
© AME Publishing Company.   Quant Imaging Med Surg 2025;15(11):10502-10515 | https://dx.doi.org/10.21037/qims-24-2310

Original Article

Abnormal topological organization of structural covariance 
networks in early-stage Parkinson’s disease patients with 
autonomic dysfunction

Heng Zhang#, Yayi Huang#, Qianling Lu, Yongsheng Yuan, Kezhong Zhang

Department of Neurology, The First Affiliated Hospital with Nanjing Medical University, Nanjing, China

Contributions: (I) Conception and design: H Zhang; (II) Administrative support: Y Yuan, K Zhang; (III) Provision of study materials or patients: K 

Zhang; (IV) Collection and assembly of data: Q Lu; (V) Data analysis and interpretation: H Zhang, Y Huang; (VI) Manuscript writing: All authors; 

(VII) Final approval of manuscript: All authors.

#These authors contributed equally to this work.

Correspondence to: Prof. Kezhong Zhang, MD; Prof. Yongsheng Yuan, MD. Department of Neurology, The First Affiliated Hospital with Nanjing 

Medical University, 300 Guangzhou Road, Nanjing 210029, China. Email: kezhong_zhang1969@126.com; da_sheng@126.com.

Background: Autonomic dysfunction is a universal nonmotor symptom in Parkinson’s disease (PD). 
Several magnetic resonance (MR) studies have shown that the abnormality of the central neural network 
is involved in the occurrence and development of autonomic nerve dysfunction in PD. This study aimed 
to investigate the network topological alteration in early-stage PD patients with autonomic dysfunction by 
structural covariance networks (SCNs) established via brain gray matter volume (GMV).
Methods: The alterations of topological organization of GMV-based SCN in PD patients were analyzed, 
comparing patients with the highest (n=73) and lowest (n=89) quartile scores in a questionnaire assessing 
autonomic dysfunction in PD named Scales for Outcomes in Parkinson’s Disease-Autonomic (SCOPA-
AUT), obtained from a larger pool of patients (n=279). All analyses excluded the interference of age, sex, 
the Movement Disorders Society sponsored revision of Unified Parkinson’s Disease Rating Scale (MDS-
UPDRS-III) scores, and individual total intracranial volume (TIV). 
Results: Compared with PD patients with a lower burden of autonomic symptoms, those with a higher 
burden of autonomic symptoms had worsened motor symptoms, decreased small-world index (P<0.001) 
and normalized clustering coefficient (P<0.001), decreased nodal betweenness centrality (BC) in the right 
thalamus proper [P<0.0001, false discovery rate (FDR) corrected], increased nodal BC in the cerebellar 
vermal lobules VI–VII (P<0.0001, FDR corrected), and enhanced nodal efficiency (Ne) in the left middle 
temporal gyrus (P<0.0001, FDR corrected). 
Conclusions: Our study revealed abnormal global and local topological properties in the GMV-based 
SCN of early-stage PD patients with autonomic dysfunction and provided novel network-level evidence for 
elucidating the pathophysiological mechanisms of dysautonomia in early PD. 
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Introduction

Autonomic dysfunction, a universal nonmotor symptom 
in Parkinson’s disease (PD), becomes more prominent 
as the disease develops (1-3). In many PD patients, 
autonomic symptoms often precede the onset of motor 
symptoms or present in the early stages of disease (4). 
Dysautonomia, a predictor for prognosis and survival, is 
an important determinant of quality of life itself and global 
motor severity (1). Previous studies demonstrated that PD 
patients had impairment in various autonomic domains, 
such as cardiovascular, gastrointestinal, urinary, sexual, and 
thermoregulatory function (2,3,5). It is logical to propose 
that the systemic pathogenesis of PD is widespread and 
encompasses both the central and peripheral components 
of the autonomic nervous system (6). However, the 
characteristics of central neural networks in PD patients 
with dysautonomia remain under debate and far from being 
fully identified.

A potential strategy for identifying biomarkers in PD 
involves the measurement of interactions within large-scale 
brain networks using magnetic resonance imaging (MRI). 
This method has been employed to investigate a variety 
of motor and nonmotor symptoms in PD (7-9). Recent 
neuroimaging studies have uncovered complicated regimes, 
containing interrupted functional connectivity within 
the lateral premotor-parietal (10) and thalamo-striatal-
hypothalamic (11) loops, hypoperfusion in the frontal lobe 
and insula (12), damaged gray matter (GM) in the inferior 
temporal cortex (13), and white matter (WM) connectivity 
collapse in the frontal-subcortical regions (14), which 
might be associated with dysautonomia in PD patients. The 
existing studies have mainly involved abnormal alterations 
in local or zonal areas of the brain, whereas the large-
scale global network alteration patterns in early-stage PD 
patients with autonomic dysfunction remain elusive.

