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Deep brain stimulation of the subthalamic nucleus (STN) is a widely performed surgical treatment for patients
with Parkinson's disease. The goal of the surgery is to place an electrode centered in the motor region of the STN
while lowering the eﬀects of electrical stimulation on the non-motor regions. However, distinguishing the motor
region from the neighboring associative and limbic areas in individual patients using imaging modalities was
until recently diﬃcult to obtain in vivo. Here, using ultra-high ﬁeld MR imaging, we have performed a
dissection of the subdivisions of the STN of individual Parkinson's disease patients.
We have acquired 7 T diﬀusion-weighted images of seventeen patients with Parkinson's disease scheduled for
deep brain stimulation surgery. Using a structural connectivity-based parcellation protocol, the STN's
connections to the motor, limbic, and associative cortical areas were used to map the individual subdivisions
of the nucleus.
A reproducible patient-speciﬁc parcellation of the STN into a posterolateral motor and gradually overlapping
central associative area was found in all STNs, taking up on average 55.3% and 55.6% of the total nucleus
volume. The limbic area was found in the anteromedial part of the nucleus.
Our results suggest that 7T MR imaging may facilitate individualized and highly speciﬁc planning of deep
brain stimulation surgery of the STN.

1. Introduction

motor part of the STN to obtain optimal motor outcome. Targeting is
currently performed with 1.5T or 3T MRI, usually combined with intraoperative micro-electrode recordings and patient testing to distinguish
the motor part from the neighboring associative and limbic areas
(Zaidel et al., 2010). In this context, behavioral side-eﬀects have often
been linked to undesired stimulation of the non-motor territories of the
STN (Mallet et al., 2007; Okun et al., 2009).
Although the debate is still ongoing (Alkemade and Forstmann,
2014; Keuken et al., 2012; Lambert et al., 2015), classical neuroanatomical studies in animal models, place the motor territory in the

Deep brain stimulation (DBS) of the subthalamic nucleus (STN) is a
widely performed surgical treatment for patients with Parkinson's
disease (PD) (Deuschl et al., 2006; Schuepbach et al., 2013). There
are two determining factors for a successful outcome: patient selection
(Okun et al., 2005) and accuracy of targeting (Okun et al., 2005; Paek
et al., 2013; Welter et al., 2014). Concerning the latter, the STN is
organized into three main functional territories: motor, associative and
limbic regions and the goal of DBS is to preferentially stimulate the
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which six with opposite phase encoding directions, and a T2*-weighted
0.5 mm isotropic GRE-scan. These small protocol diﬀerences did not
signiﬁcantly alter the individual ﬁndings.

posterolateral portion of the STN and the associative and limbic
regions more anteromedially (Parent and Hazrati, 1995; Temel et al.,
2005). Using a 3T clinical MR scanner, this anatomical concept was
demonstrated in healthy subjects (Lambert et al., 2012). Compared to
3T MRI, ultra-high ﬁeld (7T and higher) MRI technology promises to
improve the imaging contrast, resolution, and signal-to-noise ratio at
clinically feasible scan times (Abosch et al., 2010; Cho et al., 2010;
Lenglet et al., 2012; Plantinga et al., 2014), which allows for a detailed
visualization of the patients’ STN anatomy and its connections (Abosch
et al., 2010; Lenglet et al., 2012). In this study, we have acquired 7 T
diﬀusion-weighted images of patients with PD scheduled for deep brain
stimulation surgery. Using a previously established protocol applied on
thalamic parcellation (Behrens et al., 2003), we have performed a
patient-speciﬁc dissection of the subdivisions of the STN demonstrating a clear topographical organization of major functional territories
that may allow for individualized surgical planning.

