2016 , Mancini et al., 2019 ).
evelopment of streamlined and standardized clinical tools will ulti-
ately help advance the acceptance and deployment of brain connec-

ome approaches in clinical practice. 
Beyond standardization of acquisition and post-processing protocols

xist inherent limitations associated with test-retest reliability, which is
 greater concern for functional than structural connectivity. ( Lin et al.,
015 ) Further heterogeneity of data arises when data is collected at
ifferent imaging centers – as scanner type, coil type, system calibra-
ion, acquisition parameters, software version, and patient positioning
an all introduce variability into dMRI and fMRI. ( Mirzaalian et al.,
016 , Tax et al., 2019 , Yamashita et al., 2019 ) Such differences may
e responsible for upwards of 10% of variance between acquisitions.
 Nielson et al., 2018 ) While investigations into correction methods that
armonize data collected at different centers are currently underway,
hallenges remain. ( Tax et al., 2019 , Yamashita et al., 2019 ) Although
ignificant, the direct effect of scanning at different centers may be of a
otably smaller magnitude than the variability seen in repeated scans of
ndividual subjects. ( Noble et al., 2017 ) It is the subtlety of these effects
hat makes it difficult to identify and address. Differences in patient pop-
lations at different institutions can further confound accurate quantifi-
ation of scanner-related factors. ( Yamashita et al., 2019 , Nielson et al.,
018 ) Lastly, even when identified, correction of software-related issues
s limited by the inability to investigate the specifics of a manufacturer’s
roprietary software. ( Nielson et al., 2018 ) Ultimately, maximizing stan-
ardization of acquisition parameters and protocols while continuing to
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eport site-specific differences will help us better understand and inter-
ret the data acquired in multicenter studies. 

.1. Structural connectivity 

dMRI data suffer from low SNR (especially in areas of entanglement
r increased pulsatility) and are susceptible to geometrical distortion
nd susceptibility artifacts. ( Mueller et al., 2015 ) Several image acquisi-
ion and processing strategies have been developed to reduce the effects
f these artifacts. 

Although commercial platforms currently allow clinicians to re-
onstruct white matter pathways, it is imperative for clinicians to
nderstand the limitations of their current methods. ( Duffau, 2014 ,
uffau, 2014 ) Notably, different software packages with different recon-

truction algorithms, each with potential for different parameter selec-
ion, directly affect tract estimations. ( Ashmore et al., 2020 , Feigl et al.,
014 , Pujol et al., 2015 ) It is therefore particularly concerning that al-
hough tractography is frequently used for clinical purposes, many clin-
cians do not fully understand the methods or parameters used to derive
uch reconstructions. ( Toescu et al., 2020 ) 

The reliability of tract reconstructions has been based on an esti-
ation of the known anatomical course – as there is no in-vivo gold-

tandard for comparison. Voxel-wise modelling of diffusion that uses
he diffusion tensor imaging (DTI) model is computationally inexpensive
ut it fails to resolve crossing, kissing and fanning fiber configurations.
 Shi and Toga, 2017 ) DTI also fails at higher b-values. While, higher
rder models handle this better, they are computationally expensive
nd require longer, more sophisticated image acquisitions. Determin-
stic (streamline) tractography does not consider the uncertainty within
ach voxel, partial volume effects and MR noise. ( Lazar and Alexan-
er, 2003 ) It is very useful in mapping out large, non-crossing white
atter bundles but it fails when fractional anisotropy drops. It can also
ropagate error leading to issues with reproducibility. Probabilistic trac-
ography generates a probability distribution function in each voxel and
hen runs multiple iterations of streamlines (in the thousands) to formu-
ate probabilistic tracts; they can, however, produce false positive tracts
 Zalesky et al., 2016 ) and are computationally more expensive. 

Tractography cannot discern afferent from efferent fibers, showing
nly direct connections between brain areas, and is unable to resolve
ynapses. ( Jbabdi and Johansen-Berg, 2011 ) As no standardized rec-
mmendations exist, arbitrary thresholding is inherent to tractography
nd may eliminate true tracts or allow the creation of false positives.
 Nimsky et al., 2016 ) In future, machine learning approaches may avoid
his step; ( Zalesky et al., 2016 ) regardless, the most fundamental prob-
em with tractography is lack of ground truth to compare and validate
he tracts generated. ( Nimsky et al., 2016 ) 

Whilst efforts to standardize tractography through the implemen-
ation of automatically derived regions-of-interest have been shown to
e comparable to expert human reconstructions, ( Mancini et al., 2019 ,
eller et al., 2017 ) caution is still required when utilizing such tract
econstructions intra-operatively or for preoperative planning as they
o not provide information regarding the function of the reconstructed
racts ( Duffau, 2014 , Duffau, 2014 ) or the implication of removing brain
egions and connections from the wider network. As such, clinicians
hould be aware of these pitfalls and must continue to interpret tract
stimations with caution in clinical practice. 

