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Segmentation of the Globus Pallidus Internus Using
Probabilistic Diffusion Tractography for Deep Brain
Stimulation Targeting in Parkinson Disease

E.H. Middlebrooks, ““1.S. Tuna, ““'S.S. Grewal, ““'L. Almeida, ““’M.G. Heckman, M.S. Okun, and

V.M. Holanda

E.R. Lesser, ““K.D. Foote,

ABSTRACT

BACKGROUND AND PURPOSE: Although globus pallidus internus deep brain stimulation is a widely accepted treatment for Parkinson
disease, there is persistent variability in outcomes that is not yet fully understood. In this pilot study, we aimed to investigate the potential
role of globus pallidus internus segmentation using probabilistic tractography as a supplement to traditional targeting methods.

MATERIALS AND METHODS: Eleven patients undergoing globus pallidus internus deep brain stimulation were included in this retrospec-
tive analysis. Using multidirection diffusion-weighted MR imaging, we performed probabilistic tractography at all individual globus pallidus
internus voxels. Each globus pallidus internus voxel was then assigned to the 1ROI with the greatest number of propagated paths. On the
basis of deep brain stimulation programming settings, the volume of tissue activated was generated for each patient using a finite element
method solution. For each patient, the volume of tissue activated within each of the 10 segmented globus pallidus internus regions was
calculated and examined for association with a change in the Unified Parkinson Disease Rating Scale, Part Il score before and after
treatment.

RESULTS: Increasing volume of tissue activated was most strongly correlated with a change in the Unified Parkinson Disease Rating Scale,
Part Il score for the primary motor region (Spearman r = 0.74, P = .010), followed by the supplementary motor area/premotor cortex
(Spearman r = 0.47, P = 15).

CONCLUSIONS: In this pilot study, we assessed a novel method of segmentation of the globus pallidus internus based on probabilistic
tractography as a supplement to traditional targeting methods. Our results suggest that our method may be an independent predictor of
deep brain stimulation outcome, and evaluation of a larger cohort or prospective study is warranted to validate these findings.

ABBREVIATIONS: DBS = deep brain stimulation; FGATIR = fast gray matter acquisition Tlinversion recovery; GPe = globus pallidus externus; GPi = globus pallidus
internus; M1 = primary motor cortex; MNI = Montreal Neurological Institute; PD = Parkinson disease; SMA/PMC = supplementary motor area/premotor cortex; SN =
substantia nigra; STN = subthalamic nucleus; UPDRS Ill = Unified Parkinson Disease Rating Scale, Part IIl; VTA = volume of tissue activated

lobus pallidus internus (GPi) deep brain stimulation (DBS)  these outcomes, 1 potential explanation lies in the limitations of

is an established treatment for Parkinson disease (PD).' Suc-  preoperative functional targeting,

cessful motor symptom reduction has been validated in random-
ized clinical trials with DBS of the GPi.>” Similar to other condi-
tions and other targets, variability in outcomes remains, and the
underpinning of such variability remains incompletely under-
stood. While there are numerous potential mechanistic bases for
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Traditional methods of indirect targeting, whereby DBS-lead
targets are defined by a rigid coordinate-based stereotaxy using
readily identifiable macrostructures (eg, coordinate-based local-
ization relative to a line through the anterior/posterior commis-
sure line), have become outdated as stand-alone targeting meth-
ods. The use of more sophisticated direct targeting has become a
standard for GPi-DBS lead implantation, using MR imaging se-
quences such as fast gray matter acquisition T1 inversion recovery

> as well

(FGATIR)* and diffusion tensor imaging tractography,
as software advancements in targeting (eg, high-quality deform-
able brain atlases).* Intraoperatively, the functional targeting is
often supplemented by careful microelectrode recording and
macrostimulation, fine-tuning the final position of the DBS elec-
trode before the lead is secured in place. Nevertheless, preopera-

tive targeting and subsequent DBS programming based on image-
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guided functional information are not routinely performed at
many institutions worldwide and are being recognized by multi-
ple groups as a potential strategy for surgical planning.”*

With continued advances in diffusion-weighted MR imaging
during the preceding decade, it has become possible to routinely
obtain high-quality multidirection diffusion imaging in the clin-
ical setting. Diffusion-based probabilistic tractography has previ-
ously been used in the segmentation of various deep nuclei based
on structural-connectivity profiles, particularly within the thala-
mus.””'? A previous study examining such MR imaging probabi-
listic tractography to segment the globus pallidus internus in
healthy controls found mixed results with multiple datasets and
failed to demonstrate some known corticopallidal connections."”