2.3. Image analysis
2.3.1. Cortical masks
A 1 mm3 isotropic T1-weighted reference brain, developed by the
Montreal Neurological Institute (MNI) (Grabner et al., 2006), was
manually divided into four cortical areas: the motor, associative, and
limbic cortical areas, and the remaining cortex (see Fig. 1). The motor
area included the primary motor, supplementary motor, and pre-motor
cortex. On the MNI brain, this was deﬁned as the cortical area bounded
posteriorly by the central sulcus, medially by the cingulate sulcus,
laterally by the border between the precentral gyrus and frontal
operculum gyrus, and anteriorly as deﬁned by the human motor area
template (Mayka et al., 2006). The limbic area was made symmetrical
across hemispheres and included the orbitofrontal and entorhinal
cortices based on the deﬁnition by Mai et al. (2008), and the anterior
cingulate cortex, amygdala, and hippocampus as adopted from the
Harvard-Oxford atlas (Desikan et al., 2006). The associative area was
deﬁned as the cortical region bounded by the limbic cortical area
anteriorly and the motor cortical area posteriorly. The fourth cortical
area consisted of the remaining cortex, including the occipital lobe,
parietal lobe, and part of the temporal lobe. The MNI brain and cortical
masks were non-linearly registered to each patient's T1-image with
FSL's FNIRT (Andersson et al., 2007) and masked with gray matter
segmentations of the T1-images produced with FSL's FAST (Zhang
et al., 2001) that were dilated with one voxel. This resulted in four gray
matter cortical masks in each subject's native space.

2. Materials and methods
2.1. Subjects
We have included seventeen patients with idiopathic PD (ﬁve
female, ages: 48–74 years, mean age: 62 years, mean UPDRS-III on/
oﬀ medication: 18.3/37.5) who were referred for DBS surgery at the
University of Minnesota (Minneapolis, MN, USA) and Maastricht
University Medical Center (Maastricht, Netherlands). The inclusion
criteria for surgery were clinical ﬁndings consistent with idiopathic PD,
severe response ﬂuctuations and/or dyskinesias (despite optimal
pharmacological treatment) and good initial L-dopa response. The
exclusion criteria were signiﬁcant atrophy, focal brain abnormalities on
MRI, a score of less than 24 on the Mini-Mental State Examination,
psychosis, and general contraindications for surgery such as severe
hypertension or blood coagulation disorders.
Subjects with claustrophobia or other contra-indications for 7T
MRI (such as pacemakers and metallic implants) were also excluded
from the study. This study was approved by the Institutional Review
Board at the University of Minnesota and the Local Medical Ethics
Committee at Maastricht University Medical Center.

2.3.2. STN segmentations
For each subject, the STNs, which were visible as a hypointense
structure superior to the substantia nigra in the coronal plane (Fig. 1),
were manually segmented on the T2-weighted images with Amira
software (FEI, Hillsboro, OR, USA). The good intra-observer agreement index for segmentations of the basal ganglia based on similar
images was demonstrated previously (Lenglet et al., 2012). Along with
the T2-weighted images, these binary segmentations were rigidly
coregistered to each subject's T1-space with FSL's FLIRT, using sinc
interpolation with a Hanning window (Jenkinson et al., 2002). These
segmentations were then binarized again using a threshold of 0.45,
which was empirically determined to least aﬀect the volumes of the
segmentations.

2.2. Scanning protocol
Patients were scanned on a 7T MRI scanner (Magnetom 7T
Siemens, Erlangen, Germany), available at both institutions, equipped
with SC72 gradients capable of 70 mT/m and a 200 T/m/s slew rate
using a 32-element head array coil (Nova Medical, Inc, Burlington, MA,
USA), while taking their usual antiparkinsonian medication. Dielectric
pads (Teeuwisse et al., 2012) were applied, when possible (n=11), to
enhance signal in the temporal regions. The scan protocol consisted of
a) a T1-weighted whole brain scan with an inversion time of 1500 ms,
b) a T2-weighted coronal slab through the STNs, and c) a whole brain
diﬀusion-weighted scan along 50 directions with a b-value of 1500 s/
mm2 and four additional b0-volumes, performed twice with anteriorposterior and posterior-anterior phase encoding directions. Details of
the scan protocol can be found in Table 1. Five patients were scanned
with a slightly diﬀerent protocol, including a diﬀusion-weighted scan
with a b-value of 2000 s/mm2, 60 directions, and twelve b0-volumes of

