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ABSTRACT: Background: Understanding the topo-
graphical organization of the cortico-basal ganglia circuitry
is of pivotal importance because of the spreading of tech-
niques such as DBS and, more recently, MR-guided
focused ultrasound for the treatment of movement dis-
orders. A growing body of evidence has described both
direct cortico- and dento-pallidal connections, although
the topographical organization in vivo of these path-
ways in the human brain has never been reported.
Objective: To investigate the topographical organization
of cortico- and dento-pallidal pathways by means of diffu-
sion MRI tractography and connectivity based parcellation.
Methods: High-quality data from 100 healthy subjects from
the Human Connectome Project repository were utilized.
Constrained spherical deconvolution-based tractography
was used to reconstruct structural cortico- and dento-
pallidal connectivity. Connectivity-based parcellation was
performed with a hypothesis-driven approach at three dif-
ferent levels: functional regions (limbic, associative, senso-
rimotor, and other), lobes, and gyral subareas.

Results: External globus pallidus segregated into a
ventral associative cluster, a dorsal sensorimotor
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cluster, and a caudal “other” cluster on the base of its
cortical connectivity. Dento-pallidal connections clus-
tered only in the internal globus pallidus, where also
associative and sensorimotor clusters were identified.
Lobar parcellation revealed the presence in the exter-
nal globus pallidus of dissociable clusters for each
cortical lobe (frontal, parietal, temporal, and occipital),
whereas in internal globus pallidus only frontal and
parietal clusters were found out.

Conclusion: We mapped the topographical organization
of both internal and external globus pallidus according
to cortical and cerebellar connections. These anatomi-
cal data could be useful in DBS, radiosurgery and
MR-guided focused ultrasound targeting for treating
motor and nonmotor symptoms in movement disorders.
© 2019 The Authors. Movement Disorders published by
Wiley Periodicals, Inc. on behalf of International
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The globus pallidus (GP) is subdivided in two func-
tionally independent segments: the internal (GPi) and
external (GPe) GP. The GPi is one of the output nuclei
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The GPe receives afferents from the striatum and the
STN and sends efferents to the striatum, GPi, STN, and
SN, suggesting that after the integration in the GPe,
information is sent back to other basal ganglia nuclei.”

The classical view of basal ganglia functional anatomy
postulates that cortico-basal ganglia-thalamo-cortical
pathways are organized in parallel, functionally segregated
circuits. This feature allows for the identification of func-
tionally different territories within each nucleus, according
to the topographical arrangement of its connections.’

Tracing studies in nonhuman primates revealed that
such topographical organization is maintained in the
striatum, GP, STN, and SNr.* In particular, polysynap-
tic pathways linking motor and associative areas to
both the GPi and GPe have been described.”® When
the viruses were injected in the frontal motor areas,
neurons were labeled in the dorsal portion of the GPi
and GPe,” whereas when viruses were injected in the
associative areas, neurons were labeled in the antero-
dorsal regions of the GP subdivisions.®

Moreover, limbic cortical and subcortical regions are
thought to communicate with the antero-ventral part of
the GPi through the ventral striatum,”'® whereas con-
nections between limbic areas and GPe are still a matter
of debate.'’ Taken together, these results suggest the
presence of three topographically segregated territories
in both the GP divisions: a posterior motor territory, an
antero-dorsal associative territory, and an antero-ventral
limbic territory."!

Moving from the Nambu’s description of a “hyper-
direct” cortico-STN pathway,'* a growing interest to
noncanonical connections of the basal ganglia circuitry
has arisen. Direct projections from cerebral cortex to
both segments of theGP has been already described in
different animal species.">'* This scenario has been
widely expanded since anatomical studies using retro-
grade virus tracing demonstrated bidirectional subcortical
connections between cerebellum and basal ganglia.'>'

More recently, we used constrained spherical decon-
volution (CSD)-based tractography, a diffusion MRI-based
technique allowing in vivo reconstruction of connectivity
patterns between nervous structures,'” ! to study the
human analogues of the above-mentioned direct cortico->>
and dento-pallidal projections.”® These connections, likely
paralleled by analogue cortico-** and dento-nigral***°
pathways, may exert a converging influence of cere-
bral and neocerebellar cortex on the basal ganglia out-
put nuclei.

