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Abstract The human striatum is essential for both low-
and high-level functions and has been implicated in the
pathophysiology of various prevalent disorders, including
Parkinson’s disease (PD) and schizophrenia (SCZ). It is
known to consist of structurally and functionally divergent
subdivisions. However, previous parcellations are based on
a single neuroimaging modality, leaving the extent of the
multi-modal organization of the striatum unknown. Here,
we investigated the organization of the striatum across
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three modalities—resting-state functional connectivity,
probabilistic diffusion tractography, and structural covari-
ance—to provide a holistic convergent view of its structure
and function. We found convergent clusters in the dorsal,
dorsolateral, rostral, ventral, and caudal striatum. Func-
tional characterization revealed the anterior striatum to be
mainly associated with cognitive and emotional functions,
while the caudal striatum was related to action execution.
Interestingly, significant structural atrophy in the rostral
and ventral striatum was common to both PD and SCZ, but
atrophy in the dorsolateral striatum was specifically
attributable to PD. Our study revealed a cross-modal
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convergent organization of the striatum, representing a
fundamental topographical model that can be useful for
investigating structural and functional variability in aging
and in clinical conditions.

Keywords Striatum - Multi-modal - Connectivity-based
parcellation - Convergent clusters - Voxel-based mor-
phometry - Parkinson’s disease - Schizophrenia

Introduction

The striatum is a subcortical structure located close to the
lateral ventricle and is anatomically composed of the
putamen and the caudate. These two nuclei are anteriorly
fused. Posteriorly, they become gradually separated by the
internal capsule. The striatum receives diverse topographic
projections from the cerebral cortex, which are mirrored by
its structural and functional subdivisions, i.e., parcellations
[1-3]. Accordingly, the striatum plays an important role in
several motor and cognitive functions and is also involved
in goal-directed behaviors, such as working memory,
reward, and reinforcement learning [4-7]. In relation to
its large functional involvement, alterations of the striatum
are associated with highly prevalent and disabling patholo-
gies in neurology and psychiatry, including Parkinson’s
disease (PD) and schizophrenia (SCZ) [8-11]. Therefore,
identifying the fundamental subdivisions within the stria-
tum that reflect both structural and functional aspects, thus
establishing their behavioral and cognitive roles, and
studying their alterations in clinical populations, is a major
objective for cognitive and clinical neuroscience.

In-vivo and non-invasive neuroimaging modalities, such
as resting-state functional magnetic resonance imaging
(MRI) and diffusion MRI, provide connectivity measure-
ments that capture modality-specific structural and/or
functional neurobiological features of brain organization.
The connectivity-based parcellation (CBP) approach can
then be used to identify relatively homogenous subdivi-
sions with regard to the investigated modality [12—-17] (for
a review, see Eickhoff, Thirion, Varoquaux, Bzdok [18]).
Several such uni-modal parcellation studies have investi-
gated the structural and functional subdivisions within the
human striatum [2, 19, 20]. For example, probabilistic
diffusion tractography (PDT) has been used to examine
striatal organization based on the structural connectivity of
multiple cortico-striatal pathways, revealing a differentia-
tion along both the anterior-posterior and ventro-dorsal
axes [2, 9]. Functional subdivisions of the striatum based
on its resting-state functional connectivity (RSFC) to the
entire brain highlighted a rostro-caudal and a ventro-dorsal
organization [21, 22]. Pauli, O’Reilly, Yarkoni, Wager [7]
examined the task-based functional co-activation patterns
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of striatal voxels with the cerebral cortex by applying a
meta-analytic approach using 5,809 functional imaging
studies. Based on these co-activation patterns, the striatum
was divided into five subregions along the anterior-
posterior axis. Taken together, the above studies have
revealed a convergent ventral striatum subdivision, while
the dorsal and caudal subdivisions seem to diverge across
modalities (see Supplementary Introduction and Fig. S1).
For example, the dorsal striatum was subdivided along the
dorsal-ventral axis by RSFC-CBP [21, 23] or along the
rostral-caudal axis by PDT-CBP [2]. The caudal striatum
emerged as an entire cluster in RSFC-CBP [7, 21], but it
was split into dorsal and ventral parts by PDT-CBP [2].
Although these studies have alluded to both similar and
differing subdivisions in the striatum, it is much less clear
to what extent these subdivisions converge across imaging
modalities.