2.3.3. Diﬀusion analysis
After correction for motion and for susceptibility and eddy current
distortions with FSL's eddy and topup algorithms (Andersson et al.,
2003), diﬀusion parameters were estimated using a three-ﬁber model
with FSL's bedpostX (Behrens et al., 2007). Probabilistic ﬁber tracking
with FSL's probtrackX2 was performed in T1-space, using a rigid
transformation matrix, with the STN as a seed region and 500 samples
per voxel (equivalent to 2315 samples per mm3). Other ﬁber tracking
settings included FSL's default curvature threshold of 0.2, maximum
number of steps per sample of 2000, step length of 0.5 mm, subsidiary
ﬁber volume threshold of 0.01, and termination of pathways that

Table 1
Scan sequence parameters.
Weighting

Sequence

TE (ms)

TR (ms)

Flip angle (°)

Matrix size (x×y×z)

Resolution (mm3) (x×y×z)

Acquisition time (min)

T1
T2
Diﬀusion

3D GR/IR
2D SE
2D EP

3.5
58
55.6

3100
± 8000
± 5000

5
150
90

312×384×256
512×26×512
136×136×66

0.6×0.6×0.6
0.39×1.0×0.39
1.5×1.5×1.5

6.5
6.5
2×4.5

GR/IR=gradient-recalled echo/inversion recovery. TE=echo time. TR=repetition time. SE=spin echo. EP=echo planar.
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Fig. 1. The STN is parcellated based on its connections to the limbic, associative, motor, and remaining cortical areas. A-B) Division of the cortex into limbic (red), associative (green),
motor (blue) and remaining (yellow) cortical areas. C-D) Visualization of the hypointense STNs in the axial (C) and coronal (D) planes. E-H) Example of the parcellation of the STNs of
one subject in axial (E,G) and coronal (F,H) views.

2.5. Reproducibility

looped back on themselves. Using the ipsilateral cortex as inclusion
region and the contralateral hemisphere as exclusion region, the
percentage of tracks reaching either of the four ipsilateral cortical
regions was computed for each voxel in the STN (Fig. 1). A voxel was
considered to be connected to that cortical area if at least 25% of its
probabilistic tracks connected the two, allowing for one voxel to be
connected to more than one cortical area. This threshold was preferred
over a winner-takes-all approach, because with a diﬀusion resolution of
1.5 mm isotropic, one voxel might contain several white matter tracks.

In order to assess the reproducibility, a 26 years old healthy male
subject was scanned four times on three diﬀerent days with the same
scan protocol as described in Section 2.2 and Table 1. The four datasets
were then analyzed as described above and the reproducibility of the
outcome results was assessed.

2.6. Statistical analysis
Volumes of the STN and of its subdivisions are presented as means
and standard deviations. Statistical comparisons were made using the
related samples Wilcoxon signed rank test to evaluate right and left
diﬀerences in STN volumes. A p-Value < 0.05 was considered statistically signiﬁcant.

2.4. Validation
As a ﬁrst step to validate our methods, we have used our protocol to
map the known thalamic connections to the prefrontal-temporal,
motor, somatosensory, and parieto-occipital cortical areas. The results
were compared to the thalamic connectivity based segmentation as
demonstrated by Behrens et al. (2003).
Secondly, in ﬁve STNs, the classiﬁcation of the motor STN region
was compared to the position of the active contact, by registering the
post-surgery CT (showing the DBS lead) to our anatomical model.
These contacts had been conﬁrmed to stimulate the motor area of the
STN, through intra-operative micro-electrode recording (MER), intraoperative testing, and post-operative surveys, and were conﬁrmed by
improved motor performance of the patients.

