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Neuropsychiatric symptoms (including anxiety, depression, apathy, impulse-compulsive behaviors and hallucinations) are among
the most common non-motor features of Parkinson’s disease. Whether these symptoms should be considered as a direct
consequence of the pathophysiologic mechanisms of Parkinson’s disease is controversial. Morphometric similarity network analysis
and epicenter mapping approach were performed on T1-weighted images of 505 patients with Parkinson’s disease and 167 age-
and sex-matched healthy participants from Parkinson’s Progression Markers Initiative database to reveal the commonalities and
specificities of distinct neuropsychiatric symptoms. Abnormal cortical co-alteration pattern in patients with neuropsychiatric
symptoms was in somatomotor, vision and frontoparietal regions, with epicenters in somatomotor regions. Apathy,
impulse-compulsive behaviors and hallucinations shares structural abnormalities in somatomotor and vision regions, with
epicenters in somatomotor regions. In contrast, the cortical abnormalities and epicenters of anxiety and depression were prominent
in the default mode network regions. By embedding each symptom within their co-alteration space, we observed a cluster
composed of apathy, impulse-compulsive behaviors and hallucinations, while anxiety and depression remained separate. Our
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findings indicate different structural mechanisms underlie the occurrence and progression of different neuropsychiatric symptoms.
Based upon these results, we propose that apathy, impulse-compulsive behaviors and hallucinations are directly related to damage
of motor circuit, while anxiety and depression may be the combination effects of primary pathophysiology of Parkinson’s disease

and psychosocial causes.
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INTRODUCTION

Motor symptoms remain central to the diagnosis of Parkinson’s
disease (PD), but neuropsychiatric symptoms (NPS) are gaining
more attention as common and clinically important non-motor
features [1], such as PD can now be conceptualized as a complex
neuropsychiatric disorder [2]. These NPS can be divided into
several categories of affect including anxiety and depression,
perception and thinking (i.e., hallucinations and psychosis), and
motivation (i.e., impulse-compulsive behaviors (ICBs) and
apathy) [2].

These NPS are complex and diverse, making comprehensive
study of the neuropathologic mechanisms of NPS in PD difficult.
Whether they should be considered a direct consequence of the
pathophysiologic mechanisms of PD, or a pseudospecific effect
related to PD’s impact on psychosocial functioning and subse-
quent psychological sequelae [2]. For example, epidemiologically,
patients with PD have more distinctive hallucinations and ICBs,
which differ from the spectrum of neuropsychiatric disorders
found in the general population, suggesting a link to PD
pathophysiology. More ambiguous, however, is whether the
anxiety and depression observed in PD are distinct from that in

formal psychiatric disorders or even the general population [2-4].
Presentation of NPS, particularly depression and anxiety, in early
PD can have a clear psychological or psychosocial causation,
whereas the onset of these symptoms in advanced disease have
been associated with widespread PD neuropathology or exposure
to dopaminergic therapy [2].

Based on the clinical and epidemiologic characteristics of NPS
[2-4], as well as previous neuroimaging studies of single NPS
[5-19], we hypothesized that the various types of NPS will
demonstrate different relationships to the known cortical core
pathophysiological changes found in PD (e.g., motor cortex
deterioration). We predict that select NPS unique to PD patient
will be linked to evidence of the network spread of PD damage
emanating from motor circuit, whereas depression and anxiety
in PD will align more closely with psychological and social
factors in ways similar to primary psychiatric disorders, and
mainly accompanied by structural and functional damage in
brain regions involved in advanced cognitive functions (e.g., the
default mode network (DMN) regions such as the prefrontal
cortex, the orbitofrontal cortex(OFC) and the anterior cingulate
cortex) [5-7, 9, 20].
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Our approach is to use structural neuroimaging to obtain a
spectral characterization of PD-associated NPS, all toward the goal
of clarifying if the independence or phenomenological overlap of
NPS, mirrors a shared or distinct structural basis and etiology. This
strategy has been applied to well-known neurodevelopmental
(e.g., attention-deficit/hyperactivity disorder and autism spectrum
disorder) and psychiatric disorders (e.g., generalized anxiety
disorder, major depressive disorder, schizophrenia spectrum
disorders and obsessive-compulsive disorder) [21, 22].