Connectivity-based parcellation is a segmentation tech-
nique that uses connectivity data to characterize the
topographical organization of connections to certain
regions of interest (ROIs).?®*” This technique, applied
to structural probabilistic tractography, has been widely
adopted to study the topography of cortico-basal ganglia
connections, confirming the organization patterns already
described in animals.*%*

This connectivity-based subdivision has recently been
extended to the human GPi, in both healthy subjects and
Parkinson’s disease (PD) carriers.’*?? Recently, GPi has
been parcellated according to its indirect, thalamo-cortical,
and cortico-striatal connectivity.>> To the best of our
knowledge, tractography-based parcellation on the GPe
has not been carried out yet. Moreover, the mentioned
studies evaluated GP topography without discriminat-
ing between its indirect (canonical) or direct (non-
canonical) pathways.

Herein, aiming at investigating the topographical
organization of direct cortico- and dento-pallidal pro-
jections on both GP segments, we performed a
connectivity-based parcellation of the GPi and GPe on
100 healthy subjects of the Human Connectome Project
(HCP) repository.>?

We believe that understanding the topographic orga-
nization of cortico- and dento-pallidal connections may
(1) shed new light on some neglected anatomical-
functional features of the basal ganglia circuitry,
(2) improve our knowledge on the pathophysiology of
basal ganglia disorders, and (3) improve our under-
standing of mechanisms underlying DBS, radiosurgery
and MR-guided focused ultrasound (FUS) targeting for
the treatment of movement disorders.

Materials and Methods

Subjects and Data Acquisition

High-quality structural and diffusion MRI data from
the HCP repository have been used. Data were acquired
by the Washington University, University of Minnesota,
and Oxford University (WU-Minn) HCP Consortium.>?
All HCP subjects were scanned using a Siemens 3T Skyra
scanner (Siemens Healthcare, Erlangen, Germany) previ-
ously modified with a Siemens SC72 gradient coil and
stronger gradient power supply with maximum gradient
amplitude of 100 mT/m (initially 70 and 84 mT/m in the
pilot phase), with the aim of improving diffusion imag-
ing.>* The HCP database consisted in 100 healthy sub-
jects (males = 46, females = 54; age range: 22-36 years).
Structural scans included T;-weighted images with the
following parameters: echo time = 2.14 ms, repetition
time = 2,400 ms, and voxel size = 0.7 mm.>* Diffusion-
weighted images were acquired using a single-shot two-
dimensional (2D) spin-echo multiband echo planar
imaging (EPI) sequence and equally distributed over
three shells (b values of 1,000, 2,000, and 3,000 s/mm?),
with isotropic spatial resolution of 1.25 mm.>®

Data preprocessing, namely correction of EPI suscep-
tibility, eddy-current-induced distortions, gradient non-
linearities, and subject motion, as well as within-subject
co-registration of structural and diffusion images, were
already carried out on the downloaded data.?”

988 Movement Disorders, Vol. 34, No. 7, 2019



N

MRI Images Postprocessing

Both structural and diffusion images were post-
processed in order to perform tractography. For each
subject, structural images underwent brain extraction®®
and cortical and subcortical segmentation®”** by using
BET, FAST, and FIRST FSL tools.*! The obtained masks
were visually inspected and, if needed, manually modified
by a trained neuroanatomist. A five-tissue segmentation
was then gathered by means of FSL tools and used as
a prior to run multishell, multitissue CSD (MSMT-
CSD).*»* MSMT-CSD represents a variant to the
standard CSD approach, which is designed to support
multishell data and to overcome classical CSD limita-
tions in presence of tissue-type heterogeneity.** CSD-
based computations and tractography were carried out
using MrTrix software, release 3 (Www.mrtrix.org).45

Probabilistic Tractography

Probabilistic whole-brain tractography was run for each
subject by generating 10 million streamlines. Anatomi-
cally constrained tractography (ACT) was implemented
in this step, allowing for a more effective use of the infor-
mation available from five-tissue anatomical image seg-
mentation.*® Spherical harmonic degree was fixed to 6 to
obtain robustness to noise. During tractography, tracking
was stopped in one of the following conditions: step size
= 0.2 mm, maximum angle = 10 degrees, and minimal
fiber orientation density function amplitude = 0.15.

Then, obtained whole-brain tractograms were filtered
by using the SIFT (Spherical-deconvolution Informed
Filtering of Tractograms) algorithm, in order to exclude
streamlines that do not appropriately fit the diffusion
data, thus improving the accuracy of the reconstruc-
tion.*” This procedure resulted in a 1-million-streamlines
filtered tractogram that has been finally used for
tractography-based segmentation.

ROI Segmentation

ROIs for the GPe and GPi were extracted from the
Keuken and Forstmann’s 7T Atlas of the Basal Gang-
lia*® and registered to the native space of each subject.
Dentate ROI was extracted from the SUIT cerebellar
template,*” as provided in the SPM toolbox. Finally, cor-
tical ROIs were automatically segmented by using the
Desikan-Killiany cortical atlas featured in the Freesurfer
software.”® Different grouping criteria were used for
ROI selection to study the topographical organization of
connectivity patterns at different levels. In the first level
of analysis, cortical ROIs were merged into function-
related groups, in line with previous works?®*?; the cor-
tex was divided into a limbic group (including
orbitofrontal, frontopolar cortices and the anterior cin-
gulate gyri), an associative group (comprising all the
remaining prefrontal cortices), a sensorimotor group
(including the pre- and postcentral gyri), and the “other”
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group, including the remaining cortical regions. At a sec-
ond level, ROIs were grouped in brain lobes: four corti-
cal lobar ROIs (frontal, temporal, parietal, and occipital)
and the dentate nucleus ROI were obtained for each
hemisphere. Each lobar ROI was further subdivided into
gyral subregions to study the topographical organiza-
tion of the connections within each lobar cluster.
Frontal subareas consisted of: precentral gyri, para-
central lobule, superior frontal gyri (SFG), middle
frontal gyri, and inferior frontal gyri. The parietal lobe
was subdivided into postcentral gyri, inferior and
superior parietal lobules, medial parietal (retrosplenial
and isthmus of cingulate cortex), and supramarginal
gyri. Temporal areas consisted of transverse temporal
gyri, superior, middle, and temporal gyri, and fusiform
gyri. Occipital areas included pericalcarine area, lat-
eral occipital area, and lingual gyri.

Connectivity-Based Parcellation

Connectivity-based parcellation was performed using
the following pipeline. First, tracts between GPi, GPe,
and the selected ROIs were extracted from the filtered
1-million-streamlines whole-brain tractogram described
above. Then, each tractogram was converted into a
track-density image (TDI), that is, an image where
intensity is defined as the number of fiber tracts passing
through a given grid element (in this case, a voxel
dimensionally equivalent to those of the chosen ROI).>"
Endpoints of tractogram TDI images were then mapped
on the GPi and GPe ROIs by multiplying each
tractogram image for the corresponding binarized ROI
mask, retrieving connectivity density-weighted clusters.
Each cluster has been normalized by dividing voxel
intensities by the mean intensity within the whole clus-
ter, thus obtaining comparable values across subjects.
Finally, a hard segmentation strategy was applied to
attribute a voxel exclusively to a selected cluster
according to its connectivity strength compared to the
others (“winner takes all” method).?® The output con-
sisted in maps of GPe and GPi in which each voxel is
attributed to the cluster showing highest connectivity
strength. Those maps were then warped, for each sub-
ject, to the MNI152 space, binarized and summed up
to realize an average parcellation cluster. A 50%
threshold was applied to the resulting maps: that is,
only voxels overlapping in at least 50 of 100 subjects
were considered as being part of the final connectivity-
based cluster.

Volumes and Centers of Gravity (CoG) in the Mon-
treal Neurological Institute (MNI) space were extracted
from each cluster obtained at a 50% threshold.