3. Results
3.1. Validation
The ﬁrst step of this study was to validate our analysis approach by
reproducing the results of Behrens et al. (2003) (Fig. 2). This
demonstrates that our methods allow us to create detailed parcellations
of subcortical structures of individual PD patients.

Fig. 2. Connectivity mapping of the thalamus. A) Manual segmentation of the cortex into prefrontal and temporal (purple), motor (orange), somatosensory (blue), and parieto-occipital
(yellow) cortical areas as deﬁned by Behrens et al. (2003). B) A patient speciﬁc thalamic subdivision in one of our subjects. C) Thalamic subdivision as demonstrated by Adopted from
Behrens et al. (2003).
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assessed from 3D displays of the STNs. In all 34 STNs, the superior
posterolateral division of the STN showed strong connections to the
motor cortical areas, and a partly overlapping zone located centrally
along the STN’s longest axis was mainly connected to associative
cortical areas. Connections to the limbic cortical brain areas could be
identiﬁed in 30 of 34 STNs, originating from STN territories with
varying volumes, but in all 30 cases located at the inferior anteromedial
section of the STN. This ordering of the motor, associative, and limbic
zones of the STN along the posterolateral-anteromedial axis is illustrated in three representative examples (Fig. 3). Connections of the
STN to the remaining cortical regions were found as well, although they
did not have a consistent origin within the STN and these zones were
relatively small.

3.2. STN segmentation
The mean volume of the segmented STNs in their native space
across all patients was 125.4 mm3 ( ± 22.9 mm3). The biconvex structure was consistently oriented along an axis that ran from its superior
posterolateral to its inferior anteromedial apex; the most anterior apex
of the STN was also located at its most medial and most inferior border
and its most posterior apex also formed its most lateral and most
posterior ends. No signiﬁcant diﬀerences were found between the
volumes of the left and right STNs (p=0.52).

3.3. STN parcellation
A consistent functional organization was observed in all STNs, with
the zones arranged mainly along its longest axis, as was visually

Fig. 3. Examples of the subdivisions of the left (A,C,E) and right (B,D,F) subthalamic nuclei of three subjects into a limbic (red), associative (green), and motor (blue) zone. Intermediate
colors show overlap between the motor and associative zones (light blue) and between the associative and limbic zones (brown).
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3.7. Illustrative cases of implanted electrodes in the motor part of the
STN

3.4. Volumes of the STN's functional zones
Fig. 4 illustrates the variations in the relative volumes of each zone,
deﬁned by a relative connectivity of at least 25%, between patients and
hemispheres. The average volumes, per region, were 55.3% ( ± 14.0%)
for the motor area, 55.6% ( ± 15.9%) for the associative area, 20.3% ( ±
16.3%) for the limbic area, and 12.5% ( ± 16.2%) for STN volumes
connected to other cortical areas. This corresponds to volumes of
68.7 mm3 ( ± 19.7 mm3), 70.6 mm3 ( ± 26.7 mm3), 25.8 mm3 ( ±
20.8 mm3), and 16.1 mm3 ( ± 21.0 mm3) for the motor, associative,
limbic and other cortical areas, respectively. Note that the percentages
add up to more than 100%, because of overlap (as described in Section
2.3.), with 17.01% ( ± 8.85%) of the STN volume assigned to both
motor and associative functions and 15.56% ( ± 13.15) to both
associative and limbic functions, corresponding to average volumes
of 21.0 mm3 and 19.3 mm3 respectively.

