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Abstract

Parkinson's disease (PD) is a progressive neurodegenerative disease characterized by

both motor and non-motor symptoms. A convergent pathophysiological hallmark of

PD is an early selective vulnerability within the basal ganglia circuit. However, the

causal interactions between basal ganglia atrophy and progressive structural network

alterations in PD remain unaddressed. Here, we adopted voxel-based morphometry

method to measure gray matter (GM) volume for each participant (n = 84 PD patients

and n = 70 matched healthy controls). Patients were first divided into three stages

according to the Hoehn and Yahr (H&Y) and the Part III of Unified Parkinson's Disease

Rating Scale scores respectively to analyze the stage-specific GM atrophy patterns.

Then, the modulation of early caudate atrophy over other brain structures was evalu-

ated using the whole-brain voxel-wise and region-of-interest-wise causal structural

covariance network approaches. We found that GM atrophy progressively expands

from the basal ganglia to the angular gyrus, temporal areas, and eventually spreads

through the subcortical–cortical networks as PD progresses. Notably, we identified a

shared caudate-associated degeneration network including the basal ganglia, thalamus,

cerebellum, sensorimotor cortex, and cortical association areas with the PD progressive

factors. These findings suggest that the early structural vulnerability of basal ganglia in

PD may play a pivotal role in the modulation of motor and non-motor circuits at the

structural level. Our work provides evidence for a novel mechanism of network degen-

eration that underlies the pathology of PD and may have potential clinical applications

in the development of early predictors of PD onset and progress.
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1 | INTRODUCTION

Parkinson's disease (PD) is a progressive neurodegenerative disease

predominantly characterized by motor symptoms, such as tremor,Rong Li and Ting Zou contributed equally to this work.
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rigidity, akinesia, and postural instability (Jankovic, 2008). Pathophysi-

ological models of PD showed depletion of dopamine within the sub-

stantia nigra pars compacta and basal ganglia circuitry in PD

(Damier, 1999; Sulzer, 2007). Dopaminergic denervation causes

abnormal signal transmission in the nigrostriatal–thalamocortical loop

and results in various motor impairments in patients with PD. PD is

also associated with various non-motor symptoms (Seppi et al., 2011;

Weerkamp, Nijhof, & Tissingh, 2012) since neurodegeneration

worsens during PD. Visual disturbances such as impaired visual acuity,

color discrimination, complex visual hallucinations (Archibald, Clarke,

Mosimann, & Burn, 2009; Weil et al., 2016), and cognitive impair-

ments including executive dysfunction and problems with working

memory (Emre, Ford, Bilgic, & Ey, 2014; Halliday, Leverenz,

Schneider, & Adler, 2014) have been reported in patients with

PD. The various non-motor symptoms are likely caused by diffuse

pathology and dysfunction beyond the nigrostriatal pathway (Seppi

et al., 2011; Weerkamp et al., 2012). Therefore, the relationship of

progressive brain damages between basal ganglia circuitry and extra-

nigrostriatal regions needs to be investigated to understand the mech-

anism of network degeneration in PD.

Advances in structural MRIs have enabled researchers to delin-

eate the progression of structural damage of brain regions in patients

with PD. The selective loss of dopaminergic neurons in the

nigrostriatal pathway can result in the early structural changes of spe-

cific brain regions in PD. Morphometric studies using voxel-based

morphometry (VBM) analysis showed the reduction in the local vol-

ume of caudate, putamen, nucleus accumbens, and thalamus in the

early stages of PD (Lee et al., 2011; Lee et al., 2014). As the disease

progresses, structural damages spread to remote regions and cause

neural dysfunction at the network level; such dysfunction may lead to

various clinical manifestations and cognitive deficits (Seeley

et al., 2006; William, Crawford, & Juan, 2009). Neuroimaging studies

showed that structural changes in PD can also extend beyond the

brainstem and striatum to other subcortical and cortical regions, such

as the temporal and frontal areas (Kassubek, Juengling, Hellwig,

Spreer, & Lücking, 2002; Pereira et al., 2012). Recently, it has been

shown that moderate-to-severe PD patients showed a reduced base-

line volume of bilateral caudate nuclei and right hippocampus com-

pared with healthy controls (HC) and mild PD patients (Filippi

et al., 2020). Further, several longitudinal structural studies of PD

have reported progressive regional atrophy in distributed brain

regions, including the basal ganglia, hippocampus, cerebellum, and

occipital fusiform gyrus at different stages (Ibarretxe-Bilbao

et al., 2013; Jia et al., 2015; Ramírez–Ruiz et al., 2005). Longitudinal

VBM-based evaluation of the Parkinson variant of multiple system

atrophy has shown that short disease duration was associated with

progression of atrophy in the striatum, whereas longer disease dura-

tion was correlated with increasing atrophy in the cortical areas and

cerebellum, suggesting that early degeneration of basal ganglia may

drive late-onset cortical atrophy (Brenneis et al., 2007). Several stud-

ies have concluded that basal ganglia is a pivotal node and plays an

important role in the pathology of PD. However, most of the previous

studies had either small sample sizes, or inadequate methodology

(zero-time lagged), or no healthy-matched controls. So, the effect of

basal ganglia atrophy on other brain structural alterations in PD is still

not delineated. Studying the causal relationships of progressive brain

structural damage will substantially advance the network degenera-

tion mechanism of PD.

In recent years, structural covariance network (SCN) analysis with

neuroimaging data has been used to investigate abnormal structural

patterns in patients with neurodegenerative disorders (Alexander-

Bloch, Giedd, & Bullmore, 2013; Brenneis et al., 2007; Evans, 2013;

Seeley et al., 2006). SCN measures interregional correlations in cross-

sectional morphometric imaging data. This approach provides a window

into the normal developmental relationships and pathological processes

between the different parts of the brain. However, one limitation of

SCN is that correlation analysis is zero-time lagged, so possible tempo-

ral precedence relationships between different brain regions cannot be

reflected. Similar to the correlation analysis used for time-series data,

Granger causality analysis (GCA) is an effective approach for describing

the direction of information flow and analyzes whether neural activity

in one region precedes that in another region (Goebel, Roebroeck,

Kim, & Formisano, 2003; Jiao et al., 2011). Therefore, GCA is widely

used in the analysis of resting-state functional time-series data to quan-

tify the causal interactions of brain networks (Jiao et al., 2011; Li, Hu,

Wang, Liu, & Feng, 2019; Roebroeck, Formisano, & Goebel, 2005). Fur-

ther, if cross-sectional morphometric data are associated with temporal

information by sequencing morphometric data and disease progression

information, then GCA can be a viable approach for characterizing the

progressive alterations of the structural brain network. The proposed

causal structural covariance network (CaSCN) analysis has been used to

study the brain's morphological progression patterns in various neuro-

psychiatric disorders (Guo et al., 2020; Guo et al., 2021; Jiang

et al., 2018; Zhang et al., 2017). Hence, it is an effective analysis for

studying the influence of structural alterations in basal ganglia and

other regions on PD disease progression.