Given the diverse topographical organization, as well as
the functional diversity of the striatum, multi-modal
parcellation may provide a holistic “map” that reflects its
fundamental biological heterogeneity as well as homo-
geneity. Importantly, such a multi-modal organization has
the potential to reveal associations between the striatum
and complex behaviors, as well as diseases, which are
insufficiently explainable by a single modality alone. To
the best of our knowledge, no other study has applied
multi-modal parcellation to examine the structural and
functional convergence of striatal clusters across modali-
ties. Perhaps this is due to the current lack of suitable and
reliable methods for obtaining multi-modal parcellations.
One possibility is to derive multi-modal parcellations as a
post-hoc combination of uni-modal maps. Several previous
studies [16, 24-31] have applied a post-hoc approach to
investigate the multi-modal organization of a brain region
by studying the convergence and divergence between
modality-specific parcellation, i.e. each modality is parcel-
lated separately and the results are then combined to arrive
at multi-modal parcellation. However, since such
approaches do not explicitly model the dependencies
between the modalities, they may result in a sub-optimal
multi-modal parcellation [32].

In this study, we set out to investigate the multi-modal
organization of the striatum, in order to reveal its
fundamental biological map.

Materials and Methods
Sample Description
We assessed 324 unrelated subjects (164 females) aged

28.22 + 3.88 years (mean =+ standard deviation) from the
young adult sample of the Human Connectome Project
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(HCP) data [33]. This dataset was matched for gender
frequency and age and had been used in our previous study
[29]. Our sample did not contain siblings, as their presence
might bias the results due to any similarity in functional
and structural images. Three modalities of each subject —
probabilistic diffusion tractography (PDT), RSFC and
structural covariance (SC) — were used for the multi-modal
parcellation of the striatum, as described below. We also
selected another dataset of 220 unrelated subjects from the
HCP and re-tested the multi-modal parcellation results (see
Supplementary Results).

To analyze the clinical relevance, we collected the T1-
weighted structural MRI data of PD patients from Heinrich
Heine University Diisseldorf and Rheinisch-Westfilische
Technische Hochschule Aachen University [34]. Together,
these two datasets included 101 patients (47 females) aged
63.09 =+ 10.06 years and 96 healthy controls (HC, 45
females) aged 58.87 £ 9.81 years. We also collected the
T1-weighted structural MRI data of SCZ patients from the
Center for Biomedical Research Excellence [35], the
University of Groningen [36, 37], the University of Lille
[38], the Technical University of Munich [39], and Utrecht
University [40]. The pooled SCZ dataset included 159
patients (54 females) aged 35.92 £ 12.08 years and 166
HCs (64 females) aged 34.32 4+ 11.94 years. There was no
significant difference in gender between patients and HCs
(P = 0.96, PD versus HC; P = 0.39 SCZ vs HC, Xz test). A
significant difference was found in age between PD
patients and HCs (P < 0.01, two-sample #-test), but not
between SCZ patients and HCs (P = 0.23).

The ethics protocols were approved by the Ethics
Committee of Heinrich Heine University Diisseldorf
(4039 and 4096).

Region of Interest (ROI) Definition

The regions of interest (ROIs) for the left and right striatum
were extracted using the Harvard-Oxford subcortical
structural probabilistic atlas from the FMRIB (Functional
Magnetic Resonance Imaging of the Brain) Software
Library (https:/fsl.fmrib.ox.ac.uk/fsl/fslwiki). We extrac-
ted the caudate and the putamen as 2-mm isotropic voxels
based on the 25% probability map and combined them into
one striatal ROI for each hemisphere. This procedure
resulted in left and right striatum ROIs with 1,286 voxels
(caudate: 487, putamen: 799) and 1,307 voxels (caudate:
511, putamen: 796), respectively. To investigate the
robustness of the clustering results in ROI selection, we
performed additional analyses using ROIs with a more
conservative probability threshold of 50% (see Supple-
mentary Results).

Connectivity Profiles for Each Modality

PDT: Following standard pre-processing in the FMRIB
Software Library and BEDPOSTX fiber estimation, prob-
abilistic tractography was used to generate 5,000 samples
from each ROI voxel. Sample counts were recorded from
the entire white matter in order to obtain a connectivity
matrix per subject.

RSFC: Data were preprocessed using FMRIB’s ICA-
based Xnoiseifier (FIX), linear global signal regression
(GSR), and band-pass filtering (0.01-0.08 Hz). The con-
nectivity matrix for each subject was calculated as the
Fisher-Z transformed Pearson correlation between the time-
series of the ROI voxels with the rest of the grey matter
(GM) voxels.

SC: T1 images were processed using the Computational
Anatomy Toolbox (CATI12, http://www.neuro.uni-jena.de/
cat/) with standard settings. The CATI12 is a toolbox
extension to SPM12 and provides computational anatomy.
We extracted the volume of each seed voxel (within the
striatum) and other GM voxels for each subject. Pearson
correlation was then applied across all subjects to generate
connectivity matrices. Bootstrap re-sampling was applied
324 times to ensure robustness.

We averaged the PDT, RSFC (subject-wise), and SC
(bootstrap-wise) connectivity matrices to generate one
group-representative connectivity matrix per modality.
Detailed information on pre-processing and connectivity
matrix calculations is available in the Supplementary
Methods.