Fig. 7 shows that the active contacts of ﬁve example cases, as
deﬁned during the post-surgery programming, indeed correspond to
our predicted motor zones, which were created with solely non-invasive
pre-operative data.
4. Discussion
Ultra-high ﬁeld MR imaging has enabled us to reliably visualize the
motor and non-motor zones of the STN of individual patients with PD
referred for deep brain stimulation surgery. We expect that this will
facilitate patient-speciﬁc and selective targeting of the motor part of the
STN, thereby enhancing surgical planning at the level of the individual
patient. Moreover, the possibility of more accurate image-guided
placement has the potential to reduce surgery duration and/or perform
surgery under general anesthesia, which both greatly reduce the
burden on patients. In addition, the ability to fuse the postoperative
CT images with the preoperative 7 T data allows for the visualization of
the position of the electrode and contacts. This may provide vital
information to determine the optimal location for implantation of DBS
leads, not only within the STN, but also within the motor zone of the
patient’s STN. Additionally, the optimal lead location could potentially
be used, in conjunction with volume tissue activated (VTA) models, to
determine the best possible programming settings personalized to each
patient.
Anatomical, behavioral, and electrophysiological studies have contributed to our understanding of the organization of the STN into
subdivisions. Tracers injected in diﬀerent territories of the primate
external globus pallidus showed a segregated labeling of the STN
(Karachi et al., 2005), and GABA agonist and antagonist injections into
the posterior, medial, and anterior STN had diﬀerent eﬀects on
behavioral and motor symptoms in non-human primates (Karachi
et al., 2009). Similarly, electrophysiological recordings in patients with
PD localized the neurons activated in limb movement (motor region) in
the dorsolateral region of the STN (Rodriguez-Oroz et al., 2001). This
parcellation has also been investigated in MRI studies of healthy
subjects at 3 T. One study investigating the STN's connectivity in
twelve healthy subjects showed that there are most probably three

3.5. Reproducibility
To examine the reliability of our ﬁndings, the same analysis was
applied to four independently repeated scan sessions of a single healthy
subject. Although there are some intra-subject variations of both the
total STN volumes as well as the relative volumes of the subdivisions,
they are consistently smaller than the inter-subject standard deviations
among our patient population (Table 2 and Fig. 5). This example
suggests adequate reproducibility of the methods and sensitivity to
actual patient speciﬁc variations.

3.6. Overlap
The overlap of the subdivisions within the STN indicates that one
voxel can be connected to more than one cortical mask. This is also
reﬂected in the underlying probability maps of the connections of the
STN to each cortical mask. Fig. 6 shows examples of these probability
maps of three subject. This indicates that the functional zones indeed
gradually transition into each other.

Fig. 4. Relative volumes of each functional zone compared to the total STN volume within the left and right STN (left and right bar) of each subject.

407

NeuroImage 168 (2018) 403–411

B.R. Plantinga et al.

Table 2
Standard deviations of the STN volumes (mm3) and the relative volumes of their functional zones (%).
Area