Morphometric similarity network (MSN) analysis combines
multiple modalities or features that may provide insights into
macroscale cortical organization in a single individual [23]. As a
promising approach to characterize inter-regional anatomical
similarity by leveraging within-subject variance of different
morphometric properties [23], MSN reflects inter-region cytoarch-
itectonic similarity [24, 25], genetic similarity [23] and white matter
connection [24, 26]. PD as a neurodegenerative disease in which
pathologic protein aggregates are capable of spreading from focal
areas of pathogenesis to nonadjacent areas via transsynaptic or
transneuronal spreading along discrete brain networks [27-29].
Here we further employ the network diffusion model (i.e,, the
epicenter model) to speculate on whether certain brain regions
could act as sources or epicenters of pathological diffusion
through brain networks. Lastly, based upon our findings, we
revealed the extent of the relationship of distinct NPS to the core
cortical pathophysiologic damage imposed by PD.

MATERIALS AND METHODS

Participants

The data used in this study were obtained on February 2023 from the
Parkinson Progression Markers Initiative (PPMI) [30] database via a

standard application process. The PPMI study is an international multi-
centric cohort study designed to identify PD progression markers to
improve understanding of disease etiology and course.

The inclusion and exclusion criteria of PD and Healthy participants
(HPs) were described in the Supplementary Materials and Methods for
details. Each PPMI recruiting center in this study received ethics
approval from their local ethics board and obtained written informed
consent from all participants in accordance with the declaration of
Helsinki.

Assessments

The Movement Disorder Society Unified Parkinson’s Disease Rating Scale
(MDS-UPDRS) Part Il and Hoehn-Yahr staging was used to assess the
motor impairments of PD [31]. Montreal Cognitive Assessment (MoCA)
were used to assess cognitive decline.

Anxiety symptoms were assessed with the State-Trait Anxiety Inventory
(S-TAIl) [32]. Depression symptoms were assessed using the 15-item
Geriatric Depression Scale (GDS-15) [33]. The Short version of the
Questionnaire for Impulsive-Compulsive Disorders in Parkinson’s Disease
(QUIP-S) screened for impulse control and compulsive disorder sympto-
matology [34]. Lastly, apathy and hallucinations were assessed with single
items from the MDS-UPDRS Part | (see Supplementary Materials and
Methods for details).

MRI Data pre-processing

MRI acquisition, MRI scanner vendors and scan sequences differed
between the 35 PPMI acquisition sites (see Supplementary Materials
and Methods for details). The 3D T1-weighted images were pre-
processed in surface-based space using FreeSurfer (version 6.0, http://
surfer.nmr.mgh.harvard.edu/). Briefly, the cortical surface was recon-
structed through skull stripping, segmentation of brain tissue, separa-
tion of hemispheres, and construction of the grey/white interfaces and
the pial surfaces [23, 35]. To check for differences in motion and image
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Fig. 1 Construction of the MSN. A Seven cortical morphometric features were extracted from T1-weighted images by FreeSurfer. The
morphometric similarity between each possible pair of regions was estimated by Pearson’s correlation between their morphometric feature
vectors (B) to produce a 360 x 360 MSN for each participant (C). D W-score produced a normalized MSN change for each patient relative to
controls, taking age- and gender-related brain deformation into account. E Regional MSN changes were equivalent to the sum of the W-score
of a given region to all other regions. F Group-level analysis base on these regional MSN changes. MSN morphometric similarity network.
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Table 1. Demographic and clinical characteristics in PD patients and HPs.
PD (mean £ SD) (n = 505)