Structural covariance analysis of similarities in GM 
between brain regions, referred to as the structural 
covariance network (SCN), can portray the large-scale 
structural brain network by identifying interregional 
covariance. A wealth of studies have implicated that the 
SCN might mirror inherited developmental harmonization 
or synchronized maturation between disparate brain 
regions, apart from closely resembling the gene expression 
profile and imminent functional network architecture of 
the human brain (15). Based on these basic characteristics, 
several investigations have uncovered that SCN could be 
utilized to explore network-level alterations in healthy aging 

populations (15) as well as those with neurodegenerative 
(7-9,16) and neuropsychiatric disorders (17,18). Graph 
theory-based analysis methods, an efficacious tool for 
characterizing the topological properties of large-scale 
brain networks, have been successfully used to investigate 
the topological malformation of the SCN in assorted 
neurological diseases, including amyotrophic lateral 
sclerosis (19) and PD (20). Wang et al. successfully applied 
graph theory to discover that the SCN in PD patients 
exhibited small-world property and abnormal topological 
organization (20). Hence, we conjectured that the SCN of 
early-stage PD patients with autonomic dysfunction would 
have suboptimal topological organization. To validate this 
hypothesis, we aimed to evaluate network topology changes 
in early-stage PD patients with autonomic dysfunction by 
the SCN established via brain gray matter volume (GMV). 
We present this article in accordance with the STROBE 
reporting checklist (available at https://qims.amegroups.
com/article/view/10.21037/qims-24-2310/rc).

Methods

Participants

We obtained all data from the Parkinson’s Progression 
Markers Initiative (PPMI) database in April 2024 (http://
www.ppmi-info.org/). A detailed description of the study’s 
objectives and methodology can be found elsewhere (21). 
The Institutional Review Boards sanctioned all procedures 
and all PD patients provided written informed consent. 
Study protocols and associated manuals (including inclusion 
criteria) are available online at www.ppmi-info.org/study-
design. This study was conducted in accordance with the 
Declaration of Helsinki and its subsequent amendments.

The initial search strategy comprised the following 
criteria: age: ≥50 years; research group: PD; study visit: 
baseline; image modality: MRI, field strength: 3 Tesla (3T); 
slice thickness: ≤1.5 mm; acquisition type: three-dimensional 
(3D); magnetic resonance (MR) system manufacturer: 
Siemens (Erlangen, Germany); weighting: T1. A total of 
341 early-stage PD patients with baseline 3D T1-weighted 
scans acquired using Siemens MR systems were retrieved. 
The following exclusion criteria were used to screen 
patients: (I) without dopamine transporter (DAT) single-
photon emission computed tomography (SPECT) or with 
negative DAT SPECT; (II) without Scales for Outcomes 
in Parkinson’s Disease-Autonomic (SCOPA-AUT), the 
Movement Disorders Society sponsored revision of Unified 

https://qims.amegroups.com/article/view/10.21037/qims-24-2310/rc
https://qims.amegroups.com/article/view/10.21037/qims-24-2310/rc
http://www.ppmi-info.org/
http://www.ppmi-info.org/
http://www.ppmi-info.org/study-design
http://www.ppmi-info.org/study-design
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Parkinson’s Disease Rating Scale (MDS-UPDRS-III), 
Hoehn and Yahr stage (H-Y stage), or Montreal Cognitive 
Assessment (MoCA); (III) with cognitive impairment or 
dementia (MoCA <24). A total of 279 PD patients with 3D 
T1-weighted scans (Siemens scanners) were selected. It 
should be noted that although the SCOPA-AUT scale has 
been previously validated in PD (22-24), the cut-off values 
are not reported. Dayan et al. used quartiles of a SCOPA-
AUT score to divide PD patients in the PPMI database into 
PD patients with a higher burden of autonomic symptoms 
(AUThigh) and lower burden (AUTlow), and successfully 
found disrupted thalamo-striato-hypothalamic functional 
connectivity in the AUThigh group. Correspondingly, the 
histograms of the distribution of SCOPA-AUT for these 
selected cases are shown in Figure S1, which was similar 
to the distribution reported in Dayan et al.’s research (11). 
According to the interquartile spacing, PD patients with 
the upper [≥75% (upper quartile), n=73] and lower [≤ lower 
quartile (25%), n=89] score on the SCOPA-AUT were 
assigned to the AUThigh and AUTlow groups, respectively 
(Figure 1) in our study. The ID numbers of all cases can be 
obtained in Table S1. 

Clinical evaluation

MDS-UPDRS-III and H-Y stage were applied to evaluate 
the severity of motor symptoms and disease staging. MoCA 
was used to assess the cognitive function (25). