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Synopsis
The aim of this study is to analyze differences in the hyperdirect cortical connectivity between the subthalamic nucleus and its medial
region, and the anatomo-functional organization of these regions using tractography. These analyzes were performed in healthy subjects
and parkinsonian patients. Our results show that a dominant motor cluster was located in the posterolateral STN, a limbic cluster located
medially in the MSR, and an intermediate motor-limbic cluster located in between for both cohorts. In conclusion, tractography based sub-
parcellisation of subthalamic regions could be helpful to refine individual targeting for functional neurosurgery.

Introduction
The subthalamic nucleus (STN) receives direct cortical inputs which constitute the hyperdirect pathway of the basal ganglia circuitry, and which
provide an anatomo-functional organization of the STN. In monkeys, it was shown that motor cortices innervate the whole extent of the STN whereas
limbic cortices innervate only its anteromedial part extending more medially outside the nucleus [1,2]. Tractography studies in humans reported motor
cortical inputs to the STN, but little is known about the associative and limbic cortical projections [3,4]. Due to its critical functions in motor ability,
STN has become the main target for deep brain stimulation (DBS) in Parkinson’s disease (PD). The aim of this study is to investigate the anatomo-
functional organization of the hyperdirect pathway originating from the whole cortex to the STN and its adjacent medial subthalamic region (MSR) in
healthy subjects and in PD patients.

Methods
We used DWI acquired at 3T: high resolution acquisition performed in 30 healthy subjects (1.25 mm iso-voxel resolution, TA = 55 min) from Human
Connectome Project (HCP) [5], and acquisition clinical research protocol performed in 20 PD patients (1.76 mm iso-voxel resolution TA = 15 min,
Siemens Prisma Magnet). HCP data were already pre-processed [6], PD data were pre-processed for the eddy current and susceptibility artefacts [7]
using FSL.Fiber orientation distribution were estimated using multi-shell multi-tissue constrained spherical deconvolution [8] with MRtrix. Probabilistic
whole-brain tractography was performed with the following parameters: 100 million tracks, step length of 0.1 mm, curvature threshold of 45°,
minimum tract length of 6 mm, maximum tract length of 250 mm and fiber orientation distribution amplitude cut-off of 0.1. The spherical-
deconvolution informed filtering of tractograms was run with 10 millions streamlines to reduce the reconstruction biases [9]. 78 tracts were extracted
between 39 cortical areas, segmented using a Brodmann atlas from MRIcro). The STN was segmented using our in-house 3D histological and
deformable atlas of the human basal ganglia [10], and the MSR was segmented manually on a template by anatomical experts and registered to the
subjects spaces. Track-density (TD) maps were created for each track [11]. and overlapped with STN and MSR masks to observe the cortical
projections onto the subthalamic regions. By using overlapped TD values, we then created connectivity profiles for each voxels located on this
regions.Finally, agglomerative clustering was used to classify the voxels profiles of the subthalamic regions (STN and MSR) into 3 clusters.

Results
In healthy subjects, we found that the STN receives major inputs from the sensorimotor cortices and little inputs from the limbic cortices, whereas the
MSR receives mainly cortical projections from limbic cortices and little from sensorimotor cortices (Figure 1). Weak connections were found between
the associative cortices and both the STN and the MSR (Figure 1). A dominant motor cluster was located in the posterolateral STN, a limbic cluster
located medially in the MSR, and an intermediate motor-limbic cluster located in between (Figures 2, 3). Similar results were obtained in PD patients.
Considering the differences in acquisition parameters between the two cohorts, we could not compare statistically their cluster profiles. We only
observed a small difference for the third limbic cluster, which showed predominant connectivity with limbic BA 25 in PD patients, but with both limbic
BA 25 and BA 34 in the HCP subjects .

Discussion
Our findings, first obtained using high quality datasets from HCP, show differences in cortical connectivity between the STN and MSR, and provide an
anatomo-functional gradient with 3 clusters. Similar results were obtained in PD patients using a different acquisition protocol, confirming that our
results are coherent and reproducible. Overall, we found that the sensorimotor cortical projections are positively graded from the MSR to the
posterolateral STN whereas limbic cortical projections are positively graded from the posterolateral STN to the MSR. Only weak connectivity was
found between all associative cortices and both the STN and the MSR. The difference in limbic cluster profiles that was found between the two
cohorts might be due to the impact of the image quality on the segmentations in PD patients. A greater PD population size is now needed to improve
statistical analysis.Our data confirm that the posterolateral STN is a target to treat PD motor symptoms, and the anteromedial STN is a target to treat
resistant obsessive-compulsive disorders. They also provide new evidence that the classical tripartite subdivision of the STN defined by the basal
ganglia inputs does not match with the delineation of anatomo-functional territories based on cortical inputs since the associative cortical inputs to
the STN were very weak. Differences with literature data may be explained by several methodological considerations, such as segmentation of
Brodmann cortical areas, or exclusion masks that we performed to isolate the hyperdirect cortical inputs. Our data also highlight that the MSR, which
is a target to treat patients with pathologically violent behavior, receives dense limbic cortical inputs.

Conclusions
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In the future, the use of each patient MRI with high quality DWI could be helpful to refine individual targeting and help to define the best personalized
target for functional neurosurgery.
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Figures

Figure 1: Cortical streamlines for STN and MSR: A. for a HCP subject, and C. for a PD patient. Histograms for HCP dataset (B.) and for PD dataset
(D.) showing averaged connectivity of different cortical areas to the STN and MSR. The percentages of mean streamline numbers connecting the
different sensorimotor (green), associative (blue) and limbic (red) cortical areas to the STN (dark bars) and to the MSR (bright bars) are shown for the
left hemisphere (LH).
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Figure 2: 3D localization of the three cortical clusters in both the STN and MSR in native spaces A. for 6 HCP subjects, and B. for 6 PD patients

Figure 3: Graphs showing the average cluster profiles: A. for 30 HCP subjects (left hemisphere), and B. for 20 PD patients (left hemisphere)
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