Multi-modal CBP

Previous CBP studies [14, 27, 41] have used the popular k-
means or hierarchical clustering methods to investigate the
functional or structural parcellation of an ROI. First, each
modality is used separately to arrive at a modality-specific
(uni-modal) parcellation. These modality-specific parcella-
tions are then combined or compared in a “post-hoc”
fashion to arrive at a multi-modal solution. However, these
methods do not explicitly model the dependencies among
the modalities during the clustering process and thus may
miss subtle similarities or differences between them. In this
study, we explicitly modeled the dependencies among
modalities using the context-dependent clustering (CDC)
algorithm to investigate multi-modal CBP. CDC is an
integrative clustering approach that takes the heterogeneity
of the different contexts (i.e., modalities) into account by
jointly modeling information from all the modalities during
the clustering process and allows the connectivity of each
modality to be of a different size. Thus, the three group-
level connectivity matrices (RSFC, PDT, and SC) repre-
senting different modalities were used as the input for

@ Springer


https://fsl.fmrib.ox.ac.uk/fsl/fslwiki
http://www.neuro.uni-jena.de/cat/
http://www.neuro.uni-jena.de/cat/

Neurosci. Bull.

CDC, yielding their single- and multi-modal clustering
structure. To differentiate from the uni-modal parcellation,
where clusters are independently generated for a given
modality, here we used single-modal component parcella-
tion (or single-modal parcellation for short) to denote the
single-modality contribution to the multi-modal parcella-
tion. We needed two additional parameters for CDC: the
number of single-modal clusters and the maximum number
of multi-modal clusters. In order to assess the effects of
different levels of single-modal subdivision, we varied the
number of components (n) in the range 3-9. The maximum
number of multi-modal clusters should be high enough to
accommodate heterogeneity across the modalities. Higher
heterogeneity across modalities leads to more multi-modal
clusters. We deemed 10 multi-modal clusters to be flexible
enough, as previous studies have divided the striatum into
3—7 clusters in uni-modal parcellation.

The CDC algorithm uses a hierarchical Bayesian
probabilistic model to jointly model the cluster structure
by taking into account multiple contexts/modalities.
Specifically, the Gaussian mixture model with the Dirichlet
prior is used to model the components based on the
corresponding connectivity patterns. The single-modal
components themselves are modelled as Gaussian mixtures
which are then combined to form multi-modal clusters
using a hierarchical Bayesian model. Thus CDC can take
data from multiple modalities as input; note that the
connectivity patterns for different modalities can be of
different sizes as long as they all have the same number of
ROI voxels. The model is fitted using the Markov chain
Monte Carlo (MCMC) algorithm. We used 2,000 MCMC
iterations to allow convergence. CDC was applied to the
left and right ROIs separately using the Clusternomics
package  (https://cran.r-project.org/web/packages/cluster
nomics/index.html).

Model Selection

Selection of a clustering model is an unsolved problem,
and many model-selection criteria exist. Thus, it is
necessary to apply objective criteria to select a solution
supported by the data [18]. Various selection criteria can
disagree with each other and suggest different solutions,
and it is not possible to know which criterion to prefer.
Therefore, our model-selection was guided by a heuristic
combination of several criteria. The matched clusters
criterion (MCC), the deviance information criterion
(DIC), the missing rate of voxels assigned to undersized
clusters, and the adjusted Rand index (ARI) between
single-modal clusters were used to select a parsimonious
solution. All these criteria are described in more detail in
the Supplementary Methods. In addition, results in the
literature divide the striatum into five, six, or seven
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clusters, suggesting that a plausible solution lies within
this range. A hemisphere-matched parcellation was
obtained by retaining only the matching voxels from the
selected hemispheric parcellations (see Supplementary
Methods).

Overall, multi-modal clusters from low to high levels of
subdivision (n = 3-9) split the left striatum into rostro-
caudal and ventro-dorsal clusters. After excluding small
clusters (<50 voxels), we found seven multi-modal clusters
atn =3,4,7, and 8, eight multi-modal clusters at n = 5 and
6, and nine multi-modal clusters at n = 9. For the right
striatum, we found a modal-modal cluster along the
ventro-dorsal axis at low levels of subdivision (n = 3-6),
and along the rostro-caudal and ventro-dorsal axes at high
levels of subdivision (n = 7-9). We obtained six, seven, and
eight multi-modal clusters at n =3 and 9, n = 5 and 6, and
n =4, 7, and 8, respectively.

Functional Characterization of Striatal Clusters

We used the “behavioral domain” and “paradigm class” in
the BrainMap meta-data (http://www.brainmap.org/index.
html) [42, 43] to investigate the functions of the final
hemisphere-matched multi-modal clusters in the striatum.
The BrainMap meta-data describes more than 17,047
manually-curated neuroimaging experiments that have
included the coordinates of peak voxels in active regions
for specific psychological conditions. Behavioral domains
include the categories of cognition, action, perception,
emotion, interoception, and their related subcategories,
while the paradigm classes categorize the specific task
employed. We used “forward inference” and “reverse
inference” to characterize the functional profile of each
cluster.