In this study, we characterized the progressive structural network

based on the morphometric data of a cohort of patients with PD

(n = 84) and age- and sex-matched HC (n = 70). We hypothesized

that patients with PD would exhibit a progressive brain atrophy pat-

tern. In specific, the basal ganglia atrophy would be the locus of the

pathology in the early stages of the disease and would drive the late-

onset structural alterations in spatially distributed subcortical–cortical

networks. We examined the stage-specific progressive pattern of GM

volume in patients with PD. Based on two disease progression clinical

metrics, we constructed the whole-brain voxel-wise and region-of-

interest (ROI)-wise CaSCNs to evaluate the causal effects of basal

ganglia and other atrophic brain regions.

2 | MATERIALS AND METHODS

2.1 | Study setting and participants

The data of all participants with PD and HC were obtained from the

Department of Neurology, Xiangya Hospital of Central South
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University from January 2012 to October 2015. A total of 92 right-

handed patients with PD (mean ± SD = 53.37 ± 10.49 years; 48 men)

were diagnosed by at least two or more experienced neurologists

who used the UK PD Society Brain Bank criteria (Hughes, Daniel, &

Lees, 2001). Patients underwent neurological examinations, including

a medical interview. The motor status was evaluated using Part III of

the Unified Parkinson's Disease Rating Scale (UPDRS III; Goetz

et al., 2008) and Hoehn and Yahr (H&Y) stage (HOEHN, 1967). Some

of the patients completed cognitive assessment including the Mini-

mental State Examination (PD, n = 72; HC, n = 52) and Montreal Cog-

nitive Assessment (MoCA; PD, n = 51; HC, n = 49). All patients with

PD were diagnosed with mild-to-severe stages of the disease (Stages

1–5); a high score suggested advanced disease stage. Patients were

assessed in an off-medication state (12 hr after withdrawal of dopami-

nergic drugs) or a medication state. Exclusion criteria included compli-

cated neuropsychiatric disorders, primary and metastatic tumors,

standard contraindications to MRI scanning, any history of drug abuse,

incomplete data acquisition (e.g., incomplete MRI scanning and pivotal

clinical scores), and poor data quality (e.g., signal artifact). Moreover,

none of the patients underwent deep brain stimulation or other brain

surgery. Seventy right-handed HC (mean ± SD = 52.56 ± 10.92 years;

38 men) were recruited from the local community. After all the MRI

data of the subjects were matched for age and sex and passed data

quality check, 84 patients with PD and 70 HC were enrolled. The

demographic characteristics of the participants are provided in

Table 1, and the participant-specific inclusion/exclusion procedure is

shown in Figure S1.

2.2 | Imaging data acquisition

A 3 T GE Signa MR scanner (General Electric Medical Systems) in the

Department of Radiology of Xiangya Hospital of Central South

University was used to collect T1-weighted structural imaging data.

The acquisition parameters were as follows: repetition time/echo

time/inversion time of 7.792 ms/2.984 ms/800 ms; flip angle of 7�;

matrix size of 256 � 256; slice thickness of 1 mm; and voxel size of

1 mm � 1 mm � 1 mm. These data were used for analysis after qual-

ity assurance.

2.3 | Data preprocessing

MRI data preprocessing was performed using a morphological

processing toolbox (CAT12; http://www.neuro.uni-jena.de/cat/) that

was embedded in statistical parametric mapping software (SPM12;

https://www.fil.ion.ucl.ac.uk/spm/). Firstly, all images were reoriented

to adjust the image origins at the anterior commissure by manual set-

ting after artifact checking and format conversion. Secondly,

T1-weighted images were normalized to Montreal Neurologic Insti-

tute (MNI) space and resampled to a volume image resolution of

1.5 mm � 1.5 mm � 1.5 mm with a default template. Then, all images

were segmented into three categories—gray matter (GM), white mat-

ter, and cerebrospinal fluid. The segmented GM images were

nonlinearly modulated to compensate for spatial normalization infer-

ence. The nonlinear modulation was essentially corrected for individ-

ual differences in brain size. Next, CAT12 was used to display all slices

for all images and to calculate the homogeneity of resultant GM maps

between subjects. A second manual check was conducted on GM

maps with low homogeneity (lower than mean � 2 � SD of the maps

from same site) to identify outliers, with the larger value indicating

more complete data. Homogeneity was defined as the Pearson corre-

lation coefficient between normalized GM maps of each pair of sub-

jects. Subsequently, the segmented GM images were smoothed by

using 4-mm full-width-at-half-maximum Gaussian kernel for further

analyses.

TABLE 1 Clinical and demographic characteristics of participants

Demographics

PD (n = 84) HC (n = 70) PD vs. HC

Mean ± SD Mean ± SD p value

Gender (male/female) 48/36 38/32 .7222a

Age (years) 53.37 ± 10.49 52.56 ± 10.92 .3402b

Duration (years) 7.49 ± 5.30 — —

Onset age 47.45 ± 12.06 — —

Hoehn-Yahr 2.54 ± 0.95 — —

UPDRS III 32.99 ± 17.33 — —

MMSEc 26.67 ± 3.57 27.12 ± 4.75 .205b

MoCAc 22.98 ± 4.41 24.14 ± 5.88 .0297b

Note: Values are presented as mean ± standard deviation.

Abbreviations: HC, Healthy controls; MMSE, Mini-mental State Examination; MoCA, Montreal Cognitive Assessment; PD, Parkinson's disease; UPDRS,

United Parkinson's Disease Rating Scale.
aχ2 test.
bNonparametric Mann–Whitney tests.
cPartial score missed (MMSE: PD, n = 72; HC, n = 52; MoCA: PD, n = 51; HC, n = 49).
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2.4 | Voxel-based morphometric analysis

First, a two-sample t test implemented in SPM12 was performed

between the smoothed GM maps of all patients with PD and HC to

identify the overall GM regions that had significantly atrophied in

patients with PD compared with HC. PD is a progressive disease, so

various measures are adopted to evaluate disease severity over its

course. The H&Y stages (HOEHN, 1967; Zhao et al., 2010) and UPDRS

(Goetz et al., 2008) are two of the most commonly and widely used

approaches for estimating PD severity and clinical symptoms. These

scales provide systematic and comprehensive descriptions of progres-

sive patterns of the disease. Therefore, we used both measures to eval-

uate PD disease progression at different stages of the disease. For H&Y

stages, the scale is a simple staging assessment that evaluates the

severity of overall parkinsonism dysfunction based on bilateral motor

involvement and the compromise of gait and balance. Given its historic

stature, the scale has been used as a gold standard for a generally

accepted clinical translation to mild (Points 1–2), moderate (Point 3),

and severe (Points 4–5) levels (Martinez-Martin, 2010). The original

5-point scale (Points 1–5) was subsequently modified to a 7-point scale

that included Stages 1.5 and 2.5 in the 1990s (Goetz, et al., 2004). Since

the symptoms described by Point 2.5 (mild bilateral disease with recov-

ery on pull test) in this version are much more consistent with Point

3 (mild-to-moderate bilateral disease, some postural instability, and

physically independent), we defined it as Stage II in the current study.