In the current pilot study, we examined the role of segmenta-
tion of the globus pallidus internus based on probabilistic trac-
tography in the setting of deep brain stimulation. To our knowl-
edge, there are no prior studies evaluating globus pallidus
segmentation on the basis of probabilistic tractography in pa-
tients with GPi-DBS. On the basis of our experience with DBS
localization in the GPi, we believe that the optimal GPi target for
control of movement symptoms lies within the posterior ventral
GPi. Anatomic and physiologic studies in primates and humans
have also shown that the sensorimotor territory of the GPi is ven-
tral and posterior.'*'> Thus, we hypothesized that clinical im-
provement will correlate with the volume of tissue activated
(VTA) overlapping the GPi regions most connected to the pri-
mary and supplementary motor areas.

MATERIALS AND METHODS

The use of the study data was approved by the University of Flor-
ida institutional review board. The study design was a retrospec-
tive analysis of consecutive patients with the diagnosis of PD
undergoing GPi-DBS who had undergone multidirection diffu-
sion-weighted MR imaging as part of their preoperative targeting
MR imaging. Seventeen such patients were identified. Six patients
were excluded from further analysis (1 patient had bilateral DBS
leads placed with no Unified Parkinson Disease Rating Scale, Part III
[UPDRS III] score recorded between lead placements, 1 patient did
not have the needed raw diffusion data archived, 2 patients had in-
adequate postoperative imaging for lead localization, and 2 patients
had excessive head motion). Eleven patients underwent further anal-
ysis. Three of the 11 patients underwent bilateral lead placement at 2
separate time points. For these 3 patients, only the information ob-
tained from the first lead placement was used in this study to satisfy
the statistical assumption of independent measurements.

Chart Review

A retrospective chart review was conducted for the collection of
relevant clinical and demographic data. Demographic and disease
information collected included age at DBS, sex, disease duration,
and handedness. Each patient’s most effective stimulation settings
were also recorded. Settings were initially determined to maxi-
mize symptom control and minimize stimulation-induced ad-
verse effects. The most common adverse effects were pulling of
the contralateral arm and/or leg due to stimulation of the poste-
rior limb of the internal capsule when the deeper contacts were
used in some patients. The UPDRS III score was measured at the
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preoperative visit and the 6-month follow-up; change in the
UPDRS 111 score (preoperative minus 6-month follow-up) was
calculated and was the primary outcome measure of the study.
Tremor-suppressing medications were held stable at the preoper-
ative optimized dose for the duration of the study.

Image Acquisition

All patients underwent preoperative MR imaging for DBS plan-
ning. As part of the imaging protocol, patients underwent a T1-
weighted MPRAGE and multidirection diffusion-weighted imag-
ing. All scans were obtained on a 3T Verio scanner (Siemens,
Erlangen, Germany) using a 12-channel head coil.

The multidirection diffusion-weighted imaging was acquired
at an isotropic resolution of 1.6 X 1.6 X 1.6 mm with no gap for a
total of 70 slices. A total of 64 diffusion directions were acquired at
a b-value of 1000 s/mm”. Total imaging time was 12 minutes 14
seconds (TR = 10,800 ms, TE = 100 ms, phase partial Fourier =
5/8, generalized autocalibrating partially parallel acquisition = 2,
bandwidth = 1098 Hz/Px, and EPI factor = 130).

The MPRAGE imaging was acquired in the axial plane after
the administration of gadolinium-based intravenous contrast
(0.1 mm/kg). Imaging parameters included an in-plane resolu-
tion of 0.6 X 0.6 mm with a slice thickness of 1.0 mm, TR = 1720
ms, TE = 3.29 ms, TI = 865 ms, flip angle = 9°, and bandwidth =
170 Hz/Px. Image acceleration included a 7/8 phase partial Fou-
rier imaging and generalized autocalibrating partially parallel ac-
quisition = 2.

Additionally, a volumetric FGATIR sequence was obtained, as
previously reported,” for targeting purposes.

All postoperative CT scans were obtained on an Aquilion scan-
ner (Toshiba Medical Systems, Tokyo, Japan) using a 0.5 X 0.5
mm in-plane resolution with a slice thickness of 1 mm.