Within subject
Between subject

Left

Right

STN

Motor

Associative

Limbic

Other

STN

Motor

Associative

Limbic

Other

7.9
23.69

4.58
12.61

9.63
17.52

6.25
18.32

14.03
19.32

5.87
22.43

6.86
15.57

12.7
14.36

11.58
14.57

6.24
12.78

from prefrontal cortical areas to the anterior, ventral, and medial half
of the STN (Haynes and Haber, 2013). It is known that STN neurons
located in the border zones receive multiple inputs and are responsible
for the integration of information from diﬀerent cortical regions
performing diﬀerent functions. To what extend stimulation of this
overlapping area will result in beneﬁcial motor eﬀects or unwanted
side-eﬀects, remains to be seen.
The average STN volume that we found (125.4 mm3) is in line with
previous ﬁndings (Lambert et al., 2012; Massey et al., 2012). A
variation in the total volumes exists and is reﬂected also in the relative
volumes of the diﬀerent functional zones. However, regardless of this
variability, we also found a few outliers of exceptionally small
associative (n=1), motor (n=2), or limbic zones (n=9). In addition, in
some cases we observed deviations of the arrangement of the functional
zones, in the sense that the one STN territory showed small protrusions
into another territory to a larger extend than the expected overlap.
Finally, we observed sporadic connections to the remaining cortical
areas. These deviations might be the result of false positives and
negatives inherent to probabilistic tractography. Nevertheless, the
relatively small contribution of the remaining cortical area to the
STNs’ maps indicates that the reconstructed connectivity we found
here represents actual anatomical connections. Despite these few
deviations, in all 34 STNs, the posterolateral portion was consistently
connected to the motor cortical areas.
Our data and methods were validated by reproducing the earlier
demonstrated connectivity based parcellation of the thalamus (Behrens
et al., 2003). Our results are very similar to the established segregation
of the thalamus, demonstrating that our ultra-high ﬁeld MRI data and
methods are suitable for parcellating subcortical structures, with
considerably shorter scan times. The small discrepancies found between our and Behrens's et al. thalamic parcellation may be explained
by underlying diﬀerences between subjects, discrepancies in the
deﬁnitions of the cortical areas, or diﬀerences in the orientation and
location of the visualized cut through the thalamus. Furthermore, the
STN parcellation was validated with the ﬁnal DBS electrode location in
ﬁve example cases. We conﬁrm that the active contacts, as determined
by the MER during surgery and the programming post-surgery, were
indeed located within the motor zone as deﬁned by this work. This
illustrates its future potential value.
To assess the reproducibility of our methods, the measurements
and analyses were repeated four times on one subject. Although the
numbers are too small to reliably assess signiﬁcance, the within subject
standard deviation was smaller than the between subject standard
deviation for both the total STN volumes and all volumes of the subterritories. This suggests that the variability that we ﬁnd between
patients can, at least partially, be explained by the underlying
variability in the patients’ anatomy; thus providing a detailed mapping
of the patient's own STN, not based on a standard and common
anatomical atlas, which should have a high priority for enhancing
targeting accuracy for DBS surgeries. Furthermore, the fact that similar
results were produced with datasets collected at two diﬀerent centers
(with small diﬀerences in the scanning protocols), also indicates that
the used analysis pipeline is robust and independent of acquisition
parameters.
The clear visualization of the STN and relatively short scan times,
combined with the high-resolution parcellation of the STN, result from

Fig. 5. Comparison of the intra-subject (light bars) standard deviations (σ) and intersubject (dark bars) standard deviations of the volumes of the subthalamic nucleus (STN)
and the relative volumes of the zones.

connectivity clusters within the STN related to motor, associative, and
limbic functions (Lambert et al., 2012). The averaged locations of these
zones in healthy subjects correspond with our ﬁndings in individual
patients. This arrangement was also observed in another 3 T functional
and structural connectivity study based on averaged data of healthy
subjects, but could not be demonstrated consistently in all individual
subjects (Brunenberg et al., 2012). Finally the STN's connectivity was
previously investigated in PD patients as well, although this only
concerned its motor area and analyses were only performed in a
qualitative manner (Avecillas-Chasin et al., 2015). Here, we show that
the three zones can also be objectively and quantitatively identiﬁed in
patients with PD and, importantly, on an individual basis. With these
methods there is no need to average the data to create a general STN
model, but rather, patient-speciﬁc and individual models for each
patient can be created.
We have found a considerable overlap between the diﬀerent
segmented zones of the STN. Two possible explanations could account
for these results; ﬁrst, the probabilistic nature of the applied connectivity measure and partial volume eﬀects allow for multiple
connections per individual voxel. Second, the overlap may indeed
reﬂect the actual pathways that are not segregated but partially
integrated. This is in line with a tracing study in non-human primates
showing overlapping projections from M1 to the dorsolateral STN and
408
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Fig. 6. The percentage of connectivity to the motor (blue), associative (green), limbic (red) and remaining (yellow) cortical areas in three axial slices through the left and right STN
ordered from inferior to superior in three subjects (A, B, and C).