Voxel-Based Morphometry (VBM) Analysis

To investigate clinically-relevant structural changes in PD
and SCZ, we chose to analyze T1-weighted images, which
are routinely collected in the clinic. This, in turn, increased
the translational potential of our results.

T1-weighted images were first pre-processed using
CAT12 with the same steps used for structural covariance
connectivity (see Supplementary Methods). We estimated
whole-brain GM volume by using only non-linear compo-
nents of the deformation in normalized GM. For a given
matched multi-modal cluster, we extracted the GM volume
using VBM, which was then averaged within each cluster
for each subject and examined for differences between
patients and HCs. Considering that differences in GM
volume might be associated with gender, age, and hemi-
sphere, we applied a six-way analysis of variance
(ANOVA) that included not only “disease status” and
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“striatal cluster”, but also “gender”, “age”, “hemisphere”
and “total intracranial volume” as factors. In addition, for
each striatal cluster, we calculated the Z-score of the
averaged GM volume for each patient based on the mean
and standard deviation of the HC group to further reflect
specific and common structural alterations within and
between PD and SCZ.

Results

CDC provides single-modal parcellations and their combi-
nation as multi-modal parcellation. We first describe the
single-modal results at different numbers of components
followed by the multi-modal results. Subsequently, a single
solution (fixed number of single-modal subdivisions) was
selected and functional characterization was applied to
investigate the behavioral functions associated with each
hemisphere-matched multi-modal cluster. We then exam-
ined the differences in the averaged GM volumes of these
clusters between patients (PD and SCZ) and HCs using
VBM.

Single-Modal (Component) Parcellation
Left Striatum

The left striatum was split into different single-modal
components along the rostro-caudal and ventro-dorsal axes
for all levels of subdivision (i.e., single-modal solution
n from 3 to 9, Fig. 1, left). At n = 3, PDT subdivided the
striatum along the rostro-caudal axis, while it was divided
into dorsolateral, ventromedial, and caudal clusters by
RSFC and SC. At n = 4, all modalities differentiated a
rostral cluster from a dorsolateral cluster. The dorsolateral
and rostral clusters were stable across all modalities. These
two clusters were preserved by RSFC and SC at n = 5.
However, the dorsolateral striatum was fused into a rostral
cluster by PDT. In turn, the caudal striatum was split into
dorsal and ventral parts by RSFC and SC. Similar rostral,
dorsolateral, ventromedial, and caudal (including the dorsal
and ventral parts) striatum divisions were also found in all
modalities at n = 6.

At subsequent higher-level subdivisions (n = 7-9), we
found more similarity across single-modal parcellations. At
n =7, arostral, ventral, and caudal (dorsal and ventral part)
striatum similar to n = 6 was obtained, as well as a
dorsolateral striatum that was differentiated from the dorsal
striatum in all modalities. At n = 8, the rostral striatum was
divided along the dorsolateral-ventromedial axis by RSFC
and SC, while only the ventromedial part of the rostral
striatum was preserved by PDT. Compared to n = §, we
found these two dorsolateral and ventromedial parts to be

fused into an entire rostral striatum in all modalities at n =
9, while a more central cluster was differentiated from a
caudal cluster (dorsal part) in all modalities.

Right Striatum

We found that all three modalities divided the right
striatum along the ventro-dorsal axis at low levels of
single-modal parcellation (Fig. 1, right). The dorsolateral
cluster included almost the entire caudate, along with parts
of the dorsal putamen from n = 3 to n = 6. We obtained
caudal and ventral clusters with all three modalities at n =
3. At n = 4, the caudal striatum (from n = 3) was divided
into separate parts in each modality. PDT differentiated a
caudal striatum along the ventro-dorsal axis, while RSFC
and SC subdivided this caudal striatum along the rostro-
caudal axis. At n =5, both RSFC and SC distinguished the
dorsal and ventral striatum from the caudal striatum (from
n = 3). At n = 6, we found a central cluster to be partly
derived from the ventral striatum by all three modalities.
Moreover, the dorsal and ventral parts of the caudal
striatum were fused together and then slightly differenti-
ated at the ventral part and at the dorsal part by both RSFC
and SC.

At n = 7, all modalities distinguished the dorsal and
rostral striatum from the large dorsolateral striatum at n =
6. The dorsal and caudal parts of the caudal striatum were
found from n =5 in RSFC and SC. At n = 8, a part of the
central striatum (from n = 7) was fused with the
dorsolateral striatum in all modalities. At n = 9, all
modalities divided the caudate along the ventro-dorsal axis
and the putamen along the rostro-caudal axis. Similar
dorsolateral clusters (from n = 7) were found in SC.