Age(years) 62.15+9.75
Gender(male/female) 336/169

Age at onset (years) 59.36 £ 10.26

Disease duration (years) 2.80+2.58

Educational level(years) 15.88+3.30

LEDD (mg) 113.97 £ 255.08
MDS-UPDRS-III 21.82+9.83

Hoehn & Yahr Stage 1.68 +0.52

MoCA 26.87 £2.49

S-Al 30.89£9.53

T-Al 30.83 £8.92

GDS-15 2.00+2.31
MDS-UPDRS-I-Apathy 0.17 £0.44
MDS-UPDRS-I-Hallucinations 0.04+0.24

QUIP-S 0.35+0.83

Follow-up scans (with/without) 155/350

Mean follow-up times 2.03+0.92

Mean follow-up duration(years) 2.85+1.32

HPs (mean £ SD) (n = 167) tix’/z P
61.29+11.31 —0.875 0.382°
106/61 0.523 0.47°

NA NA NA

NA NA NA

15.78 £3.72 —0.341 0.733°
NA NA NA

NA NA NA

NA NA NA
28.01+1.54 —5.060 <0.001*
26.57 £ 6.84 —5.134 <0.001*
27.95 +6.64 —3.412 0.001< *
1.10+2.15 —6.183 <0.001<*
0.04+0.19 —3.799 <0.001*
0.01 £0.08 —2.006 0.045% *
0.29+0.75 —0.832 0.405°¢
NA NA NA

NA NA NA

NA NA NA

GDS-15 Geriatric Depression Scale-15, HPs healthy participants, LEDD Levodopa equivalent daily dose, MoCA Montreal Cognitive Assessment, NA not applicable,
NPS neuropsychiatric symptoms, PD Parkinson'’s disease, QUIP-S short version of the Questionnaire for Impulsive-Compulsive Disorders in Parkinson’s Disease,
S-Al State-Trait Anxiety Inventory, S-Al Part, SD standard deviation, T-Al State-Trait Anxiety Inventory, T-Al Part MDS-UPDRS-I-Apathy Movement Disorder Society
Unified Parkinson’s Disease Rating Scale, Part I, Question for Apathy, MDS-UPDRS-I-Hallucinations Movement Disorder Society Unified Parkinson’s Disease Rating
Scale, Part |, Question for Hallucinations, MDS-UPDRS-IIl Movement Disorder Society Unified Parkinson’s Disease Rating Scale, Part Ill.

Results were considered significant at *P < 0.05.
22 test.

PTwo-sample t-test.

“‘Mann-Whitney U test.

quality between groups, the Euler number was calculated for each T1-
weighted image [36] (Fig. S1).

Construction of the MSN

Morphometric features from each T1-weighted images were extracted
from the Glasser atlas, 360 cortical regions constructed using multimodal
MRI images from the Human Connectome Project [37]. Features were
extracted including surface area, cortical thickness, grey matter volume,
intrinsic (Gaussian) curvature, mean curvature, curved index and folding
index (Fig. 1A) [23, 38]. The morphometric similarity between each possible
pair of regions was estimated by Pearson’s correlation between their
morphometric feature vectors (Fig. 1B, C) [23, 38-40]. To harmonize the
center effect, ComBat was used on MSN [41]. W-score produced a
normalized MSN change for each patient relative to controls, with normal
aging and sex effects accounted for (Fig. 1D) [42]. The detailed process was
described in the Supplementary Materials and Methods. Regional MSN
change was equivalent to the sum of the W-scores of a given region to all
other regions (Fig. 1E) [40, 43].

Analysis of the MSN

For regional MSN change, by considering nNPS (with no neuropsychiatric
symptoms, including anxiety, depression, apathy, impulse-compulsive
behaviors and hallucinations) as controls, we obtained Cohen’s d maps
reflecting case-control differences for each NPS in regional MSN for 360
Glasser parcels (Fig. 1F). In addition, we performed network-level analysis
on the twelve human brain’s macroscopic functional networks across the
Glasser parcels [44] (primary visual network (VIS1), secondary visual
network (VIS2), somatomotor network (SMN), cingulo-opercular network
(CON), dorsal attention network (DAN), language network (LAN), fronto-
parietal network (FPN), auditory network (AUD), DMN, posterior multi-
modal network (PMM), ventral multimodal network (VMM), orbito-affective
network (ORA)). These analyses were conducted using a mixed-effects
model that regressed gender, age, and center as covariates while
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accounting for within-subjects effects using Surfstat [45] (https://
math.mcgill.ca/keith/surfstat).