Connectivity Analysis

Quantitative connectivity was evaluated using a
streamline density index (SDI),>*> computed as the
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percentage ratio between cluster volume and the whole
GP volume:

14

SDI = x 100

ROI

in which v is the volume (expressed in voxels) of each
cluster and Vo is the volume (in voxels) of GP.

In addition, the lateralization index (LI)>® was calculated
on volumes of topographical maps in subject space and SDI:

_ Left—Right
" Left + Right

Positive values of LI indicate left lateralization (LI >
0.1), whereas negative values indicate right lateralization
(LI < 0.1). For each pathway, in order to assess statisti-
cally significant lateralization, permutation tests based
on a t-statistic were performed using the connectivity
profiles of each hemisphere gathered from each subject.
Fifty thousand permutations were used to estimate distri-
bution of the null hypothesis, alpha level was set to
0.05, and the “t-max” method was adopted to correct
the P values of each variable for multiple comparisons.>*
LI analysis was performed by means of MATLAB soft-
ware package (release 2016; www.mathworks.com).

Results

Parcellation clusters derived by our hypothesis-driven
parcellation are described below. SDI values are reported
for each cluster (mean 4 standard deviation). Volumes
and CoG of each cluster are summarized in Tables 1-3.

Average parcellation clusters at functional and lobar levels
are reported in Supporting Information Figures S1 to S4
for functional territories and Supporting Information
Figures S5 to S9 for lobar subdivisions. The effect of
different thresholds (10%, 25%, 35%, 50%, and 75%)
on connectivity cluster selection, extension, and organiza-
tion is discussed in Supporting Information Results and
summarized in Supporting Information Figures S10 to S12.

Functional Level
External GP

Territories that clustered in the GPe are represented
in Figure 1. Three of the four selected clusters (associa-
tive, sensorimotor, and “other”) consistently over-
lapped among subjects, whereas the connectivity of the
limbic regions did not reach a sufficient overlap degree
(<50% of subjects in every voxel). The antero-dorsal
aspect of GPe was occupied by the associative territory
(left = 18.83 + 4.53%; right = 18.27 + 4.53%); the
posterior dorsal region corresponds to the sensorimotor
cluster (left = 13.47 + 3.28%; right 12.31 + 4.68%);
and the caudal pole includes connections with the other
cluster (left = 9.26 + 2.64%; right = 8.70 + 3.34%).

Internal GP

Only the associative (left = 4.10 + 2.63%; right = 3.75
+ 2.30%) and sensorimotor (left = 11.03 + 4.42%; right
= 1121 + 4.77%) territories consistently overlapped
among subjects within the GPi. Figure 1B depicts these two
clusters, both located in the caudal part of the nucleus.

TABLE 1. GP clusters at functional level

GP Target Region Left (mm®) COG (x,y,2) Right (mm?) COG (x,y,2)

GPe Sensorimotor 161 113.8, 113.5, 74 185 66.2, 116.2, 75.4
Associative 327 106.8, 124.6, 75.5 284 72.5,126, 75.8
Other 106 115.8, 110.4, 69.1 114 63.9,112.2, 71.2

GPi Sensorimotor 68 110.5, 114.2, 69.5 67 68.2,114.9, 70.7
Associative 60 108.7, 116.2, 71.3 70 70.9, 117.5, 721

The table shows volumes (in mm?®) and CoG (in MNI152 space) of the connectivity clusters of GPe and GPi (obtained at the 50% threshold) when cortical areas

are grouped into functional territories.

TABLE 2. GP clusters at lobar level

GP Target Region Left (mm?®) COG (x,Y,2) Right (mm?®) COG (x,Y,2)

GPe Frontal 459 107.6, 123, 75.1 401 71.7,124.4, 75.6
Parietal 154 115.1, 111.6, 71.3 179 64.7, 113.7, 73.1
Temporal 60 115.6, 111.2, 67.3 47 63.1, 110.8, 68.4
Occipital 87 111.5, 117, 67.6 108 66.3, 115.6, 71.2