Model Selection for Multi-modal CBP

Our aim was to select a model that represents the
convergent organization of the striatum and to study the
functional and clinical relevance of the resulting clusters.
Different single-modal components (varying from 3 to 9)
led to different multi-modal clustering results, making it
necessary to select a single model (i.e., number of single-
modal clusters). This model-selection was guided by the
MCC, the DIC, the missing rate of voxels due to small
clusters, and the ARI (Fig. 2).

Given that most previous uni-modal parcellations indi-
cated a symmetric subdivision in the striatum [2, 7, 19, 21],
using the MCC, we first investigated which level of single-
modal subdivision generated multi-modal clusters with a
high match between the left and right hemisphere clusters.
A matching rate of at least 50% of mirrored voxels was
considered a match for each cluster. Six multi-modal
clusters matched with n = 7, while for n = 5 and 6, there
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Fig. 1 Single- and multi-modal striatal clusters at different levels of subdivision (single-modal solution n from 3 to 9) and three modalities
(PDT, RSFC, and SC). PDT probabilistic diffusion tractography, RSFC resting-state functional connectivity, SC structural covariance.

were only two and three matched multi-modal clusters,
respectively. In addition, only a single cluster matched for
n = 8. No multi-modal clusters met the MCC at n = 3, 4,
and 9. Figure 2A shows the six matched multi-modal
clusters at n = 7. More details about matched multimodal
clusters can be found in Table S1 in the Supplementary
materials.

The DIC results at each level of subdivision in both
hemispheres are shown in Fig. 2B. We found that n = 9 for
both the left and right striatum induced the minimum DIC
value, which suggested that all single-modal components at
this level of subdivision generated more convergent multi-
modal clusters. However, many voxels were missing in the
multimodal clusters due to small clusters (clusters with
<50 voxels were deemed meaningless) at n = 9 (Fig. 2C).
Furthermore, the averaged ARI across all pairwise modal-
ities showed a peak at n = 8 and 9 for the left striatum, and
n = 8 for the right striatum (Fig. 2D). At n = 7, the ARI
showed a high correspondence. In addition, previous
results have often divided the striatum into six clusters.

Taking all lines of evidence into account, and to retain
maximum voxels in the striatal clusters, we determined n =
7 as our final model. The corresponding hemisphere-
matched multi-modal clusters were selected for subsequent
functional characterization and VBM analysis of clinical
data. However, for completeness, we also discuss the
results of n = 6 and 9.
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Multi-modal CBP

All multi-modal clustering results for the left and right
striatum are shown in Fig. 1. When using n = 7, we found
seven multi-modal clusters with at least 50 voxels for the
left striatum and eight for the right striatum (Fig. 3A). For
both the left and right sides, we found dorsal (red),
dorsolateral, rostral (green), ventral (orange), and caudal
(ventral part, dark blue; dorsal part, yellow) subdivisions.
We also found a central subdivision (pink) on the left side,
which corresponded to a central (pink) and a ventromedial
(light blue) cluster on the right side. Figure 3B shows
matched voxels across hemispheres in these multi-modal
clusters. Multi-modal parcellation results (at n = 7) for the
left and right striatum are available through this link:
https://github.com/Xiaojin-LIU/
MultiModalParcellationStriatumResults.

Functional Characterization of Striatal Clusters

We investigated the functional characterization of multi-
modal striatal clusters obtained from the selected model at
n = 7. After small-cluster exclusion, followed by inter-
hemispheric matching, we used six clusters with matched
voxels across hemispheres: dorsal, dorsolateral, rostral,
ventral, and caudal (dorsal and ventral parts) (Fig. 3B). We
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Fig. 2 A Matched rates between mirrored left cluster and real right
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hemisphere-matched multi-modal clusters at n = 7. B DIC values for
different level subdivision (single-modal solution n from 3 to 9).
C The missing rate of voxels in all multimodal clusters at different
levels of subdivision (n from 3 to 9). The multi-modal clusters that
combined PDT, RSFC (preprocessing strategy: FIX+1GSR), and SC

combined the left and right striatal clusters for this
analysis.

Functional characterization across behavioral domains
and paradigm classes of the BrainMap database showed the
dorsolateral striatum to be associated with cognition and
paradigms involving reward and saccades. The rostral and
ventral striatum were both mainly associated with cogni-
tive and emotional functions derived from relevant
paradigms such as reward, Tower of London, and delay
discounting (Fig. 4). Moreover, the ventral striatum was
associated with perception and reward-processing. In
contrast, the caudal striatum, including the dorsal and
caudal putamen, was associated with executive action.
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single modalities. We only retained those meaningful multimodal
clusters that contained at least 50 voxels [red voxels show the
conjunction of all small (<50 voxels) clusters]. D Adjusted Rand
index (ARI) between any two single modalities at different level
subdivision (n from 3 to 9). rL real left cluster, mL mirrored left
cluster, 7R real right cluster, mR mirrored right cluster.

Clinical Assessment: GM Volume Alterations in PD
and SCZ

We assessed how “disease status”, “age”, “gender”,
“striatal clusters”, “hemisphere” and “total intracranial
volume” affected the average GM volume of the striatum
by applying six-way ANOVA.

Main Effect

We found significant main effects of “disease status”,
“age”, and “striatal cluster” on the average GM volume in
both disorders (all P < 0.001) (Fig. SA). Both PD and SCZ

patients showed significantly lower GM striatal volumes
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A Muti-modal clusters (n=7)

B Hemisphere-matched

Fig. 3 Location and number of voxels of each multi-modal cluster at
n =7. A Selected highly-matched multi-modal clusters after retaining
voxels that show a match across hemispheres (in black boxes). B Six
hemisphere-matched multi-modal clusters at n = 7. Red, dorsal;
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Fig. 4 Behavioral decoding across behavioral domains and paradigm classes of the BrainMap database of the six hemisphere-matched multi-

modal clusters at n = 7.

than HCs (all P < 0.001). Younger subjects had a higher
GM volume than older subjects. We further found a
significant negative correlation between the GM volume of
the striatum and age (PD and HC: r = -0.302, P < 0.001;
SCZ and HC: r = -0.376, P < 0.001). Moreover, males had
a significantly higher GM volume than females (P = 0.004)
when combining the SCZ and HC groups. The left
hemispheric GM volume was found to be significantly
higher than the right (P = 0.034) in HCs than in SCZ
patients. Significant main effects of “total intracranial
volume” on the average GM volume were only found in
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SCZ patients and HCs (P < 0.001), but not in PD patients
and HCs.

Interaction Effects

We then focused on the interaction effects of the factor
“disease status” (PD and SCZ separately) (Fig. SB-E).
Significant interactions of “disease status” were found with
all other factors (“striatal cluster”, “age”, “gender”, and
“hemisphere”). Resolving these interaction effects showed
PD patients to have a lower average GM volume in the left
dorsolateral (P = 0.004), rostral (P = 0.021), and ventral
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Fig. 5 Significant main (A) and interactive effects (B-E) in averaged
grey matter (GM) volume of the striatum for PD patients and HCs, as
well as SCZ patients and HCs based on ANOVA. L left hemisphere,

striatum (P < 0.001) than HCs (Fig. 5B). Similar effects
were also found in the same striatal clusters on the right
hemisphere (Fig. 5B). However, a lower GM volume was
found in the rostral (P < 0.001) and ventral striatum (P <
0.001) for SCZ patients (Fig. 5C). The interaction effect of
“disease status” and “gender” showed both male (P =
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0.006) and female (P < 0.001) PD patients to have a lower
GM volume than HCs (Fig. 5D). We also found significant
interactions between “disease status” and “age”, showing
a negative correlation between GM volume of the striatum
and age in both SCZ patients (r = —-0.303, P < 0.001) and
HCs (r = -0.445, P < 0.001, Fig. 5E). The Z-scores of the
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cluster-wise GM volume in PD and SCZ patients showed a
uniformly lower Z-score for all hemisphere-matched clus-
ters in the PD patients compared to the SCZ patients
(Fig. 6). Note that all the Z-scores are negative, and a lower
value denotes more atrophy.

Discussion

The primary goal of this study was to uncover the
fundamental multi-modal organization of the striatum.
We achieved this by using a novel multi-modal CBP
approach that combined the RSFC, PDT, and SC modal-
ities. The multi-modal CBP model based on seven single-
modal clusters was selected based on several model-
selection criteria. It revealed a ventro-dorsal and a rostro-
caudal topographical organization of the striatum. Accord-
ing to this model, we identified six hemisphere-matched
clusters: the dorsal, dorsolateral, rostral, ventral and caudal
(dorsal and ventral part) striatum. Functional characteriza-
tion of these striatal clusters, based on published activation
studies, revealed their involvement in emotion, cognition,
and execution. Critically, we found a reduced GM volume
in the rostral and ventral striatum in both PD and SCZ
patients, but GM volume reduction in the dorsolateral
striatum was specifically attributable to PD patients.