For UPDRS, the scale is reliable and valid in evaluating impairment and

disability. Similar to the quartiles' approach, the UPDRS motor scales

(Part III) were coded into three groups using the tertiles' approach

(Villar et al., 2011; Zhao et al., 2010) in the current study. The first ter-

tile UPDRS III score is 24, and the second one is close to 41. To esti-

mate the pattern of progressive GM atrophy in PD, all patients were

categorized into three subgroups based on H&Y stages (Stage I, H&Y:

1–2, n = 32; Stage II, H&Y: 2.5–3, n = 41; Stage III, H&Y: 4–5, n = 11)

and UPDRS III scores (Stage I, UPDRS III: 1–23, n = 26; Stage II,

UPDRS III: 24–40, n = 32; Stage III, UPDRS III: 41–74, n = 26). To visu-

alize the paired relationship between H&Y and UPDRS scores of each

patient, we plotted the group membership across the three stages with

paired points (Figure S2). We calculated Pearson's correlation coeffi-

cient to quantify the relationship between the two scales. We demon-

strate the consistency between these two approaches for estimating

PD progression. The detailed demographic information of the sub-

groups is included in Tables S1 and S2. The smoothed GM volume

maps of each subgroup were compared with those of HC by a two-

sample t test. Individual sex, age, and total intracranial volume (TIV)

were controlled as covariates in the analyses. Gaussian random field

(GRF) theory was performed to carry out a cluster-level correction for

comparisons between multiple groups (minimum z > 3.09, and cluster

significance was set to p < .05 and voxel p < .001).

To directly compare structural differences for PD patients with or

without dementia, we performed additional analysis (Figure S3). Due

to the lack of MoCA scores in some patients, this analysis was only

performed in patients with MoCA scores (n = 51). As suggested by

the previous study (Dalrymple-Alford et al., 2010), we first evaluated

the dementia of PD by adopting a MoCA screening cutoff of 21. Then,

VBM analysis was used for whole-brain statistical GM comparison

between patients with dementia (n = 12) and those without demen-

tia (n = 39).

2.5 | Voxel-wise causal structural network analysis

The main objective of the study was to test whether an early

atrophied brain region exerts a causal influence over other distributed

brain networks in patients with PD. CaSCNs were constructed by

sequencing the GM maps of all patients from low to high following

the ranks of H&Y and UPDRS III scores. The sequenced data were

analogous to time-series information, which is used for characterizing

the progressive structural alterations of PD based on cross-sectional

data. As a region showing early GM atrophy (Figure 2 and Tables S4

and S5), the most atrophied left caudate was selected as the seed by

comparing the patients with PD and HC (MNI coordinates: �17, �3,

20, radius = 5 mm) to construct CaSCNs for PD. The average GM

values within the left caudate were extracted from sequenced mor-

phometric data and used as the pseudo-time-series. Signed-path coef-

ficient GCA disposed with an fMRI toolbox (REST; http://www.

restfmri.net; Zang, Yan, Dong, Huang, & Zang, 2012) was performed

on a voxel-wise basis for all the voxels in the mask of the brain areas

with GM. Based on temporal precedence, GCA was first proposed to

test whether the past value of a time course correctly predicts the

current value of another. A directional GC value from region X to

region Y was inferred if the past value of time course X helped predict

the current values of the time-series of region Y, that is, X had GC

influence on Y (Granger, 1969; Jiao et al., 2011; Zang et al., 2012).

CaSCN (applying GCA on the pseudo-time-series morphometric data

through sequencing) can accordingly estimate the causal effect of the

atrophy of a brain region on other regions (Guo et al., 2020; Guo

et al., 2021; Wu et al., 2012; Zhang et al., 2017). GCA can describe

the causal effects caused by basal ganglia atrophy by sequencing mor-

phometric data (H&Y and UPDRS III scores). The seed region showed

GM atrophy in patients with PD. The positive signed-path coefficient

from X to Y indicates that the GM volume decreases in the region of

Y lags behind the seed atrophy of X. Given that the selective vulnera-

bility of basal ganglia is an important pathophysiological hallmark of

PD, only GC values of X to Y (from the caudate to the whole brain)

were utilized. Individual sex, age, and TIV were regressed as

covariates in CaSCN analyses. The GC map was z-score-transformed

to present statistical significance, a GRF correction was applied (mini-

mum z > 3.09, and cluster significance was set to p < .05 and voxel

p < .001). Finally, we performed conjunction analysis to identify spa-

tial similarity between H&Y and UPDRS III-sequenced CaSCNs.

2.6 | ROI-wise causal structural network analysis

ROI-wise causal network analysis was performed on the sequenced

morphometric data to investigate the relationships of temporal prece-

dence among brain regions. We hypothesized that PD shows a com-

mon caudate-associated degeneration network based on the
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progressive disease factors of H&Y stages and UPDRS III scores. Thus,

ROIs were extracted from the abovementioned overlapped CaSCN

maps to determine the existence of a causal link or causal loop

between basal ganglia and specific subcortical and cortical networks.

Signed-path coefficient GCA was performed to conduct an ROI-to-

ROI causal network measurement of interregional GC relationships

among ROIs. Sign-GC values were z-distribution-transformed, and the

results were considered statistically significant if p < .05. Only the GC

values of X to Y were assessed.

3 | RESULTS

3.1 | Overall GM atrophy pattern in PD

We conducted a whole-brain statistical GM comparison between

patients with PD and HC. Compared with HC, patients with PD dis-

played significantly decreased GM volume in the following: the basal

ganglia network, including the caudate and putamen; limbic hippocam-

pal gyrus; cerebellum; and cortical regions, such as the medial superior

frontal gyrus, superior frontal gyrus, and superior temporal lobe (mini-

mum z > 3.09, cluster significance was set to p < .05 and voxel

p < .001, GRF corrected; shown in Figure 1). The details of widespread

subcortical–cortical atrophy in patients with PD are summarized in

Table S3. No significantly increased GM volume was found in PD.

3.2 | Progressive stage-specific GM atrophy
patterns in PD

We addressed how brain atrophy progressed during PD. To character-

ize the progressive patterns of GM atrophy, the patients were

grouped into three stages based on H&Y and UPDRS III scores. H&Y

score-specific subgroup comparisons revealed that patients with PD

exhibited early atrophy in the left caudate (Stage I). With progressing

PD, the pattern of atrophy progressively expanded to the left puta-

men, angular gyrus, and right caudate (Stage II). Additional distribution

regions, such as the bilateral hippocampus, thalamus, left middle and

superior temporal gyrus, and medial orbitofrontal cortex, were

affected in later stages of the disease (Stage III, shown in Figure 2a;

minimum z > 3.09, p < .001, GRF corrected). We observed similar

brain atrophy patterns for the progressive factor of UPDRS III scores

(Figure 2b, minimum z > 3.09, p < .001, GRF corrected). Compared

with HC, patients with PD displayed significantly decreased GM vol-

ume in the left caudate and right superior temporal gyrus (Stage I).

Atrophy progressed to the right caudate and putamen (Stage II) and

then to the bilateral medial orbital frontal cortex, parahippocampal

gyrus, temporal lobe, and cerebellum (Stage III). Detailed stage-

specific brain atrophy is summarized in Tables S4 and S5.

The VBM analysis between PD patients with and without demen-

tia revealed that the two groups did not differ significantly in the basal

ganglia and associated degeneration motor network areas. However,

PD patients with dementia exhibited significant atrophy in the ante-

rior cingulate cortex and medial superior frontal gyrus (see Figure S3).