GPi Frontal 122 108.6, 111.4, 70.2 106 70.2,116.9,71.4
Parietal 104 109, 116, 69.2 49 67.7,114.41 70.6
Dentate 205 106.8, 118.9, 68.9 136 73.3,120.2, 69.6

The table shows volumes (in mm®) and CoG (in MNI152 space) of connectivity clusters (obtained at the 50% threshold) at the lobar level.
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TABLE 3. GP clusters at subareas level
GP Target Region Left (mmq) COG (x,y,2) Right (mm?q) COG (%, Y, 2)
GPe Paracentral 78 114.6, 111.3, 73.1 79 65, 113.5, 74.4
Precentral 172 113.9, 113.3, 73.6 147 66.3, 116.2, 75.5
Superior frontal 194 108, 122.6, 76.5 199 71.8,124.6, 76.5
Middle frontal 234 106.2, 125,1, 75.7 188 72.6,125.7, 76.1
Inferior frontal 171 104.8, 127,744 129 74.3,128.6, 74.9
Inferior parietal 124 115.8, 110.2, 69.9 118 65.2,114.1, 72.6
Superior parietal 73 114.9, 111.8, 70.7 111 64.3,112.8,71.9
Medial parietal 75 115.4, 110.3, 69.9 130 66.3, 115.4, 73.6
Supramarginal 75 115.7,110.1,70.3 73 63.8, 111.7, 72.1
Postcentral 119 114.3, 1125, 73.4 104 114.3, 1125, 73.4
GPi Precentral 64 110.6, 114.1, 69.6 67 68.4,115.1,70.8
Postcentral 46 111.3, 113, 69.7 45 67.6,114.2,70.7
Superior frontal 57 106.8, 118.9, 68.9 67 73.3,120.2, 69.6

The table shows volumes (mm?®) and CoG (in MNI152 space) of connectivity clusters (obtained at the 50% threshold) at the subareas level. [Correction added on
May 14, 2019, after first online publication: “lobar level” was changed to “subareas level” in Table 3 caption.]

Functional territories within the GPe and GPi

Associative

FIG. 1. Multiple axial sections showing the GPe and GPi connectivity clusters (obtained at the 50% threshold) according to functional territories on the
MNI template. The clusters have been labeled as follows: sensorimotor (blue), associative (green), and “other” (yellow). On the bottom right corner, a

3D axial section showing functional clusters within the GPe and GPi.

Lobar Level
External GP

Figure 2 shows both 2D slices in the axial plane and
a three-dimensional (3D) rendering of the average lobar
parcels clustering in the GPe: occipital, temporal, parietal,
and frontal lobe clusters. Dentate nucleus did not reach the
necessary level of overlap across subjects (<50% of subjects
in every voxel). The frontal cluster (left = 28.84 + 5.47%;
right = 26.71 + 6.36%) occupied a wide portion of the
GPe, extending over its antero-dorsal part. The parietal
cluster (left = 12.88 + 3.33%; right 12.18 + 4.50%) fol-
lows posteriorly on the dorsal aspect of the nucleus,
whereas the temporal (left = 2.47 + 1.38%; right = 2.15 +
1.32%) and occipital (left = 2.24 + 1.12%; right = 1.03 +
1.72%) clusters are smaller and confined to the caudal pole

of the GPe. Significant left lateralization was observed for
the occipital cluster of GPe both in terms of TDI (LI =
0.372; P < 0.01) and SDI (LI = 0.372; P < 0.01).

Internal GP

Figure 2 shows both 2D slices in the axial plane and a
3D rendering of the averaged clusters within the GPi: the
dentate nucleus and the frontal and parietal lobes. The
temporal and occipital lobes did not overlap in more
than 50 subjects. The dentate cluster (left = 7.74 +
5.14%; right = 6.97 + 4.63%) locates in the anterior-
ventral portion of the GPi, whereas the frontal cluster
(left = 14.25 £ 5.70%; right = 14.10 £ 5.06%) extends
behind it in a more dorsal position; finally, the parietal

Movement Disorders, Vol. 34, No. 7, 2019 991
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Lobar clusters within the GPe and GPi

Frontal Lobe

Parietal Lobe

Temporal Lobe

Occipital Lobe

Dentate Nucleus

FIG. 2. Multiple axial sections showing the GPe and GPi connectivity clusters (obtained at the 50% threshold) according to lobar cortical targets on the MNI
template. The parcels have been labeled as follows: frontal lobe (red), parietal lobe (blue), temporal lobe (yellow), occipital lobe (pink), and dentate nucleus
(green). On the bottom right corner, a 3D axial section showing lobar clusters within the GPe and GPi.

cluster (left = 6.36 + 3.42%; right = 7.01 &+ 3.92%) is
in the caudal pole of the GPi.