Topographical Organization of the Striatum

We found a ventro-dorsal and rostro-caudal topographical
organization of the striatum in both single-modal and
multi-modal clusters (Fig. 1). The ventral striatal cluster
from our final model was consistent with most previous
functional and structural parcellations. Similar to previous
RSFC-based parcellations, we found a rostral striatum that

A Striatum B Left striatum

Dorsal
striatum

Ventral
striatum

s PD patients
= SCZ patients

Fig. 6 Averaged Z-scores of GM volume in each striatal cluster for
patients (PD and SCZ) by comparing the mean and standard deviation
of the HC group. A Six hemisphere-matched multi-modal clusters. B,
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Dorsal
striatum

-

Ventral
striatum

includes the anterior caudate and putamen. A previous
study [2] divided the dorsal striatum into three parts along
the anterior-posterior axis based on its PDT-derived
structural connectivity with the cerebral cortex. However,
our results showed a dorsal striatal cluster across all
modalities. The above results suggest a stable functionally
and structurally convergent organization of the ventrodor-
sal and rostrocaudal striatum. In addition, we found a novel
cluster (dorsolateral striatum) that combines two separate
anatomical parts, one located in the ventral caudate and the
other in the dorsolateral putamen. Our findings suggest
functional and structural homogeneity between these two
parts, which needs further investigation.

Convergent and Divergent Fundamental Organiza-
tion of the Striatum

The convergence and divergence between the modalities
for both the left and right striatum were found at all levels
of subdivision. At lower levels (n 3-6), we found
divergent multi-modal clusters, while at higher levels (n =
7-9), more convergence was found. These clusters
included dorsal, dorsolateral, rostral, ventral, central, and
caudal (dorsal and ventral parts) clusters for the left
striatum and an additional ventromedial cluster for the right
striatum in multi-modal CBP (Fig. 3). A previous study
[44] found that the rostral and dorsal striatum exhibit
convergent structural and functional connectivity from
orbitofrontal, lateral prefrontal, and posterior parietal
regions of the cortex. Our multi-modal CBP results
corroborate these two striatal regions (rostral and dorsal
striatum), but also suggest that additional regions, includ-
ing ventral, central, and caudal clusters, have a convergent
functional and structural organization.
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Regarding the increasing functional and structural
convergence of the striatum from a low to high level of
subdivision, this may be related to single-modal compo-
nents reflecting heterogeneous biological aspects of the
striatum at the coarser level—i.e., few clusters resulting in
divergent multi-modal clustering. Evidence [1, 3, 45] sug-
gests that cortico-striatal projections are quite complex,
forming an integrative functional circuit rather than being
simple parallel pathways. This complexity may explain the
increased multi-modal convergence at higher levels of
subdivision.

Functional Characterization of Striatal Clusters

Activation studies based on functional behavioral profiling
[43] of each symmetrical striatal cluster indicated that
functions usually associated with the striatum include
emotion, cognition, and action execution (Fig. 4). In
particular, the dorsolateral striatum, including parts of the
ventral caudate and dorsolateral putamen, were related to
cognitive functions. The rostral and ventral striatal clusters
were associated with commonly engaged behavioral func-
tions, including cognition and emotion. The caudal stria-
tum, including the dorsal and caudal parts, was associated
with action. These results are in line with previous studies
[46, 47], which have suggested that the ventral striatum is
responsible for initiating behaviors and associated with
emotion and motivation. Meanwhile, the caudate has been
linked to cognitive functions, including procedural learning
and working memory [48, 49], while the putamen has been
associated mostly with action execution and motor control
[50, 51]. The rostral striatum may be considered a
“transitional” functional region that is responsible for
different behavioral stages, including motivation and
cognition. The striatum works in coordination with the
cerebral cortex and is related to goal-directed behaviors
[3, 52]. This complex behavior requires motivation at the
beginning, followed by different cognitive functions,
including a series of mental processes, such as memory,
attention, imagination used to select a strategy, and finally,
action. During these processes, individual emotions also
play an important role because they affect strategy
selection and can induce different behavioral results. Our
functional characterization of the convergent striatal clus-
ters obtained by multi-modal CBP is consistent with
functions that can be expected of these regions. In order to
further examine functional symmetry between hemi-
spheres, we investigated the functional characterization of
each striatal cluster on both sides, and found similar
profiles for the left and right striatal clusters (Fig. S5).

Disease-Related Structural Differences in Striatal
Clusters

We found main effects of “disease status”, “age”, and
“hemisphere” on the average GM volume (Fig. 5SA) in
both disorders. Compared to HCs, patients showed a
significantly lower GM volume of the entire striatum.
These results are in line with previously identified mor-
phological differences in these patient groups [53-56].
Currently, the pathology of PD is considered to be the
degeneration of dopaminergic nigrostriatal neurons, which
may result in the abnormal depletion of striatal dopamine
[57]. In contrast, increased striatal dopamine activity is
thought to be fundamental for SCZ [58, 59]. These may
lead to divergent morphological differences in the striatum
between PD and SCZ patients. In addition, most antipsy-
chotic treatments target the dopaminergic receptors in the
striatum and influence striatal metabolism in SCZ [60].
These treatments may also indirectly induce changes in
striatal morphometry.