Surgical Procedure

GPi-DBS was planned contralateral to the patient’s most symp-
tomatic upper extremity. All surgical procedures were performed
by the same surgeon (K.D.F.). For targeting, brain MR imaging
was acquired before the initial procedure. On the day of the op-
eration, a Cosman-Roberts-Wells head ring was placed, and ste-
reotactic high-resolution CT was performed. In-house software
was used to fuse the CT and MR imaging data. The postcontrast
T1-weighted MPRAGE and FGATIR MRI sequences were paired
with a deformable brain atlas in order to identify the corpus stria-
tum, the globus pallidus, and the optic tract anatomy. Single mi-
croelectrode recording was sequentially performed to establish
the border between the globus pallidus externus (GPe) and the
GPi by the sound of the border cells. The inferior GPi border was
established by the sound of the optic tract. Macrostimulation was
performed to assure the best lead position.

ROI

In contrast to the prior study in healthy controls, we limited our
connectivity targets to known predominant connections of the
globus pallidus internus.'”> ROIs for probabilistic tractography
were defined in Montreal Neurological Institute (MNI) template
space and created using the FSLView “atlas” function (https://fsl.
fmrib.ox.ac.uk/fsl/fslwiki/FslView). Masks were created for the
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caudate, GPe, GPi, putamen, and subthalamic nucleus (STN)
from the MNI Basal Ganglia Human Area Template.'® The sub-
stantia nigra (SN) mask was generated using atlasing of the basal
ganglia.'” Cortical ROIs were concatenated for the primary motor
cortex (M1) and supplementary motor area and premotor cortex
(SMA/PMC) from the MNI Human Motor Area Template.'®
Masks for the prefrontal cortex and thalamus were generated
from the Harvard-Oxford Cortical and Subcortical Atlases, re-
spectively.'”* Last, the pedunculopontine nucleus was manually
drawn in MNI space to approximate the location of this poorly
visualized structure within the midbrain-pontine tegmentum in-
ferior, posterior, and lateral to the red nucleus.

Imaging Preprocessing

Diffusion data underwent standard preprocessing consisting
of re-alignment and eddy current correction using the FMRIB
Software Library (FSL; http://www.fmrib.ox.ac.uk/fsl). The diffu-
sion-weighted data were normalized to the MNI_ICBM_2009b_
NLIN_ASYM atlas space (http://neuro.debian.net/pkgs/mni-
icbm152-nlin-2009¢.html).

Preoperative MPRAGE and postoperative CT were coregis-
tered by a 2-stage linear registration consisting of a rigid and sub-
sequent affine registration used in the Advanced Normalization
Tools software package (http://stnava.github.io/ANTs/)."” Next,
these volumes were also normalized to the MNI_ICBM_2009b_
NLIN_ASYM atlas space with the SyN registration approach in

the Advanced Normalization Tools.*>**

Diffusion Data Processing

Voxelwise diffusion parameters were estimated from the prepro-
cessed diffusion data using a Markov Chain Monte Carlo sam-
pling in the FSL BEDPOSTX (https:/fsl.fmrib.ox.ac.uk/fsl/
fslwiki/FDT) function. Next, probabilistic tractography was per-
formed with PROBTRACKX2 (https://fsl.fmrib.ox.ac.uk/fsl/
fslwiki/FDT) in FSL to calculate a probability of connection of
each voxel within the left and right GPi masks to each of the 10
previously defined target masks. Five thousand total fiber tracks
were generated with a curvature threshold = 0.2, step length = 0.5
mm, and maximum steps = 2000. Last, all GPi voxels were clas-
sified by the 1 target mask with the greatest number of propagated
paths by the FSL “find_the_biggest” function.

Volume of Tissue Activated Modeling

The DBS electrodes were localized on the normalized postopera-
tive CT using the Lead-DBS software package (http://www.lead-
dbs.org).”®
to ensure the accuracy of the contact locations. Once contact loca-

Manual corrections, when necessary, were performed

tions were determined, the VTA was simulated using the patient’s
most effective programming settings, as implemented in Horn et al.®
Briefly, a finite-element method solution was derived using a tissue-
specific conductivity model. The volume of overlap between each
patient’s simulated VTA and each of the 10 segments within the pa-
tient-specific GPi segmentation was calculated.