.2. Functional connectivity 

While fMRI occupies an important role in connectivity studies, it
s crucial to recognize its limitations. Both BOLD and ASL fMRI have
ow temporal resolution. Factors such as head motion, ( Van Dijk et al.,
012 , Power et al., 2012 ) the cardiac and respiratory cycles ( Birn et al.,
008 ) and neural events themselves may induce motion and physio-
ogical artifacts leading to inaccuracies. ( Buckner et al., 2013 ) Errors
14 
ay result from variability in both experimental design and in the ac-
uisition protocols, image registration protocols, structural changes in
he brain, non-standardized statistical analysis methods and resultant
alse positives and negatives, and errors in the interpretation of results.
 Soares et al., 2016 ) 

The handling of global signal (GS), the time series of signal inten-
ity averaged across all brain voxels, remains a controversial topic. Var-
ous methods have been developed for correction of GS changes, the
ost frequently used being global signal regression (GSR). The oppos-

ng views on whether to use GSR in processing rs-fMRI result from the
act that GS encompasses the influence of non-neuronal confounds (and
herefore GSR eliminates motion, cardiac and respiratory confounds),
ut also includes fluctuations in neuronal activity, as demonstrated by
he fact that GS amplitude is influenced by changes in vigilance and sig-
ificantly reduced by consumption of caffeine. ( Wong et al., 2013 ) Such
uctuations are also likely dependent on the dataset and brain region
eing analyzed. ( Fox et al., 2009 ) Therefore, GSR may introduce artefac-
ual anti-correlations in the analysis. Additional reason for controversy
rises as some studies suggest use of GSR reduces test-retest reliability
n older subjects ( Guo et al., 2012 ) while others demonstrate increase of
onsistency of within-subject functional connections ( Song et al., 2012 ).
urthermore, test-retest reliability of graph theory-derived metrics has
een shown to increase, decrease, or remain unchanged with the use of
SR. ( Andellini et al., 2015 , Braun et al., 2012 , Liang et al., 2012 ) Al-

ernatives to GSR in global signal correction exist, each with their own
imitations. ( He and Liu, 2012 , Carbonell et al., 2011 , Marx et al., 2013 ,
aad et al., 2013 , Liu et al., 2017 ) Ultimately, it is challenging to infer
hich results may be artefactual as a gold standard does not exist. 

These limitations can present a real obstacle to clinical translation.
he development of quality control strategies, standardization of data
cquisition protocols and data analysis pipelines and high-performance
omputing with GPU processing will likely help bring these methods
loser to clinical practice. 

. Future directions 

.1. Machine learning 

Both dMRI and fMRI have allowed the non-invasive in-vivo explo-
ation of the brain connectome. However, conventional data analysis
ften relies heavily on a priori hypothesis definition and rigid pro-
essing rules. Developments in machine learning show theoretical po-
ential to solve some challenges in tractography. ( Poulin et al., 2019 )
or example, by learning the mapping between dMRI signals and local
ber orientations, they provide an opportunity for local fiber orienta-
ion model-free approaches, as the choice of model in tractography may
tself be a source of error. ( Cote et al., 2013 ) Machine learning could
mprove accuracy of streamline reconstruction as traditional tractog-
aphy algorithms tend to miss the full spatial extent of white matter
undles, resulting in both false positives and false negatives. Machine
earning could make arbitrary thresholding obsolete as a technique to
ontrol for false positive tracts, which is a known tractography source
f error. ( Zalesky et al., 2016 ) Both supervised and unsupervised al-
orithms have been employed to drive streamline progression, treating
he problem as a regression ( Poulin et al., 2017 ) or classification task
 Neher et al., 2015 ), and in bundle-specific ( Wasserthal et al., 2018 )
r global ( Poulin et al., 2017 ) reconstruction approaches. Recurrent,
 Poulin et al., 2017 , Benou et al., 2019 ) convolutional, ( S et al., 2017 )
nd multi-layer perceptron ( Wegmayr et al., 2018 ) architectures have
een attempted in tackling the challenges of fiber tracking. 