3.3 | Voxel-wise CaSCNs show a causal effect of
early caudate atrophy on distributed GM changes

To verify whether early atrophy of basal ganglia (caudate) drove late-

onset brain atrophy in patients with PD, we implemented CaSCNs

through seeding at the left caudate. Figure 3a shows the progressive

factor of H&Y stages (minimum z > 3.09, p < .001, GRF corrected,

Table S6). The bilateral basal ganglia (caudate, putamen, and pallidum),

thalamus, cerebellum, middle occipital gyrus, fusiform gyrus, lateral

temporal cortex, primary and secondary motor cortex, and prefrontal

F IGURE 1 Overall gray matter
atrophy pattern in patients with
PD. Compared with the healthy
controls, patients with PD displayed
significantly reduced gray matter
volume in the bilateral caudate,
superior temporal lobe, left superior
frontal gyrus, hippocampus, and
cerebellum. The most atrophied area is
in the left caudate. GRF was used for
cluster-level correction for whole-
brain multiple comparisons (minimum

z > 3.09, cluster significance was set
to p < .05, and voxel p < .001). L,
Left; R, right; ROI, region of interest
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cortex showed significant positive GC effects. The atrophy of these

regions with reduced GM volume lagged behind the left caudate,

thereby implying that structural atrophy in these areas could be driven

by the seed. Similarly, voxel-wise CaSCNs were constructed per

UPDRS III scores (minimum z > 3.09, p < .001, GRF corrected,

Figure 3b and Table S7). Positive GC values were found in the bilateral

caudate, putamen, thalamus, cerebellum, middle occipital gyrus, fusi-

form gyrus, middle and inferior temporal gyrus, primary and secondary

motor cortex, inferior parietal lobule, prefrontal cortex, and anterior

cingulate cortex. We further performed a conjunction analysis to iden-

tify the shared caudate-associated CaSCNs from Figure 3a and b. This

approach revealed the common positive CaSCNs of the subcortical

and cortical regions, including the bilateral basal ganglia (putamen),

cerebellum, thalamus, occipitotemporal cortex (fusiform gyrus, middle

occipital gyrus, and inferior and middle temporal gyruses), inferior

parietal lobule, medial and lateral prefrontal cortex (anterior cingulate

cortex, middle frontal gyrus), and motor cortex (precentral gyrus, post-

central gyrus, and supplementary motor cortex), as shown in

Figure 3c.

3.4 | ROI-wise CaSCNs reveal interregional causal
structural networks

ROI-wise CaSCNs revealed the directional relationship of temporal

precedence among ROIs extracted from the overlapped voxel-wise

CaSCN maps and demonstrated the interregional structural causal

network in PD. The ROI-wise CaSCNs, sequenced by H&Y stages,

revealed that the left caudate had extensive positive causal influences

within the basal ganglia network (bilateral putamen), motor and pre-

frontal areas (precentral, postcentral, and middle frontal gyruses), infe-

rior temporal gyrus, and cerebellum (Figure 4a, p < .05, uncorrected).

The ROI-wise CaSCNs, sequenced by UPDRS III scores, showed posi-

tive GC values principally from the left caudate to the thalamus, infe-

rior temporal gyrus, the middle frontal gyrus, visual cortex (middle

occipital gyrus and fusiform gyrus), and cerebellum (Figure 4b, p < .05,

uncorrected). The common ROI-wise CaSCNs were observed from

the left caudate to the left inferior temporal gyrus, right middle frontal

gyrus, and cerebellum.

3.5 | The integrative basal ganglia atrophy–
associated causal pathways

A schematic causal pathway of the spread of GM volume atrophy in

different brain regions associated with basal ganglia was summa-

rized (Figure 5) by combining our results (direct) and previous stud-

ies (indirect; Baev et al., 2002; Braak et al., 2003; Schapira,

Chaudhuri, & Jenner, 2017; Surmeier, Obeso, & Halliday, 2017). The

distributed structural network progression of PD included the basal

ganglia, thalamus, motor cortex, cerebellum, and association cortex.

This progression pattern underlies the motor and non-motor

F IGURE 2 Progressive patterns of stage-specific gray matter atrophy in patients with PD. All patients with PD were categorized into three
subgroups per the H&Y (a) and UPDRS III (b). Similar stage-specific brain atrophy patterns were observed in these two different progressive
factors. Patients with PD were associated with early atrophy in the left caudate (Stage I). The pattern of atrophy progressively expanded to the
bilateral basal ganglia (putamen) and angular gyrus (Stage II) and enveloped cerebellum and more distributed subcortical and cortical regions
(Stage III). GRF was used to carry out cluster-level correction for whole-brain multiple comparisons (minimum z > 3.09, cluster significance
p < .05, and voxel significance p < .001). HC, Healthy controls; H&Y, Hoehn and Yahr; L, left; PD, Parkinson's disease; R, right; UPDRS, United
Parkinson's Disease Rating Scale
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features of PD with putative causal circuits, as depicted in

Figure 5b. Overall, the basal ganglia in these interactions may play a

pivotal role in the modulation of motor (thalamus, cerebellum, and

motor cortex) and non-motor (associate cortex) circuits (initiated at

structural levels) by reinforcing the current causal patterns via the

direct pathway and inducing clinical characteristics via the indirect

pathway.

4 | DISCUSSION

We identified a progressive stage-specific brain atrophy pattern and

demonstrated a basal ganglia-associated causal degeneration network

in patients with PD. Early selective structural vulnerability occurred in

the left caudate. Then, as the disease progressed, damage spread to

the angular gyrus and temporal areas and throughout spatially distrib-

uted subcortical–cortical networks. By applying whole-brain voxel-

wise and ROI-wise CaSCNs on the sequenced cross-sectional mor-

phometric maps based on different disease progression measures, we

revealed a common caudate-associated degeneration network that

included the subcortical basal ganglia, thalamus, and cerebellum, as

well as motor cortex, occipitotemporal cortex, and higher-order asso-

ciation cortex. These findings suggest that the early vulnerability

within the basal ganglia is central to the disruption of various struc-

tural network alterations in PD.

Consistent with findings in previous studies that aimed to charac-

terize the structural changes of PD (Feldmann, Illes, Kosztolanyi,

Illes, & Nagy, 2008; Ghaemi, Hilker, Rudolf, Sobesky, & Heiss, 2002;

Lee et al., 2014; Xu et al., 2020; Xu, Yang, Hu, & Shang, 2016), we

found that patients with PD showed widespread GM reductions in

basal ganglia and various subcortical–cortical structures. As a progres-

sive disease, one of the important issues to address is whether the

pathology of PD simultaneously targets all the basal ganglia and

extrastriatal regions or the different structures differ in vulnerability.