Statistical Analysis
Continuous variables were summarized with the sample median
and range. Categoric variables were summarized with the number

and percentage of patients. The degree of association between the
VTA in each of the 10 different brain regions and the change in the
UPDRS III score from preoperative to 6-month follow-up visits
were evaluated by estimating the Spearman correlation coefficient
r. Although Spearman tests of correlation were also performed,
due to the pilot nature of the study and the corresponding small
sample size, results of these tests are primarily given for complete-
ness, and emphasis should be placed on the Spearman correlation
coefficient r values when interpreting results. For brain regions in
which <3 patients had a value greater than zero regarding the
VTA, the Spearman correlation was not assessed because these
regions were essentially noninformative due to lack of variability
in measures. Associations of age and disease duration with change
in the UPDRS IIT score were examined in a similar manner. P
values =.05 were considered statistically significant. All statistical
tests were 2-sided. Statistical analyses were performed using
SAS (Version 9.4; SAS Institute, Cary, North Carolina) and R
Statistical and computing software (Version 3.2.3; http://www.
r-project.org).

RESULTS

A summary of patient characteristics, DBS characteristics, and
outcomes is shown in the Table. The median age at DBS was 62
years (range, 49—73 years), almost all patients were male (n = 10
[91%]), and the median disease duration was 9 years (range, 6—16
years). The median UPDRS III score was 42 (range, 27-55) before
the operation and 21 (range, 13—40) at 6-month follow-up, cor-
responding to a median decrease of 15 (range, 12-point increase
to a 31-point decrease).

Group averages for each of the 10 segmented regions are
shown in Fig 1. Of the 10 GPi segments assessed, only 4 (GPe, M1,
SMA/PMC, SN) had at least some VTA in >2 patients (Table and
On-line Figure) and were therefore evaluated further for associa-
tion with change in the UPDRS III score. For these 4 GPi seg-
ments, the VTA was most strongly correlated with change in the
UPDRS III score for the segment most connected to the M1 re-
gion (Spearman r = 0.74, P = .010, Fig 2), followed by the SMA/
PMC (Spearman r = 0.47, P = .15, Fig 2), GPe (Spearman r =
0.16, P = .64, Fig 2), and SN (Spearman r = 0.15, P = .67, Fig 2)
regions. Of note, we did not observe a strong correlation with
change in the UPDRS III score for either age at DBS (Spearman r,
—0.23, P = .49) or disease duration (Spearman r = —0.08, P =
.81), indicating that these 2 variables would have had minimal
confounding influence on the correlations between the VTA and
change in the UPDRS III score.

DISCUSSION

The GPi is considered the primary output structure of the basal
ganglia and is known to have an increase in its neuronal activity
before the onset of PD motor symptoms.”® GPi-DBS has been
successfully used to abolish dyskinesias in patients with treat-
ment-resistant hyperkinetic movements, tremor, and dystonia in
PD.">*” In this pilot study, we assessed a novel method of seg-
mentation of the GPi based on probabilistic tractography. We
found that a greater VTA in the somatosensory region of the GPi
within our defined M1 segment and, to a lesser degree, the SMA/
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Patient and deep brain stimulation characteristics and outcomes®

Summary
Variable (N=T)
Patient characteristics
Age at DBS (mean) (range) (yr) 62 (49-73)
Male sex (No.) (%) 10 (90.9%)
Disease duration (mean) (range) (yr) 9 (6-16)
Handedness (right) (No.) (%) 10 (90.9%)
Deep brain stimulation information
Volume of tissue activated (mm?)
Caudate
No. (%) of patients with values of >0 0(0.0%)
Median (minimum, maximum) 0.0(0.0,0.0)
GPe
No. (%) of patients with values of >0 11(100.0%)

Median (minimum, maximum)
M1

19.3(0.8,78.4)

No. (%) of patients with values of >0 8(72.7%)
Median (minimum, maximum) 3.6(0.0,42.9)
PPN
No. (%) of patients with values of >0 1(9.1%)
Median (minimum, maximum) 0.0(0.0,7.9)
PFC
No. (%) of patients with values of >0 2(18.2%)
Median (minimum, maximum) 0.0(0.0, 5.5)
Putamen
No. (%) of patients with values of >0 2(18.2%)
Median (minimum, maximum) 0.0(0.0, 38.8)
SMA/PMC
No. (%) of patients with values of >0 6 (54.6%)
Median (minimum, maximum) 4.8(0.0,46.5)
STN
No. (%) of patients with values of >0 0(0.0%)
Median (minimum, maximum) 0.0(0.0,0.0)
SN
No. (%) of patients with values of >0 8(72.7%)
Median (minimum, maximum) 5.8(0.0, 36.3)
Thalamus
No. (%) of patients with values of >0 1(9.1%)
Median (minimum, maximum) 0.0(0.0, 0.5)
Outcomes
Preoperative UPDRS Ill score (range) 42 (27-55)
6-Month follow-up UPDRS lll score (range) 21(13-40)
Change in UPDRS Ill score (preoperative 15 (—12-31)

minus 6-month follow-up) (range)

Note:—PFC indicates prefrontal cortex; PPN, pedunculopontine nucleus.
2 The sample median (minimum, maximum) is given for continuous variables.