Other potential contributions of machine learning to functional neu-
osurgery include early diagnosis ( Huo et al., 2020 ) and prediction of
linical outcomes of neurological disease ( Gellerup, 2016 , Galvis et al.,
016 ) and unsupervised subnetwork extraction, potentially shedding
ight on the mechanisms of such pathology. Finally, machine learning
an have a role in patient selection for surgery, aiding the prediction of
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atients likely to suffer complications through logistic regression anal-
sis of risk factors, ( Farrokhi et al., 2020 ) or cognitive decline through
andom forest modelling of EEG data. ( Koch et al., 2019 ) Surgical tar-
eting could be aided by machine learning anatomical border demar-
ation. To this effect, a group has developed a support vector machine
o perform real-time automatic detection of the ventral STN border in
BS surgery. ( Valsky et al., 2017 ) K-nearest neighbor classifiers could
e used to optimize DBS programming, ( Gómez-Orozco et al., 2019 ) a
abor-intensive process which currently entails clinicians exploring and
esting vast numbers of parameter combinations. 

.2. Ultra-high field MRI 

Ultra-high field 7T MRI provides enhanced SNR and high-resolution
mages with an improved contrast of brain structures that are otherwise
nobservable in vivo . ( Forstmann et al., 2014 , Abosch et al., 2010 ) Com-
ining several cutting-edge, multi-modal, 7T MRI techniques including
1-weighted, T2-weighted, susceptibility weighted imaging, and multi-
irectional dMRI, a true comprehensive patient-specific 3D anatomical
odel of the target region and the associated connectivity networks can

e created. ( Lenglet et al., 2012 , Plantinga et al., 2018 , Duchin et al.,
018 ) Studies using 7T data have demonstrated marked inter-subject
ariability in the size, shape, and orientation of the main targets in the
urgical treatment of PD: the STN and the GPi. ( Plantinga et al., 2018 ,
uchin et al., 2018 , Keuken et al., 2014 , Patriat et al., 2018 ) Despite
oncerns for increased geometric distortion at higher field strengths,
roper attention to distortion correction allows for reliable anatomical
nd structural imaging. ( Patriat et al., 2018 ) 

Acquisition of fMRI at 7T has been shown to provide increased SNR
f BOLD signal, but are more vulnerable to susceptibility-related field
nhomogeneities and physiologic noise. ( Sladky et al., 2013 ) As such,
ngoing investigations continue to explore ways in which parameters,
ncluding spatial and temporal resolution, can be adjusted to optimizing
ltra high-dield fMRI. ( Yoo et al., 2018 ) 

Pushing forward this technology, it is now feasible to perform a
atient-specific dissection of the target structure into its subdivisions
e.g., parcellation to its functional domains). ( Behrens et al., 2003 )
hese new imaging capabilities allow for a direct targeting surgical ap-
roach with accurate delivery of the device or implant into the intended
ub-region of the anatomical structure. Furthermore, for DBS, by com-
ining the postoperative CT images with MRI, the final electrode lo-
ation with its individual contacts and orientations, can be accurately
etermined. ( Shamir et al., 2019 , Aman et al., 2020 ) Lead location, in
espect to the anatomical borders of the intended target structure and
ts functional domains, is a crucial information for an efficient program-
ing of the patient for optimal benefits. ( Schrock et al., 2021 ) 

Another advantage that the 7T data provides is the ability to train
eep-learning based algorithms for precise segmentations of basal gan-
lia structures. Robust, accurate, and automated techniques are needed
or reliability and reduction of human bias as well as increased segmen-
ation throughput. ( Kim et al., 2019 , Solomon et al., 2021 ) 

. Conclusions 

Structural and functional connectivity have provided significant in-
ight into the brain function and the pathophysiology of numerous neu-
ological diseases. In clinical practice, these tools can help elucidate the
ocation of important brain regions that otherwise would not be visible
n anatomical MRI alone. As such, the surgical or treatment planning
urrently remains the primary use of structural and functional imag-
ng. In addition to the expansion of planning capabilities, potential clin-
cal applications include the use of connectomics in facilitating diag-
osis and improving prognostic accuracy. Advances in automation and
tandardization of processing methods, including machine learning ap-
roaches, can increase the reproducibility and reliability of these tools
which is necessary for broadening clinical use. 
15 
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