Specific epicenter identification

To identify the epicenters closely related to the structural alterations, we
applied the disease epicenter mapping (ENIGMA toolbox [46] v.1.1.3;
https://enigma-toolbox.readthedocs.io/en/latest/)approach using group-
wise normalized functional and structural connectivity matrices based on
the Glasser atlas from 207 Human Connectome Project healthy adults [22,
47-49]. By spatially correlating the healthy functional and structural
connectivity characteristics of each region with specific whole-brain
patterns of regional MSN alterations, specific epicenters were identified
for each NPS condition. This approach was repeated systematically across
the whole brain, assessing the statistical significance of the spatial
similarity of each region’s functional and structural connectivity profiles to
regional MSN Cohen’s d maps with 1000 times spatial permutation tests
(spin test) [50]. Brain regions with higher spatial similarity indicated more
likely a disease epicenter (at p <0.05 after spin tests). The twenty most
relevant brain regions were selected to represent the epicenters of
functional and structural connectivity. At the network level, chi-square
tests determined whether the epicenters occurred more frequently in
twelve human brain’s macroscopic functional networks, focusing on
differences in the occurrence frequency in intra- versus extra-networks.

Embedding of each NPS in shared or distinct MSN

alteration space

First, we intended to investigate associations between individual NPS in
terms of structural alterations. We examined the spatial similarity of effects
within each NPS type by calculating Pearson’s correlation between any pair
of Cohen’s d maps. The similarity of structural alterations between NPS
may also be affected by co-comorbidity, and here we also evaluate the
contribution of NPS comorbidities to MSN similarity by linear regression
analysis.

SPRINGER NATURE
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Fig.2 Shared and distinct MSN changes in NPS. A NPS and nNPS both showed MSN changes relative to HPs. B Compared with nNPS, MSN of
NPS significantly decreased in the DLPFC, somatomotor cortex and occipital cortex, with significantly decrease in SMN and VIS1 and increase
in FPN based on network-level analysis (C). Decreased MSN in DMN were observed in anxiety and depression (D, E), while apathy, ICBs and
hallucinations were characterized by decreased MSN in SMN and VIS1 (F-H). *p < 0.05, no corrected; **p < 0.05, FDR corrected. ICBs impulse
compulsive behaviors, HPs healthy participants, MSN morphometric similarity network; NPS neuropsychiatric symptoms, nNPS with no
neuropsychiatric symptoms, DLPFC dorsolateral prefrontal cortex, VIS1 primary visual network, VIS2 secondary visual network, SMN
somatomotor network, CON cingulo-opercular network, DAN dorsal attention network, LAN language network, FPN frontoparietal network,
AUD auditory network, DMN default mode network, PMM posterior multimodal network, VMM ventral multimodal network, ORA orbito-

affective network.

Second, we utilized hierarchical clustering to group the NPS such that
those within an obtained cluster have MSN similarity metrics “similar” to
each other, but different from NPS in other clusters. This yielded NPS sub-
groups with shared or distinct MSN alternations (i.e., abnormalities) relative
to our nNPS comparison group. More specifically, hierarchical clustering
was applied to the Cohen’s d maps of each NPS.

Lastly, we assessed the overlap between shared and distinct NPS
epicenters in terms of number and plotted this with the Cohen’s d maps of
NPS spatial similarity to form a two-dimensional space. Together, these
analyses revealed how individual symptoms are embedded in relation to
each other within a NPS coordinate frame.