Subareas Level

At the subareas level, each lobar cortical target has
been further subdivided in cortical subregions. 3D ren-
derings of subareas clusters are available as Supporting
Information (see Supporting Information Figs. S13-S15).

External GP

All the frontal subregions clustered within the dorsal
GPe following an antero-posterior topographic pattern:
The inferior (left = 6.44 + 2.79%; right = 5.15 +
2.33%), middle (left = 9.67 £+ 3.17%; right = 7.80 +
2.90%), and superior (left = 14.53 + 3.35%; right =
14.80 + 3.94%) frontal gyri occupied the most anterior
part, followed by the large precentral (left = 11.57 +
3.00%; right = 10.21 + 4.00%) cluster and the smaller
caudal paracentral (left = 2.31 £+ 1.37%; right = 2.46 +
1.41%) cluster. Clusters of parietal subareas follow the
same postero-anterior orientation: inferior parietal lob-
ule (left = 2.78 + 1.22%; right = 2.68 + 1.29%);
medial parietal areas (left = 2.10 & 1.29%; right = 2.38
+ 1.40%); supramarginal gyrus (left = 3.39 + 1.50%;
right = 2.32 £+ 1.57%); postcentral gyrus (left =7.76 +
2.36%; right = 6.28 + 3.03%); and superior parietal
lobule (left = 6.08 + 1.96%; right = 4.99 + 2.40%).
When looking at occipital and temporal subareas, only
the lateral occipital cortex and the transverse temporal
gyrus clustered respectively.

Internal GP [Correction added on May 14, 2019,
after first online publication: Results subheading
“Internal Globus Pallidus” was changed to
“Internal GP”.]

The postcentral gyrus (left = 3.74 + 2.15%; right =
4.60 + 2.60%) and precentral gyrus (left = 9.98 +
4.08%; right = 9.98 + 4.02%) resulted to cluster in the
most caudal portion, whereas the SFG (left = 4.38 +
2.68%; right = 4.37 4+ 2.32%) clustered in the anterior
aspect, ventrally to the dentate nucleus cluster.

Discussion

The purpose of this study was mapping in vivo the topo-
graphical organization of the cortico- and dento-pallidal
pathways within the GPi and GPe by means of MRI
based tractography.

Our findings revealed remarkable differences between
the connectivity patterns of GPi and GPe. If, on the one
hand, it seems that the cortico-GPe connections are more
represented than the cortico-GPi ones, on the other
hand, our data suggest that dento-pallidal connections
are more represented in GPi than in GPe, where it was
not possible to robustly identify a defined connectivity
cluster for dento-pallidal connections in any of the
thresholds explored, but at the 10% (Supporting Infor-
mation Fig. $10).

As a fundamental premise, it is worthwhile mentioning
that our work suffers from the intrinsic limitations of
tractography: its dimensional scale does not allow the
visualization of axons, and it is not able to detect the
direction of connections and presence of synapses.”> To
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partially overcome these limitations, we utilized ACT
and SIFT algorithms in order to enhance biological accu-
racy of streamlines tractography deleting potentially spu-
rious tracts which do not fit the deconvolution signal.*”

Connectivity-based parcellation yields connectivity
maps that can be interpreted merely as spatial hypothe-
ses on structural segregation of brain structures.”” Our
results should then be interpreted as possible evidences
of the structural topography of GP based on cortical
and dentate connections, and multimodal data coming
from microdissection, cyto-, myelo-, and receptor-archi-
tectonics, functional neuroimaging, and other mor-
phofunctional techniques would help in corroborating
these hypotheses.

In addition, hypothesis-driven, connectivity-based
parcellation may introduce a selection bias.® The choice
of a winner-takes-all parcellation model can introduce a
bias by showing only the highest connected voxels and
thus by imposing a stricter parcellation in respect to ana-
tomical reality.

Moreover, the choice of an intensity threshold to
define a connectivity cluster still represents a matter of
debate given that, to the best of our knowledge, no
gold-standard methods exist to define a proper thresh-
old; thus, this choice remains rather empirical. In the
present work, we used a threshold of 50%, that is, only
voxels overlapping in at least 50 over 100 subjects were
taken into account. This threshold has been extensively
used in recent studies®®® and represents a rather con-
servative threshold, in comparison with those used in
other works.>"*” Moreover, to prove that threshold
selection does not alter structural connectivity-based
topography of the human GP, we explored a range of
different thresholds (10%, 25%, 35%, 50%, and
75%), showing that the overall topographic organiza-
tion of both GPi and GPe is substantially preserved
across all thresholds.

However, given that our hypothesis is based on ana-
tomical past knowledge, we believe that a hypothesis-
driven approach better fits our study design. Nonethe-
less, the application of other connectivity parcellation
methods would be beneficial to confirm and empower
our results.

In humans, topographical organization of the GP
results in an antero-ventral limbic region, an antero-
dorsal associative region, and a posterior sensorimotor
region, both for cortico-striato-pallidal and pallido-
thalamic connections.******->? In line with these findings,
we observed a similar organization for the cortico-pallidal
pathway. Surprisingly, a well-defined limbic territory was
not clearly identified, neither in the GPe nor in the GPi.
This might suggest that the direct cortico-pallidal path-
way provides a limited contribution to limbic territories
of the GP. Noteworthy, the most anterior region of
the GP, that should correspond to the limbic territory,
is not occupied by any cluster deriving neither from
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cortico-pallidal nor from dentate-pallidal connectivity.
More details about this topographical organization are
given from the examination at the lobar and subareas
connectivity-based parcellation levels.

The GPe has been described as a crucial structure for
the processing of motor information to the basal ganglia.®
Electrophysiological studies on GPe neurons showed a
correlation between firing patterns and cinematic proper-
ties of movement.®'®* Changes in the firing pattern have
been demonstrated occurring in a context-related way,
thus suggesting an integrative process between move-
ment and sensory information.®*

Apart from pure motor function, the GPe is thought
to integrate motor, cognitive, and reward-related infor-
mation.®’ Recorded activity from GPe neurons in specific
subregions revealed that activity of each different com-
partment is strongly influenced from the others: Few
neurons of the GPe discharged encoding exclusively
motor parameters, whereas most of them encoded both
for motor parameters, force required (cognitive) and
expected reward (limbic).?*®® Nougaret and Ravel
hypothesized that such convergence is highly suggestive
of a role of the GPe in updating consequences of actions
on motivational information.®® In this regard, our results
from subareas analysis point out that sensorimotor
information may reach the GPe from the postcentral
gyrus, precentral gyrus, and paracentral lobule.

On the other hand, the GPi is a key output nucleus of
the basal ganglia mainly involved in, but not limited to,
somato-motor behaviors. According with this view, the
GPi seems to be more connected with sensorimotor cor-
tical areas, as revealed by its functional and lobar
parcellation clusters.

A similar arrangement has been observed by Draganski
and colleagues, who showed that sensorimotor areas
clustered posteriorly to areas belonging to the dorso-
lateral prefrontal cortex following a rostro-caudal gradi-
ent.”” Even if the aforementioned study did not consider
direct cortico-pallidal projections, more recently, the sen-
sorimotor domain of GPi has been parcellated on PD
patients. According to this study, the sensorimotor cluster
consisted of motor and premotor areas; in particular, M1
clustered posteriorly in respect to prefrontal cortex, in
line with our results.*! The most represented connectivity
patterns to GPi derive from sensorimotor areas and the
cerebellum; therefore, it is tempting to speculate a promi-
nent role of a possible cortico-pallidal-cerebellar connec-
tivity in sensorimotor integration.