Recent longitudinal studies have reported progressive regional atro-

phy in several brain regions, including the basal ganglia, hippocampus,

thalamus, occipital fusiform gyrus, and frontal cortex by comparing

PD at different time points in one patient (Gee et al., 2017; Ibarretxe-

Bilbao et al., 2010). However, evaluating whether the progressive GM

patterns are specific to patients with PD was difficult because no

F IGURE 3 Caudate-associated voxel-wise causal networks of structural covariance (CaSCNs) in patients with PD. CaSCNs were constructed

by using Granger causal analysis to sequence gray matter maps according to progressive disease factor of H&Y (a) and UPDRS III (b) scores. We
identified the shared caudate-associated positive CaSCNs, including the striatal regions (putamen), fusiform gyrus, inferior and middle temporal
gyruses, angular gyrus, inferior parietal lobule, primary motor cortex, anterior cingulate cortex, and cerebellum (c). All brain clusters were GRF
corrected by using a height threshold of cluster significance p < .05 and voxel significance p < .001 (minimum z > 3.09). ACC, Anterior cingulate
cortex; CB, cerebellum; FuG, fusiform; H&Y, Hoehn and Yahr; IPL, inferior parietal lobule; ITG, inferior temporal gyrus; L, left; MFG middle frontal
gyrus; MOG, middle occipital gyrus; MTG, middle temporal gyrus; PD, Parkinson's disease; PoG, postcentral gyrus; PrG, precentral gyrus; PUT,
putamen; R, right; SMA, supplementary motor area; THa, thalamus; UPDRS, United Parkinson's Disease Rating Scale
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healthy matched controls were included. In the current study, we used

two of the most commonly used clinical metrics (H&Y scales and

UPDRS scores) to characterize the structural progression of patients

with PD by comparing GM maps at different stages with age- and

gender-matched HCs. Interestingly, we observed a common stage-

specific progressive GM atrophy pattern, in which the morphological

changes of the left caudate existed in the early disease stages,

whereas spatially distributed subcortical–cortical network alterations

were highly prominent in the later stages. Our findings broadly sup-

port the Braak staging model for the progression of Lewy-type alpha

synucleinopathy pathology (Braak et al., 2003), which begins in the

subcortical nucleus and gradually progresses to high-order sensory

association areas and prefrontal cortex during the progression of

PD. The relatively early involvement of basal ganglia atrophy can be

because of the neural loss in the nigrostriatal pathway in early disease

stages. The spread of atrophy from the basal ganglia to the thalamus,

cerebellum, and cortical regions in later stages is likely related to the

pathological spread through anatomically coupled networks.

In addition to providing supporting evidence for the anatomical

distribution of the damage, we offer a novel perspective on the net-

work degeneration of PD by investigating the potential causal rela-

tionships of structural network alterations. We proposed a strategy of

CaSCN by assigning “time-series” on cross-sectional morphometric

data following PD disease progression information. The application of

F IGURE 4 ROI-wise causal networks of structural covariance (CaSCNs) in patients with PD. Granger causality analysis was performed to
construct ROI-wise CaSCNs based on H&Y (a) and UPDRS III (b) scores to characterize the interregional structural causal network among ROIs.
Arrows with warm and cool colors in the wheel represent positive and negative GC values, respectively. The left caudate, as the hub of the
directional network, has extensive positive causal effects on the distributed networks, such as the subcortical network, temporal, frontoparietal,
and occipital networks, as well as the cerebellum (p < .05). ACC, Anterior cingulate cortex; CAU, caudate; CB, cerebellum; FuG, fusiform; H&Y,
Hoehn and Yahr; IPL, inferior parietal lobule; ITG, inferior temporal gyrus; L, left; MFG middle frontal gyrus; MOG, middle occipital gyrus; MTG,
middle temporal gyrus; PoG, postcentral gyrus; PrG, precentral gyrus; PUT, putamen; R, right; ROI, region of interest; SMA, supplementary motor
area; THa, thalamus; UPDRS, United Parkinson's Disease Rating Scale
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CaSCN can estimate the causal effect of morphometric alteration in

one preceding region and predict the disease occurrence in regions in

other networks as PD progresses. In contrast to some other neuroim-

aging technologies for mapping disease progressions, such as struc-

tural analysis based on the stage-specific comparison (Shima,

Matsunari, Samuraki, Chen, & Yamada, 2011) and longitudinal investi-

gation (Brenneis et al., 2007), CaSCN is a highly comprehensive and

theoretically reliable method for describing the causal relationships of

interregional structural damages. Using this approach, we found that

the left caudate atrophy showed significant positive causal influence

on the bilateral basal ganglia, thalamus, cerebellum, occipitotemporal

cortex, primary motor cortex, and the parietal and prefrontal associa-

tion cortex. Notably, our study showed a core shared caudate-

associated CaSCNs in subcortical and cortical networks from both

progressive factors of H&Y stages and UPDRS III scores, thereby

suggesting a strong causal influence of caudate atrophy on progres-

sive brain structural alterations. The presence of the CaSCNs was

largely consistent with progressive GM atrophy, as revealed by our

stage-specific subgroup comparisons (Figure 2). These results may

indicate that during the pathological process of PD-related damage on

brain structures, dopaminergic denervation begins with basal ganglia

regions (caudate and putamen), spreads via specific network nodes

(e.g., thalamus), and selectively causes damage on distributed net-

works in different orders (Braak, Del Tredici, et al., 2003; Surmeier

et al., 2017). ROI-based CaSCN further also revealed that the left

caudate, as the hub of the directional network, had extensive positive

causal effects on other regions, particularly the inferior temporal

gyrus, middle frontal gyrus, and cerebellum.

Positive GC values were found in the bilateral putamen, cerebel-

lum, thalamus, and sensorimotor cortex both in the CaSCNs with H&Y

stages and UPDRS III scores. These structures are anatomically and

functionally projected to basal ganglia circuitry and are involved in

modulating or producing motor output (Houk & Wise, 1995; Turner &

Desmurget, 2010). These are also selectively vulnerable regions

underlying the motor symptoms of patients with PD (Mikell &

McKhann, 2010; Wu & Hallett, 2013). In particular, the basal ganglia

sustains motor and sensory functions through the modulation and

integration of information from the substantia nigra, thalamus, and

cortex. The loss of dopaminergic input to the basal ganglia can alter

motor control and sensory perception of patients with PD. Many

studies have reported GM reductions of basal ganglia, motor cortex,

and thalamus in patients with PD (Feldmann et al., 2008; Gee

et al., 2017; Ghaemi et al., 2002; Ibarretxe-Bilbao et al., 2010; Lee

et al., 2014; Tessa et al., 2014; Xu et al., 2016). The severity of the

motor impairments of PD has been related to cerebellar atrophy and

decreased cerebellar–striatal–sensorimotor interactions (Gilat

et al., 2017; O'Callaghan et al., 2016). The positive causal effects on

the motor circuit suggest that the morphometric alterations follow the

caudate atrophy and may be associated with worsening motor symp-

toms with disease progression.

F IGURE 5 Schematic causal pathways of the spread of GM volume with different brain structures associated with basal ganglia atrophy
based on our study (direct) and the previous research (indirect). (a) Regions showed the location of the common caudate-associated CaSCNs
(Figure 3c) constructed with the progressive disease factors of H&Y and UPDRS III scores. The arrows with warm color represent the results of
overlapped ROI-wise CaSCNs (Figure 4). (b) Summary diagram of basal ganglia (BG)-associated causal structural network related to the motor and
non-motor features of PD. ACC, Anterior cingulate cortex; CaSCN, causal structural covariance network; CB, cerebellum; CAU, caudate; FuG,
fusiform; GM, gray matter; H&Y, Hoehn and Yahr; IPL, inferior parietal lobule; ITG, inferior temporal gyrus; L, left; MFG middle frontal gyrus;
MOG, middle occipital gyrus; MTG, middle temporal gyrus; PoG, postcentral gyrus; PrG, precentral gyrus; PUT, putamen; R, right; ROI, region of
interest; SMA, supplementary motor area; THa, thalamus; UPDRS, United Parkinson's Disease Rating Scale
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In addition to the positive causal effects identified in the motor

circuit, several cortical regions, including the fusiform gyrus,

occipitotemporal cortex, and parietal and prefrontal association areas,

also exhibited positive GC values. The fusiform gyrus and inferior pari-

etal lobule are critical for high-level visual and visuospatial processing.