PMC segment, corresponded with greater improvement in the
UPDRS III score.

The globus pallidus, with the putamen, forms the lentiform
nucleus and primarily exhibits inhibitory control on move-
ment.”® The GPi has extensive connections to deep brain struc-
tures. A predominant output of the GPi consists of pallidotha-
lamic connections comprising the ansa lenticularis and lenticular
fasciculus (components of the thalamic fasciculus). The ansa len-
ticularis and lenticular fasciculus exit the GPi along the inferome-
dial and medial borders, respectively. These projections largely
consist of efferent fibers to the thalamic ventralis oralis nucleus,
mediodorsal nucleus, and centromedian parafascicular com-
plex.**! Additional fibers within the ansa lenticularis connect
the GPi to the STN before formation of the thalamic fasciculus,
which terminates in the thalamus.”” These STN-GPi connections
may drive increased excitation within the GPi in PD, secondary to
diminished inhibition of the STN from the GPe.>*’ Nearly 15%
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of GPi fibers connect to the SN, arising from the medial inferior
border of the GPi.>* Connections have also been illustrated be-
tween the GPi and pedunculopontine nucleus, exiting from the
medial portion of the GPi.”*** Along the border between the GPi
and GPe, inhibitory fibers exit the medial GPe and connect via the
lateral border of the GPi.>*** Last, the posterolateral border of the
GPi has been shown to connect to the adjacent putamen and may
produce a decrease in GPi inhibition in PD secondary to de-
creased putaminal excitation.'”***¢

While many of these deep connections of the GPi have been
well-described, there has historically been little attention to direct
cortical connections from the GPi. Tracer studies in rats and
monkeys, as well as human DTT studies, have demonstrated the
presence of these corticopallidal fibers, particularly in relation to
the prefrontal cortex, SMA, pre-SMA, primary motor, and pri-
mary sensory cortices.*' *> Additional information regarding the
connectivity of the GPi to the motor cortex (M1 region) has been
elucidated from studies measuring local field potentials, where 8
oscillations in the range of 13—40 Hz have been recorded from the
GPi in a movement-related manner, similar to recordings noted
in the primary motor cortex.’*™*® Because the GPi is the main
output structure of the basal ganglia, increased excitation of this
structure produces some of the hypomotor symptoms seen in PD.
However, the role of these corticopallidal connections in the
pathophysiology and treatment of movement disorders has not
been well-investigated to date. We hypothesized that the efficacy
of DBS could be secondary to suppressing the connections arising
from the M1 region.

In our study, we could elucidate direct connections between
the GPi and cortex, specifically the prefrontal cortex, SMA, PMC,

143

and M1 regions. As previously reported by Milardi et al*” using
constrained spheric deconvolution, these fiber pathways are dis-
tinct from the hyperdirect pathway passing through the internal
capsule. The results of this pilot study suggest that a larger VTA in
the segment corresponding to dominant connectivity to the M1
region in patients with PD may be correlated with a greater im-
provement in the UPDRS IIT score. Findings were similar, though
weaker, for the SMA/PMC segment, whereas no notable correla-
tion with change in the UPDRS IIT score was observed for the VTA
in the globus pallidus externus and SN segments. The idea that
structural and functional connectivity measures represent inde-
pendent outcome predictors has been previously shown in other
treatment targets.>**>' For instance, Horn et al® have shown that
connectivity measures within the STN are potentially indepen-
dent outcome predictors in DBS of PD. Most interesting, they
found a positive correlation with the clinical response within the
STN and connectivity to the SMA, while a negative correlation
with the clinical response was found with the primary motor cor-
tex.® This anticorrelation between the DBS electrode and the pri-
mary motor cortex presenting in the STN, and not in GPi, may be
explained by the development of motor adverse effects, such as
verbal fluency problems,” when stimulating the M1 region in the
smaller STN.