The presence of a direct cerebello-pallidal pathway is
apparently in contrast with findings in primates showing
the existence of a topographically organized di- or
trisynaptic projection from both motor and nonmotor
domains of the dentate nucleus, passing through the
thalamus and reaching the putamen or the external seg-
ment of the globus pallidus.®” Hence, current results
should be interpreted with a grain of salt and caution,
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also taking into account the well-known limits of
tractography in distinguishing between direct or indirect
connections™ and the current lack of detailed anatomi-
cal ground truth on these projections in animal models
or in human anatomical postmortem dissections.

Nevertheless, our results, in line with previous
investigations,”>>>7? may suggest the possible existence
of a direct dento-pallidal connection in the human
brain. Although highly speculative, it can be hypothe-
sized that a direct dento-pallidal route may represent a
fast conducting system that appeared phylogenetically
later, in humans, triggered by the emergent importance
of manual dexterity.”*

This integrated cortico-pallidal-cerebellar loop would
provide the physiological background for flexible motor
behavior through a fast upstream control of direct and
indirect pathway.

Pathophysiological Implications
in Movement Disorders

Interest on the cortico-pallidal route is rapidly spread-
ing. In our previous study, direct cortico-pallidal connec-
tions were reconstructed, for the first time, by means of
CSD-based tractography.'®!*2%72 This hypothesis has
been further confirmed by the identification of gluta-
matergic vesicular glutamate transporter 1 cortical termi-
nals which are widely represented along the GPe and
less expressed in the GPi, which is supposed to receive
cortical connections to a lesser extent.”>

There are other indirect evidences suggesting the pres-
ence of cortico-pallidal connections. A combined local
field potential recording/magnetoencephalography study
in dystonic patients implanted with DBS electrodes
revealed three distinct and frequency-specific networks:
a temporo-pallidal source of theta band coherence, a
cortico-pallidal source of beta band coherence, and a
pallido-cerebellar source of alpha band coherence. Inter-
estingly, this latter network was inversely correlated with
symptom severity of dystonia.”> Moreover, a recent
study conducted on implanted patients with primary cer-
vical dystonia showed a short latency facilitatory effect
at 6 ms between GPi and motor cortex, suggesting a
rapid and likely direct cortico-pallidal interplay.”* Taken
together, these results may be indicative of a possible
clinical role for cortico- and dento-pallidal connections
in the pathophysiology of movement disorders. Future
studies are needed to unravel structural plasticity within
cortico-basal ganglia networks from the early stages of
PD, dystonia, and other movement disorders to better
understand adaptive versus maladaptive changes.

Recently, DBS has arisen to the forefront as a highly
effective, safe, and useful therapy for movement disor-
ders, especially for dystonia, but also for PD.”” In partic-
ular, GPi stimulation in parkinsonian patients has been
proven to provide fairly equivalent improvement

compared to STN stimulation in treating motor symp-
toms, while being less affected by the cognitive and
behavioral side effects typically described after STN
implanting.”®

On the other hand, DBS of the GPe, although not
currently used in clinical practice, has been indicated as
a potential target for treatment given that it reduces dis-
charge rate and bursting in GPi and STN in MPTP-
treated monkeys.”” Moreover, a PET study on patients
with Huntington’s disease revealed that bilateral GPe-DBS
modulated connectivity within the basal ganglia/thalamo-
cortical circuits and sensorimotor and default mode
networks, promoting integration across these networks
and therefore suggesting its potential role as a thera-
peutic target.”58°

In this framework, segmentation of the GP, based on
multimodal structural and functional imaging in the set-
ting of DBS, could improve patient outcome minimizing
side effects. For example, Middlebrooks and colleagues
showed that when a DBS electrode is located within the
GP sensorimotor territory, the increase of volume tissue
activated in the sensorimotor territory is correlated with
improvement in the UPDRS.?!

Our multilevel pallidal parcellation, conducted on
100 healthy subjects, may allow a better understanding
on why stimulation of different functional territories in
GP leads to variable clinical outcomes. ®
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