In addition, the decreased GM volume in the right superior and medial

frontal gyrus, putamen, and caudate nucleus were also significantly

associated with visual attention performance in PD (Pezzoli, Cagnin,

Antonini, & Venneri, 2019). The prefrontal and anterior cingulate cor-

texes are involved in cognitive and emotional processes. The struc-

tural damage of these regions in patients with PD have been reported

in previous studies (Brenneis et al., 2007; Herman, Rosenberg-Katz,

Jacob, Giladi, & Hausdorff, 2014; Lee et al., 2014; Pereira et al., 2012)

and in our later stage-specific results (Figure 2). We also identified sig-

nificantly larger GM atrophy in the anterior cingulate cortex and

medial prefrontal cortex in PD patients with dementia compared with

patients without dementia. This observation suggests that the non-

motor symptoms of PD, such as cognitive impairments, may be associ-

ated with the structural atrophy of cognitive networks. We speculated

that the spatially distributed cortical CaSCNs may be related to the

clinical non-motor features of PD, such as visual disturbances, cogni-

tive decline, or psychiatric impairment (Schapira et al., 2017). The

degeneration of the basal ganglia may be an important role in the

modulation of motor as well as non-motor circuits at structural levels.

Several limitations of the current study should be noted. First, given

the inherent low proportion of PD patients in later H&Y stages (Coelho

et al., 2010; Coelho & Ferreira, 2012; Enders et al., 2017) and the diffi-

culty of head motion control in late-stage patients during MRI data acqui-

sition, the sample size of patients with late-stage disease is relatively

small in our study. Secondly, although age and TIV were regressed as

covariates in VBM and CaSCN analysis, ruling out such inherent differ-

ences among individuals is difficult. Our study was also based on patients

with non-first-episode PD. Thus, our findings might have been con-

founded by long-term treatment with dopaminergic medications. Also, as

a chronic neurodegenerative disorder, various measures are adopted to

evaluate disease severity over PD's course. Here, stage-specific compari-

sons were performed by categorizing patients into subgroups based on

only H&Y and UPDRS III scores, so it is necessary to take into account

the non-motor symptoms, such as cognitive impairments, to define the

severity of the disease in future studies. Finally, applying temporal infor-

mation to cross-sectional morphometric data may not directly reflect the

real temporal sequence of illness. Longitudinal studies on large cohorts of

patients with PD are necessary to further confirm our findings and to

accurately follow brain modifications during disease progression.

We demonstrated the core common caudate-associated CaSCNs

of subcortical–cortical networks based on different progressive infor-

mation in patients with PD. Our findings suggest that the early selec-

tive vulnerability of basal ganglia may play a central role in modulating

late-onset motor and non-motor circuit damage. This study provides

evidence for a novel network degeneration mechanism of PD and

may have potential clinical applications and help in the development

of early predictors of PD onset and progress.

ACKNOWLEDGMENTS

We appreciated all colleagues for helping us during the current study

and all the selfless volunteers who participated in the study. We

highly appreciate many members of the medical staff for their assis-

tance in data acquisition.

CONFLICT OF INTEREST

The authors declare no competing financial interests.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are available from the

corresponding author upon reasonable request.

ETHICS STATEMENT

Our study was reviewed and approved by the institutional ethics com-

mittee of Central South University.

PATIENT CONSENT STATEMENT

All subjects provided written informed consent before the

experiment.

ORCID

Huafu Chen https://orcid.org/0000-0002-4062-4753

REFERENCES

Alexander-Bloch, A., Giedd, J. N., & Bullmore, E. (2013). Imaging structural

co-variance between human brain regions. Nature Reviews Neurosci-

ence, 14, 322–336.
Archibald, N. K., Clarke, M. P., Mosimann, U. P., & Burn, D. J. (2009). The

retina in Parkinson's disease. Brain, 132, 1128–1145.
Baev, K. V., Greene, K. A., Marciano, F. F., Samanta, J. E. S., Shetter, A. G.,

Smith, K. A., … Spetzler, R. F. (2002). Physiology and pathophysiology

of cortico-basal ganglia-thalamocortical loops: Theoretical and practi-

cal aspects. Progress in Neuropsychopharmacology & Biological Psychia-

try, 26, 771–804.
Braak, H., Tredici, K. D., Rüb, U., de Vos, R. A. I., Jansen Steur, E. N. H., &

Braak, E. (2003). Staging of brain pathology related to sporadic

Parkinson's disease. Neurobiology of Aging, 24, 197–211.
Brenneis, C., Egger, K., Scherfler, C., Seppi, K., Schocke, M., Poewe, W., &

Wenning, G. K. (2007). Progression of brain atrophy in multiple system

atrophy. Journal of Neurology, 254, 191–196.
Coelho, M., & Ferreira, J. J. (2012). Late-stage Parkinson disease. Nature

reviews Neurology, 8, 435–442.
Coelho, M., Marti, M. J., Tolosa, E., Ferreira, J. J., Valldeoriola, F., &

Sampaio, R. C. (2010). Late-stage Parkinson's disease: The Barcelona

and Lisbon cohort. Journal of Neurology, 257, 1524–1532.
Dalrymple-Alford, J. C., MacAskill, M. R., Nakas, C. T., Livingston, L.,

Graham, C., Crucian, G. P., … Anderson, T. J. (2010). The MoCA well-

suited screen for cognitive impairment in Parkinson disease. Neurology,

75, 1717–1725.
Damier, P. (1999). The substantia nigra of the human brain. II. Patterns of

Loss of Dopamine-Containing Neurons in Parkinson's Disease. Brain,

122(Pt 8), 1437–1448.
Emre, M., Ford, P. J., Bilgi? B., & Ey, U. (2014). Cognitive impairment and

dementia in Parkinson's disease: Practical issues and management.

Movement Disorders, 29, 663–672.
Enders, D., Balzer-Geldsetzer, M., Riedel, O., Dodel, R., Wittchen, H. U.,

Sensken, S. C., … Reese, J. P. (2017). Prevalence, duration and severity

1154 LI ET AL.

https://orcid.org/0000-0002-4062-4753
https://orcid.org/0000-0002-4062-4753


of Parkinson's disease in Germany: A combined meta-analysis from lit-

erature data and outpatient samples. European Neurology, 78,

128–136.
Evans, A. C. (2013). Networks of anatomical covariance. NeuroImage, 80,

489–504.
Feldmann, A., Illes, Z., Kosztolanyi, P., Illes, E., & Nagy, F. (2008). Morpho-

metric changes of gray matter in Parkinson's disease with depression:

A voxel-based morphometry study. Movement Disorders, 23, 42–46.
Filippi, M., Sarasso, E., Piramide, N., Stojkovic, T., Stankovic, I., Basaia, S., …

Agosta, F. (2020). Progressive brain atrophy and clinical evolution in

Parkinson's disease. Neuroimage Clinical, 28, 102374.