Fig. 7. Examples of the electrode position in ﬁve STNs. The active contacts (red) lie within the computed motor areas.

the known beneﬁts of ultra-high ﬁeld MRI (Duyn, 2012; Vaughan et al.,
2001; Yacoub et al., 2008) and demonstrate its clinical utility. Although
7T MR scanners are not yet accessible for all DBS centers, their
numbers are growing quickly; in fact, an FDA approved system is
expected to be released in the near future.
There are a few limiting factors that are inherent to high-resolution
MRI and structural connectivity mapping of brain structures. For one,
movement artifacts are an obvious limitation when scanning movement disorder patients. They were minimized by using scan protocols
that were optimized for this patient group (Abosch et al., 2010; Lenglet
et al., 2012). Second, ultra-high ﬁeld diﬀusion imaging is sensitive to

signal loss in the temporal lobes (Polders et al., 2011). To partly
overcome these problems, dielectric pads were used if they could be
ﬁtted comfortably. Nevertheless, this issue may explain why the
observed connections to the limbic regions in the temporal and
orbitofrontal areas were less prominent than expected. Also, contrary
to, for example, tracing or electrophysiological studies, diﬀusion-based
tractography cannot infer information on the signaling direction of the
connections. In addition connections occurring at a much smaller scale
than the imaging resolution, such as disynaptic connections, have been
ignored in the analyses. Furthermore, sampling the distribution of
diﬀusion directions in each step, using probabilistic tractography will
409
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result in some false positives and false negatives depending on data
quality, track length, crossing ﬁber areas, and partial volume eﬀects.
The latter of those, which may have occurred in voxels bordering the
STN, might further explain the tracked connections to the remaining
cortical areas. It may also account for the variability in observed
volume of the limbic zone of the STN, which was previously demonstrated to extend to the neighboring lateral hypothalamus in primates
(Haynes and Haber, 2013). In addition, the threshold method that was
used to visualize the functional zones within the STN shows them as
hard boundaries. However, this is inherent to the applied threshold as
is reﬂected by the additionally demonstrated gradual overlap between
the zones. Furthermore, we only considered the cortico-subthalamic
connections. Although the subcortical connections of the STN underpin
its important role in the basal ganglia (Lenglet et al., 2012; Parent and
Hazrati, 1995), creating functional segregation maps from them is
diﬃcult because of the complex interplay of diﬀerent functions. The
functional segregation of the cortex and especially of the motor cortical
areas is much better understood and their large surface areas make
them more robust to small segmentation errors in the cortex.
Therefore, using the cortical segmentations to functionally subdivide
the STN is likely more realistic than using the basal ganglia connections. Finally, the number of zones detected within the STN is related to
the predeﬁned number of cortical segmentations and can in this study
not exceed four. Using a clustering algorithm to parcellate the cortex
and STN, might result in a more individualized number of clusters.
Future studies, with submillimeter spatial resolution, will address the
clustering approach to determine the number of zones independently.
Although the ability to identify the diﬀerent sub-territories of the
STN is a leap forward in the process of direct targeting, more extensive
study is needed to bring it to clinical practice. Furthermore, the
methods developed here, open new doors for a better understanding
of Parkinson's disease and its treatments. Comparisons with healthy
control subjects may provide new insight into the pathologic anatomy
in PD. Moreover, the proposed methods may lead to a better understanding of what circuits are being stimulated and how this aﬀects
patient outcome.
5. Conclusion
The motor part of the STN is the main target in deep brain
stimulation surgery for patients with PD. Using ultra-high ﬁeld MR
technology and tractography-based data analysis methods, we have
provided a proof of concept for identifying the motor and non-motor
zones of the STN in individual patients. We have observed that there is
a substantial variation between individuals with PD. This type of new
data may potentially allow for optimized surgical planning at the level
of the individual patient preoperatively and create the possibility of
patient-speciﬁc targeting and programming of the DBS therapy postoperatively. We see this as a critical step towards development of
patient speciﬁc deep brain stimulation for PD.
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