RESULTS

Data samples

We studied 505 patients with PD (336 males, mean age +
SD=62.15+9.75 years) and 167 HPs (106 males, mean age *
SD =61.29+ 11.31 years) from 35 centers in the PPMI database. For

SPRINGER NATURE

T1-weighted MRI data, 505 PD patients had images at baseline, 129
of them had images at 1-year follow-up, 97 of them had images at
2-year follow-up, and 84 of them had images at 4-year follow-up. For
HPs, only the baseline T1-weighted MRI data were used.

Based upon evaluation of the NPS-related symptom and
behavioral assessments, we identified a total of 232 PD patients
with criterion NPS forming the following subgroups: PD patients
with anxiety (n = 67), depression (n=76), apathy (n = 106), ICBs
(n=133), and hallucinations (n=31). The highest comorbidities
was observed for depression and anxiety (48.96%). Details of
overall demographic and clinical characteristics are shown in
Table 1, more details of each NPS condition and the comorbidities
rates between them are shown in Tables S1 and S2.

Shared and distinct MSN alterations in NPS

Utilizing nNPS as a comparison group, we obtained Cohen’s d
maps reflecting case-control differences for PD with NPS and PD

Translational Psychiatry (2024)14:347
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Fig. 3 Shared and distinct NPS epicenters. Functional and structural epicenters of shared alterations in NPS were mainly present in
somatomotor regions (A, B) with a significantly higher probability of occurrence in SMN (C). In anxiety and depression, DLPFC, PCC, mPFC and
OFC were detected as unique epicenters, with a significantly higher probability of occurrence in DMN (D, E). Somatomotor cortex emerged as

unique epicenters in apathy, ICBs and hallucinations, with a significantly higher probability of occurrence in SMN (F-H).

*p < 0.05, no

corrected; **p <0.05, FDR corrected. ICBs impulse-compulsive behaviors, NPS neuropsychiatric symptoms, DLPFC dorsolateral prefrontal
cortex, mPFC medial Prefrontal Cortex, OFC orbitofrontal cortex, PCC posterior cingulate cortex, VIS1 primary visual network, VIS2 secondary
visual network; SMN: somatomotor network, CON cingulo-opercular network, DAN dorsal attention network, LAN language network, FPN
frontoparietal network, AUD auditory network, DMN default mode network, PMM posterior multimodal network, VMM ventral multimodal

network, ORA orbito-affective network.

with each NPS (i.e, anxiety, depression, apathy, ICBs and
hallucinations).

Individuals with NPS exhibited decreased MSN alterations in the
bilateral dorsolateral prefrontal cortex (DLPFC), bilateral precentral
gyrus, postcentral gyrus and bilateral occipital cortex compared to
nNPS (Fig. 2A, B). Based on network-level analysis, NPS exhibited
significantly decreased MSN alterations in the SMN (p < 0.05, FDR
corrected) and VIST (p < 0.05, no corrected), and significantly
increased MSN alterations in the FPN compared to nNPS (p < 0.05,
FDR corrected, Fig. 2C).

Both anxiety and depression showed decreased MSN in DMN.
Although they had similar patterns of reduction, the significance
of the reduction was weaker for anxiety (p < 0.05, no corrected,
Fig. 2D) relative to depression (p < 0.05, FDR corrected, Fig. 2E).
Apathy, ICBs and hallucinations shared significant MSN decrease
in SMN (p < 0.05, FDR corrected). In addition, they also shared
MSN alterations in vision network, with decreased MSN in VIS1 of
apathy, ICBs and hallucinations (p < 0.05, FDR corrected), and

Translational Psychiatry (2024)14:347

increased MSN in VIS2 of ICBs (p < 0.05, FDR corrected) and
hallucinations (p < 0.05, no corrected). Simultaneously, apathy
exhibited significant increase in FPN, ICBs exhibited significant
increase in AUD and PMM, and hallucinations exhibited significant
decrease in DMN (p < 0.05, FDR corrected, Fig. 2F-H). See Table S3
for more details.