Gee, M., Dukart, J., Draganski, B., Wayne Martin, W., Emery, D., &

Camicioli, R. (2017). Regional volumetric change in Parkinson's disease

with cognitive decline. Journal of the Neurological Sciences, 373, 88–94.
Ghaemi, M., Hilker, R., Rudolf, J., Sobesky, J., & Heiss, W. (2002). Differen-

tiating multiple system atrophy from Parkinson's disease: Contribution

of striatal and midbrain MRI volumetry and multi-tracer PET imaging.

Journal of Neurology, Neurosurgery, and Psychiatry, 73, 517–523.
Gilat, M., Bell, P. T., Ehgoetz Martens, K. A., Georgiades, M. J., Hall, J. M.,

Walton, C. C., … Shine, J. M. (2017). Dopamine depletion impairs gait

automaticity by altering cortico-striatal and cerebellar processing in

Parkinson's disease. NeuroImage, 152, 207–220.
Goebel, R., Roebroeck, A., Kim, D. S., & Formisano, E. (2003). Investigating

directed cortical interactions in time-resolved fMRI data using vector

autoregressive modeling and Granger causality mapping. Magnetic Res-

onance Imaging, 21, 1251–1261.
Goetz, C. G., Poewe, W., Rascol, O., Sampaio, C., Stebbins, G. T.,

Counsell, C., … Movement Disorder Society Task Force on Rating

Scales for Parkinson's, D. (2004). Movement Disorder Society task

force report on the Hoehn and Yahr staging scale: Status and recom-

mendations. Movement Disorders, 19, 1020–1028.
Goetz, C. G., Tilley, B. C., Shaftman, S. R., Stebbins, G. T., Fahn, S.,

Martinez-Martin, P., … Dodel, R. (2008). Movement Disorder Society-

sponsored revision of the unified Parkinson's disease rating scale

(MDS-UPDRS): Scale presentation and clinimetric testing results.

Movement Disorders: Official Journal of the Movement Disorder Society,

23, 2129–2170.
Granger, C. W. J. (1969). Investigating causal relations by econometric

models and cross-spectral methods. Econometrica, 37, 424–438.
Guo, J., Chen, H., Biswal, B., Guo, X., Zhang, H., Dai, L., … Chen, H. (2020).

Gray matter atrophy patterns within the cerebellum-neostriatum-

cortical network in SCA3. Neurology, 95, e3036–e3044.
Guo, X., Duan, X., Suckling, J., Wang, J., Kang, X., Chen, H., … Chen, H.

(2021). Mapping Progressive Gray Matter Alterations in Early Child-

hood Autistic Brain. Cerebral cortex, 31(3), 1500–1510.
Halliday, G. M., Leverenz, J. B., Schneider, J. S., & Adler, C. H. (2014). The

neurobiological basis of cognitive impairment in Parkinson's disease.

Movement disorders, 29(5), 634–650.
Herman, T., Rosenberg-Katz, K., Jacob, Y., Giladi, N., & Hausdorff, J.

(2014). Gray matter atrophy and freezing of gait in Parkinson's disease:

Is the evidence black-on-white? Movement Disorders: Official Journal of

the Movement Disorder Society, 29, 134–139.
Hoehn, M. M. (1967). Pakinsonism: Onset, progression, and mortality. Neu-

rology, 17, 427–442.
Houk, J., & Wise, S. (1995). Distributed modular architectures linking basal

ganglia, cerebellum, and cerebral cortex: Their role in planning and

controlling action. Cerebral Cortex, 5, 95–110.
Hughes, A. J., Daniel, S. E., & Lees, A. J. (2001). Improved accuracy of clini-

cal diagnosis of Lewy body Parkinson's disease. Neurology, 57, 1497–
1499.

Ibarretxe-Bilbao, N., Junque, C., Segura, B., Baggio, H. C., Marti, M. J., Vall

De Oriola, F., … Tolosa, E. (2013). Progression of cortical thinning in

early Parkinson's disease. Movement Disorders, 27, 1746–1753.
Ibarretxe-Bilbao, N., Ramirez-Ruiz, B., Junque, C., Marti, M. J.,

Valldeoriola, F., Bargallo, N., … Tolosa, E. (2010). Differential

progression of brain atrophy in Parkinson's disease with and without

visual hallucinations. Journal of Neurology Neurosurgery & Psychiatry,

81, 650–657.
Jankovic, J. (2008). Parkinson's disease: Clinical features and diagnosis.

Journal of Neurology Neurosurgery & Psychiatry, 79, 368–376.
Jia, X., Liang, P., Li, Y., Shi, L., Wang, D., & Li, K. (2015). Longitudinal study

of gray matter changes in Parkinson disease. American Journalism Neu-

roradiology, 36, 2219–2226.
Jiang, Y., Luo, C., Li, X., Duan, M., He, H., Chen, X., … Yao, D. (2018). Pro-

gressive reduction in gray matter in patients with schizophrenia

assessed with MR imaging by using causal network analysis. Radiology,

287, 633–642.
Jiao, Q., Lu, G., Zhang, Z., Zhong, Y., Wang, Z., Guo, Y., … Liu, Y. (2011).

Granger causal influence predicts BOLD activity levels in the default

mode network. Human Brain Mapping, 32, 154–161.
Kassubek, J., Juengling, F. D., Hellwig, B., Spreer, J., & Lücking, C. H.

(2002). Thalamic gray matter changes in unilateral Parkinsonian resting

tremor: A voxel-based morphometric analysis of 3-dimensional mag-

netic resonance imaging. Neuroscience Letters, 323, 29–32.
Lee, H. M., Kwon, K.-Y., Kim, M.-J., Jang, J.-W., Suh, S.-I., Koh, S.-B., &

Kim, J. H. (2014). Subcortical grey matter changes in untreated, early

stage Parkinson's disease without dementia. Parkinsonism & Related

Disorders, 20, 622–626.
Lee, S., Kim, S., Tae, W., Lee, S., Choi, J., Koh, S., & Kwon, D. (2011).

Regional volume analysis of the Parkinson disease brain in early dis-

ease stage: Gray matter, white matter, striatum, and thalamus. AJNR.

American Journal of Neuroradiology, 32, 682–687.
Li, R., Hu, C., Wang, L., Liu, D., & Feng, L. (2019). Disruption of functional

connectivity among subcortical arousal system and cortical networks

in temporal lobe epilepsy. Brain Imaging and Behavior, 14, 1–10.
Martinez-Martin, P. (2010). Hoehn and Yahr Staging Scale. In Encyclopedia

of Movement Disorders (pp. 23–25). Cambridge, MA: Academic Press.

Mikell, C., & McKhann, G. (2010). Regulation of parkinsonian motor behav-

iors by optogenetic control of basal ganglia circuitry. Neurosurgery, 67,

N28–N29.

O'Callaghan, C., Hornberger, M., Balsters, J. H., Halliday, G. M.,

Lewis, S. J. G., & Shine, J. M. (2016). Cerebellar atrophy in Parkinson's

disease and its implication for network connectivity. Brain: A Journal of

Neurology, 139(3), 845–855.
Pereira, J. B., Ibarretxe-Bilbao, N., Marti, M.-J., Compta, Y., Junqué, C.,

Bargallo, N., & Tolosa, E. (2012). Assessment of cortical degeneration

in patients with Parkinson's disease by voxel-based morphometry, cor-

tical folding, and cortical thickness. Human Brain Mapping, 33, 2521–
2534.