Remarkably, in contradistinction to the prior study by da Silva
et al,"”” we found that the posterior ventral portion of the GPi
corresponds to a corticopallidal area most connected to the pri-
mary motor cortex. The area most connected to the SMA/PMC
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FIG1. Statistical heat maps illustrating the group average location of each of the 10 GPi segments. Maps are thresholded at >10%. PPN indicates
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FIG 2. Scatterplots showing the change in the UPDRS score relative to volumes of tissue activated in the primary motor segment (upper left),
supplementary motor area/premotor cortex segment (upper right), globus pallidus externus segment (lower left), and substantia nigra segment

(bottom right).

was in proximity yet slightly more ventral in the posterior GPi (Fig
3). These findings are like those reported in prior animal tracer
and DTI studies.*'"*> The basis for the discrepancy with the prior
study is uncertain. One potential explanation is the reduction of
voxel volume by greater than a factor of 3, potentially allowing
better discrimination of these small areas of corticopallidal con-
nectivity. 13 Also, differences in the number of diffusion directions

could potentially alter angular resolution, though the number of
diffusion directions obtained in the prior study was not
published.'”

Accuracy in structural and functional targeting is vital for suc-
cessful deep brain stimulation. The GPi shows more variation in po-
sition relative to the midpoint of the line traversing the anterior/
posterior commissure line compared with other deep nuclei. This
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FIG 3. Left (A) and right (D) group average volumes for segments with maximal connectivity to the primary motor cortex (yellow) and
supplementary motor area/premotor cortex (light blue). B, Left DBS leads and volumes of tissue activated (red) for the 3 patients with
improvement in the UPDRS IIl of >10 (mean improvement in the score = 26.7) after DBS. A more ventral location and greater overlap with the
primary motor cortex segment can be appreciated. C, Left DBS leads and volumes of tissue activated (red) in the 3 patients with the least
improvement in the UPDRS Ill score (mean improvement in the score = 0.7) show a more dorsal location of the volume of tissue activated with
less overlap with the primary motor cortex segment of the GPi. E, Right DBS leads and volumes of tissue activated. All patients had an
improvement in the UPDRS Il score of >10 (mean improvement in the score = 19).

variation may have partly contributed to the inconsistency in out-
comes of early studies of GPi-DBS. Substantial improvement in
targeting by direct structural targeting, such as FGATIR MR im-
aging,* and sophisticated targeting software using atlas overlays
and a deformable brain atlas have contributed to improved ana-
tomic targeting.* The supplementation of targeting in functional
neurosurgery using connectivity measures, such as DTI, is also a
promising technique.”*® Despite these advances, improvement
in preoperative functional mapping within the deep nuclei is
needed to maximize the benefits of direct-targeting methods.

While debate exists on the optimal target nucleus, 1 advantage
of GPi stimulation versus STN is the size of the GPi, meaning a
lower probability of off-target stimulation and unintended ad-
verse effects. However, the need for a larger VTA to achieve a
desired therapeutic effect in the GPi means increased energy usage
and decreased battery life. Improvement in preoperative targeting
by incorporating measures of connectivity may allow the maxi-
mization of the therapeutic effect within the GPi and help over-
come some of these drawbacks by providing a more specific and
focused treatment target. Given the lower rate of adverse stimu-
lation effects, the GPi could become an even more attractive
target.

Our study has several notable limitations. The greatest limita-
tion is the small sample size, which results in a lack of precision of
estimated correlations. Although we did identify 1 statistically sig-
nificant association despite the small sample size, larger studies
are needed to better elucidate the role of our methods in supple-
menting preoperative GPi targeting. However, the small sample
size is appropriate for the pilot nature of the study. Second, the
retrospective nature only allows modeling of VTAs from data that
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were historically recorded, limiting comparison of different stim-
ulation parameters in each patient. Third, the role of corticopal-
lidal connections in PD pathophysiology warrants further explo-
ration, given the paucity of existing knowledge. Because these
connections in humans have largely been described by noninva-
sive MR tractography, further confirmation of their existence in
anatomic specimens is needed. Last, the methods used in this
study inherently oversimplify the connectivity profiles of the VTA
because each voxel is assigned to only the target of the most prop-
agated paths. While this feature potentially limits the methods in
understanding the pathophysiology behind GPi-DBS, the goal of
this investigation was the establishment of a reliable and repro-
ducible subject-specific functional preoperative target for GPi-
DBS placement.

CONCLUSIONS

Despite advances in preoperative targeting for DBS, reproducible
methods for defining subject-specific connectivity targets with
the GPi are lacking. Our preliminary study has shown an inde-
pendent predictive value of connectivity-based segmentation
of the GPi on patient outcomes. Our clinically feasible tech-
nique may be of benefit in supplementing direct structural
targeting, as well as in DBS programming, to maximize thera-
peutic outcomes. Larger studies will be needed to further cor-
roborate these findings.
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