Noting that different NPS have different level of motor
impairments and cognitive decline (Fig. S2), we added MDS-
UPDRS-IIl scores and MoCA as covariates in the mixed-effects
model. The results showed that the main brain regions with
significant results did not change (Fig. S3), indicating that the
specific structural alterations of these NPS were not significantly
affected by the level of motor impairments and cognitive
decline. In addition, we conducted two additional control
experiments to include total intracranial volume in covariates
(Fig. S4) and to include center effects in the calculation of
W-scores (Fig. S5), and showed that neither of these effects
affected the main results.

SPRINGER NATURE
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In addition, we also demonstrated the abnormalities compared
to HPs, by averaging MSN W-score in each group, see Fig. 2A and
Fig. S6 for details.

Shared and distinct NPS epicenters

Disease epicenters represented regions whose functional and
structural connectivity profiles spatially resembled the NPS-related
MSN Cohen’s d maps. Systematically investigating the connectiv-
ity profiles of 360 cortical seeds revealed somatomotor regions as
potential functional and structural epicenters of shared alterations
in NPS (Fig. 3A, B). The top twenty functional NPS epicenters were
observed in the bilateral precentral and postcentral gyrus, left
middle temporal gyrus and right OFC (Fig. 3A). The top twenty
structural NPS epicenters were present in the bilateral postcentral
and precentral gyrus, and right middle temporal gyrus (Fig. 3B). At
the network level, we found that functional and structural
epicenters were more likely to appear in intra-SMN regions rather
than extra-SMN regions (p < 0.05, FDR corrected, Fig. 3C).

In anxiety and depression, spatial correlations between MSN
maps and seed-based functional and structural connectivity
profiles implicated the DLPFC, PCC, mPFC, OFC and right middle
temporal gyrus as unique epicenters, with a significantly higher
probability of intra-DMN as opposed to extra-DMN regions, while
the significance was weaker for depression(p < 0.05, no corrected,
Fig. 3E) relative to anxiety(p < 0.05, FDR corrected, Fig. 3D).
Conversely, somatomotor regions (postcentral gyrus and precen-
tral gyrus) emerged as unique epicenters in apathy, ICBs, and
hallucinations in PD, with a significantly higher probability of
occurrence in intra-SMN compared to extra-SMN regions (p < 0.05,
FDR corrected, Figs. 3F-H and S7). Results of other networks were
shown in Supplementary Results for details (Table S4).

Embedding of each NPS in shared or distinct MSN

alteration space

We first conducted spatial similarity analyses on the MSN Cohen'’s
d maps of various NPS. We observed a clear similarity between
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anxiety and depression (r=0.65), apathy and ICBs (r=0.64)
(Fig. 4A). Simultaneously, the comorbidity between each NPS were
calculated and a higher comorbidity rate (48.96%) was found to
exist between anxiety and depression (Fig. 4B). We used linear
regression analysis to evaluate the contribution of NPS comorbid-
ities in MSN similarity, and found that 34.1% of MSN similarity
could be attributed to NPS comorbidities, mainly caused by
comorbidities of anxiety and depression (Fig. 4C).

Further hierarchical clustering analysis confirmed that a cluster
composed of apathy, ICBs and hallucinations, while anxiety and
depression stayed separate (Fig. 4D). We finally constructed a
similarity framework between shared and distinct alterations in
NPS using the epicenters and similarity dimensions. It compared
the degree of MSN similarity and overlap of epicenters between
shared and distinct MSN alterations, proposing their embedding
in the NPS co-alteration space. We found that apathy, ICBs and
hallucinations are more similar to the co-alterations in both
dimensions, whereas anxiety and depression showed disparate
symptom-specific profiles (Fig. 4E).