Pezzoli, S., Cagnin, A., Antonini, A., & Venneri, A. (2019). Frontal and sub-

cortical contribution to visual hallucinations in dementia with Lewy

bodies and Parkinson's disease. Postgraduate Medicine, 131, 509–522.
Ramírez–Ruiz, B., Martí, M., Tolosa, E., Bartrés–Faz, D., Summerfield, C.,

Salgado–Pineda, P., … Junqué, C. (2005). Longitudinal evaluation of

cerebral morphological changes in Parkinson's disease with and with-

out dementia. Journal of Neurology, 252, 1345–1352.
Roebroeck, A., Formisano, E., & Goebel, R. (2005). Mapping directed influ-

ence over the brain using Granger causality and fMRI. NeuroImage, 25,

230–242.
Schapira, A., Chaudhuri, K. R., & Jenner, P. (2017). Non-motor features of

Parkinson disease. Nature Reviews Neuroscience, 18, 435–450.
Seeley, W. W., Carlin, D. A., Allman, J. M., Macedo, M. N., Bush, C.,

Miller, B. L., & Dearmond, S. J. (2006). Early frontotemporal dementia

targets neurons unique to apes and humans. Annals of Neurology, 60,

660–667.
Seppi, K., Weintraub, D., Coelho, M., Perez-Lloret, S., Fox, S. H.,

Katzenschlager, R., … Goetz, C. G. (2011). The Movement Disorder

Society evidence-based medicine review update: Treatments for the

non-motor symptoms of Parkinson's disease. Movement Disorders: Offi-

cial Journal of the Movement Disorder Society, 26, S2–S41.

LI ET AL. 1155



Shima, K., Matsunari, I., Samuraki, M., Chen, W. P., & Yamada, M. (2011).

Posterior cingulate atrophy and metabolic decline in early stage

Alzheimer's disease. Neurobiology of Aging, 33, 2006–2017.
Sulzer, D. (2007). Multiple hit hypotheses for dopamine neuron loss in

Parkinson's disease. Trends in Neurosciences, 30, 244–250.
Surmeier, D. J., Obeso, J. A., & Halliday, G. M. (2017). Selective neuronal

vulnerability in Parkinson disease. Nature Reviews Neuroscience, 18,

101–113.
Tessa, C., Lucetti, C., Giannelli, M., Diciotti, S., Poletti, M., Danti, S., …

Mascalchi, M. (2014). Progression of brain atrophy in the early stages

of Parkinson's disease: A longitudinal tensor-based morphometry

study in de novo patients without cognitive impairment. Human Brain

Mapping, 35, 3932–3944.
Turner, R. S., & Desmurget, M. (2010). Basal ganglia contributions to motor

control: A vigorous tutor. Current Opinion in Neurobiology, 20, 704–716.
Villar, J., Perez-Mendez, L., Basaldua, S., Blanco, J., Aguilar, G., Toral, D., …

Nogal, F. D. (2011). A risk tertiles model for predicting mortality in

patients with acute respiratory distress syndrome: Age, plateau pres-

sure, and P(aO[2])/F(IO[2]) at ARDS onset can predict mortality. Respi-

ratory Care, 56, 420–428.
Weerkamp, N. J., Nijhof, A., & Tissingh, G. (2012). Non-motor symptoms

of Parkinson's disease. Lancet Neurology, 156, A3926.

Weil, R. S., Schrag, A. E., Warren, J. D., Crutch, S. J., Lees, A. J., &

Morris, H. R. (2016). Visual dysfunction in Parkinson's disease. Brain,

139(11), 2827–2843.
Seeley, W. W., Crawford, R. K., Zhou, J., Miller, B. L., & Greicius, M. D.

(2009). Neurodegenerative diseases target large-scale human brain

networks. Neuron, 62, 42–52.
Wu, T., & Hallett, M. (2013). The cerebellum in Parkinson's disease. Brain,

136, 696–709.
Wu, T., Wang, J., Wang, C., Hallett, M., Zang, Y., Wu, X., & Chan, P. (2012).

Basal ganglia circuits changes in Parkinson's disease patients. Neurosci-

ence Letters, 524, 55–59.

Xu, X., Han, Q., Lin, J., Wang, L., Wu, F., & Shang, H. (2020). Grey matter

abnormalities in Parkinson's disease: A voxel-wise meta-analysis.

European Journal of Neurology, 27, 653–659.
Xu, Y., Yang, J., Hu, X., & Shang, H. (2016). Voxel-based meta-analysis of

gray matter volume reductions associated with cognitive impairment

in Parkinson's disease. Journal of Neurology, 263, 1178–1187.
Zang, Z.-X., Yan, C.-G., Dong, Z.-Y., Huang, J., & Zang, Y.-F. (2012).

Granger causality analysis implementation on MATLAB: A graphic user

interface toolkit for fMRI data processing. Journal of Neuroscience

Methods, 203, 418–426.
Zhang, Z., Liao, W., Xu, Q., Wei, W., Zhou, H. J., Sun, K., … Lu, G. (2017).

Hippocampus-associated causal network of structural covariance mea-

suring structural damage progression in temporal lobe epilepsy. Human

Brain Mapping, 38, 753–766.
Zhao, Y. J., Wee, H. L., Chan, Y.-H., Seah, S. H., Au, W. L., Lau, P. N., …

Tan, L. C. S. (2010). Progression of Parkinson's disease as evaluated by

Hoehn and Yahr stage transition times. Movement Disorders: Official

Journal of the Movement Disorder Society, 25, 710–716.

SUPPORTING INFORMATION

Additional supporting information may be found in the online version

of the article at the publisher's website.

How to cite this article: Li, R., Zou, T., Wang, X., Wang, H., Hu,

X., Xie, F., Meng, L., & Chen, H. (2022). Basal ganglia atrophy–

associated causal structural network degeneration in

Parkinson's disease. Human Brain Mapping, 43(3), 1145–1156.

https://doi.org/10.1002/hbm.25715

1156 LI ET AL.

https://doi.org/10.1002/hbm.25715

	Basal ganglia atrophy-associated causal structural network degeneration in Parkinson's disease
	1  INTRODUCTION
	2  MATERIALS AND METHODS
	2.1  Study setting and participants
	2.2  Imaging data acquisition
	2.3  Data preprocessing
	2.4  Voxel-based morphometric analysis
	2.5  Voxel-wise causal structural network analysis
	2.6  ROI-wise causal structural network analysis

	3  RESULTS
	3.1  Overall GM atrophy pattern in PD
	3.2  Progressive stage-specific GM atrophy patterns in PD
	3.3  Voxel-wise CaSCNs show a causal effect of early caudate atrophy on distributed GM changes
	3.4  ROI-wise CaSCNs reveal interregional causal structural networks
	3.5  The integrative basal ganglia atrophy-associated causal pathways

	4  DISCUSSION
	ACKNOWLEDGMENTS
	  CONFLICT OF INTEREST
	  DATA AVAILABILITY STATEMENT

	  ETHICS STATEMENT
	  PATIENT CONSENT STATEMENT
	REFERENCES