Significant interaction effects of “disease status” (PD
and HC) with “striatal cluster” and “hemisphere” for the
left and right dorsolateral, rostral, and ventral striatum
(Fig. 5B) were found in this study. The GM volume of
these striatal clusters was significantly lower in PD patients
than in HCs. We also found a significant interaction effect
of “disease status” (SCZ and HC) with “striatal cluster”
for the rostral and ventral striatum when comparing SCZ
patients and HCs (Fig. 5C). These results suggested that
significant structural atrophy in the rostral and ventral
striatum is common to both PD and SCZ patients, but a
difference in the dorsolateral striatum is specifically
attributable to PD patients. Structural alterations in pre-
frontal, striatal, and temporal regions are associated with
the symptoms of these two disorders [61-64]. The most
common symptoms of PD and SCZ are cognitive impair-
ment, emotional distress, and slowing of movements [65].
This symptomatic similarity between PD and SCZ may
stem from dopamine dysregulation of striatal clusters,
which, in turn, can lead to reduced spontaneity and
initiative, hence difficulties in the planning, selection,
initiation, and execution of movements. Given that the
functional characterization of the rostral and ventral
striatum was mainly associated with complex functions
[not only cognition but also emotion (Fig. 4)], dysfunctions
of these two striatal clusters may induce common structural
atrophy in PD and SCZ. However, significant structural
atrophy in the dorsolateral striatum was found only in PD
patients, reflecting a divergent atrophy pattern between PD
and SCZ. A gradual decrease of dopaminergic function
within the putamen from posterior to anterior has been
described in PD [66, 67]. This may lead to PD-specific
structural atrophy in the dorsolateral striatum, as we found
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in this study. Also, different atrophy patterns may be
related to the differences in predominant symptoms
between PD and SCZ. The functional characterization of
these two clusters showed them to be involved in cognition
and action, respectively (Fig. 4). In particular, PD is
considered a movement disorder, the predominant clinical
symptoms of which include resting tremor, slowed move-
ment, and postural disturbance [68, 69], while SCZ is a
severe mental disorder and its negative symptoms predom-
inantly involve abnormal motivation, sociality, and emo-
tional expressiveness [70, 71]. PD patients are often
diagnosed with mild cognitive impairment or dementia in
different stages. This may explain the more extensive
structural atrophy in the striatal clusters involved in action
and cognition. Meanwhile, it has been shown that cortico-
striatal connectivity with the posterior putamen, which
mainly involves sensorimotor and executive networks, is
decreased in PD, while cortico-striatal connectivity with
the anterior putamen that mainly connects to the salience
network is increased [72, 73]. Our findings are consistent
with these studies, which suggest that abnormal executive
and cognitive functions in PD may be associated with
specific structural atrophy in relevant striatal clusters.

In addition, we found more lateralized atrophy in all the
striatal clusters for PD patients compared to SCZ patients.
Previous studies [74, 75] have suggested a predominance
of nigrostriatal dysfunction in the left hemisphere for PD
patients, which may lead to the “hemisphere” effect on
GM volume for PD patients (Fig. 5B). The dorsolateral
striatum (the novel cluster identified in our study) showed
significant lateralized atrophy in PD patients compared to
HCs, but no significant difference between SCZ patients
and HCs. Hence, we suggest that this cluster may reflect a
clinically relevant marker for PD but not for SCZ. Taken
together, these results reflect the structure and function of
our multi-modally derived striatal clusters corresponding to
complex behaviors of clinical relevance. These convergent
striatal clusters can thus be applied when investigating the
structural and functional variability in PD and SCZ.

We found the GM volume of striatal clusters to be
significantly lower in both male and female PD patients
than in HCs (Fig. 5D). Also, there was no significant
correlation between the GM volume of striatal clusters and
age in PD (Fig. 5E). Although we are not aware of
previous reports on differences in striatal GM volume and
its relation to age and gender, these two factors are well-
known clinical characteristics of PD [76]. In PD, females
usually show greater striatal dopamine transporter activity
along with a more rapid age-related decline than males
[77]. Hence, we cautiously suggest an effect of age and
gender on the difference in GM volume between PD
patients and HCs. However, we found a significant
negative correlation between the GM volume of striatal
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clusters and age in SCZ (Fig. 5E). This may relate to the
difference in the first-episode age of these two diseases.
While the first episode in SCZ usually includes a wider age
range—from the adolescent to the aged—PD normally
affects the aged.

In summary, we revealed a convergent fundamental
organization of the striatum using a novel multi-modal
CBP approach. The dorsolateral cluster was related to
cognition, the rostral and ventral clusters were associated
with emotion and cognition, and the caudal cluster (dorsal
and ventral parts) was related to the execution of actions.
We also found common structural atrophy (GM volume) in
the rostral and ventral striatum for PD and SCZ, but the
GM differences in the dorsolateral striatum were specifi-
cally attributable to PD. In effect, we provide a parcellation
scheme that can be used to congruously investigate the
functional and structural variation of striatal clusters across
development, aging, and disease.
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