DISCUSSION

Our study reported coordinated effects of five NPS related to PD
(anxiety, depression, apathy, ICBs and hallucinations) on morpho-
metric profiles and the embedding of each NPS within their
shared or distinct brain structural alteration space. Specifically,
morphometric similarity mapping disclosed the abnormal cortical
co-alteration patterns affecting multiple regions in NPS patients.
By using abnormal MSN patterns in each NPS, we further applied
epicenter mapping to seek out focal “epicenters,” regions whose
connectivity patterns—in the healthy brain—most closely mir-
rored the known disease vulnerability pattern of PD [51]. We
found that the epicenters of shared alterations in NPS predomi-
nated in SMN regions. The epicenters of apathy, ICBs and
hallucinations were also observed in SMN, whereas the epicenters
of anxiety and depression were present in DMN regions.
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Moreover, we observed a MSN-based cluster composed of apathy,
ICBs and hallucinations, while anxiety and depression clustered
separately. These results indicate different mechanisms of
occurrence in different NPS. These data provided evidence that
apathy, ICBs and hallucinations may link to the primary
pathophysiology of PD in motor circuit, while anxiety and
depression are less clear neurobiologic basis, may be the result
of a combination of pathology of PD (e.g. related to hypodopa-
minergic state) and psychological factors.

We found that morphometric similarity was significantly
reduced in somatomotor cortex (precentral gyrus, postcentral
gyrus), occipital cortex and DLPFC in NPS patients in PD
population. Reduced regional MSN implies reduced morphometric
similarity (or greater morphometric differentiation) between these
areas and the rest of the cortex, which is being possibly attributed
to reduced anatomical connectivity to and from the less similar,
more differentiated cortical areas [40, 43]. Conversely, MSN
increases. This means that these areas are affected by NPS
pathology, their structural changes are not as well synchronized
with changes elsewhere in the brain network. The epicenter
mapping further identified that somatomotor cortex may be the
putative source of this damage pattern through functional and
structural connectivities. The motor circuit is the major component
of basal ganglia-thalamocortical circuits [52], and motor features
in PD development are the result of abnormal neuronal activity in
the motor circuit [53]. Somatomotor cortex has been found to be
the core cortical brain region to be involved in PD in animal and
clinical experiments and directly contributes to motor symptoms
[52, 54-56], and consistent structural [57-61], functional [61-63],
and metabolicl [64, 65] abnormalities have already been found in
neuroimaging studies. PD has long been linked to neuronal
networks by the clinical and anatomical progression [53, 66], and
the pathological changes in PD typically develop in the nervous
system following specific anatomical pattern. The initial a-
synuclein misfolding in a small number of cells could progressively
lead to the intra-axonal spread of a-synuclein aggregates to
multiple brain regions over years or decades following the initial
insult [66-69]. Hence, the current MSN analysis and epicenter
mapping provides evidence for the somatomotor cortex being the
key sites of onset of the neuropathology of NPS in PD. There is a
potential pathologic spreading pathway between somatomotor
cortex and structural damage regions.

As a flexible hub for cognitive control, the FPN was considered
to play an important role in instantiating and flexibly modulating
cognitive control [70]. Similar to DMN, structural changes in the
FPN regions are also widely present in many psychiatric disorders
such as schizophrenia, bipolar disorder and major depressive
disorder [21, 71]. Here, we considered that the increase of MSN in
FPN in NPS patients was a compensation for cognitive control
disorders, especially in apathy patients. We should note that our
cortical-level data are agnostic with regard to specific abnormal-
ities within the “direct” and an “indirect” circuits known to underlie
the subcortical pathology of PD [72]. Our evidence of MSN and
epicenter abnormalities at network-level of SMN is consistent with
the downstream cortical effects of these complex subcortical
circuit disruptions.

Specifically exploring various NPS, we found that compared
to nNPS, apathy, hallucinations, and ICB exhibited significant
alterations primarily in the somatomotor cortex, with MSN
alterations involving multiple unimodal networks such as
somatomotor, visual, and auditory. These three NPS could be
associated with pathophysiology of PD in motor circuit, which
has been evidenced by previous epidemiological survey data,
as the incidence rates of these NPS in PD were significantly
increased compared to normal population [2]. The demo-
graphic data in our study also supported the increased
incidence rate of apathy and hallucinations in PD. Apathy is a
frequent neuropsychiatric disturbance in advanced PD, and its
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occurrence may be attributed to the structural and functional
disruption of different networks in motivational circuits [73].
Hallucinations can occur in early-stage PD and the frequency
increases with the progression of PD [74, 75], while the
increased risk of ICBs may be related to receiving dopamine
therapy, especially the use of dopamine agonists [2, 76].
Epicenter mapping analysis further confirmed our conclusion.
Cortical functional and structural epicenters of these three NPS
were all located in the somatomotor cortex, indicating that
somatomotor cortex alterations in motor circuit may play a
crucial role in generating these damage patterns. In contrast,
anxiety in PD mainly exhibited decreased MSN in the DLPFC,
while depression also showed this trend in spite of no
statistically significant difference. Network analysis detected
that the MSN alterations were mainly concentrated in DMN. The
next epicenter mapping analysis found that the damage
patterns of anxiety and depression in PD were related to the
DMN. Moreover, brain alterations we observed in anxiety and
depression in PD were similar to MSN change in major
depressive disorder [40].

We further summarized the above analysis by embedding of
each NPS within their co-alterations in MSN space. Quantifying
cross-NPS  correlations and performing hierarchical clustering
analysis further quantified and supported our hypothesis. We
speculated that the five NPS in PD had different sources: one
mainly manifested as damage to transmodal network and
composed of anxiety and depression, and the other was caused
by damage to the unimodal network composed of apathy, ICBs
and hallucinations. It has been widely confirmed that abnormal-
ities in transmodal regions (i.e, DMN) often occur early and then
spread to unimodal regions in common mental disorders
[22, 77, 78]. Nonetheless, some mental disorders such as
schizophrenia and neuropsychiatric sequelae of stroke may early
present abnormalities in unimodal regions [79-82], and sequen-
tially present a bottom-up spread. These evidences provided that
anxiety and depression in PD may be the combination effects of
primary pathophysiology of PD(e.g., related to hypodopaminergic
state) and social and psychological factors (e.g., low economic
status, poor physical health, disability and social isolation) [83].
Considering the similarities with primary psychiatric disorders in
terms of altered brain patterns [40, 43, 84], epicenters [22], and
high comorbidity [85, 86], it may also be a supporting evidence
that social and psychological factors play a partial role in the onset
of anxiety and depression in PD. By contrast, apathy, ICBs and
hallucinations in PD could belong to another classification due to
the similar MSN co-alteration patterns, highly overlapping
epicenters and specific abnormalities directionally pointing to
SMN, suggesting that they might have a direct link to the primary
pathophysiology of PD. In disease management, guided self-help,
psychoeducation, advice on exercise and sleep hygiene, cognitive
behavioral therapy all show good effects on depression and
anxiety in PD [87-89], and selective serotonin re-uptake inhibitors
are considered first-line treatments [90]. However, antidepressants
effective in the management of depression have not been found
helpful in the management of apathy in PD [87, 91]. The
preliminary evidence indicates that L-dopa, dopaminergic ago-
nists such as pramipexole and ropinirole may improve apathy
[92-94]. These clinical evidences support our viewpoint to some
degree. Our present results provide new insights into the
pathogenesis of NPS related to PD.

This study has the following limitations: (i) The sample size
(n =505) is small and larger datasets with neuroimaging data
from PD samples are needed. (i) Our MSN study is limited to the
cortical regions and the role of the subcortical region in the
MSN damage pattern of PD remains elusive. (iii) We have taken
into account the effects of normal aging and sex through the
W-score, but the role of chronological age or age at time of PD
onset cannot be completely eliminated. (iv) Other factors at
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work comorbid medical/health problems are not taken into
consideration-cerebrovascular/hypertension, diabetes, sleep,
and diet/obesity.
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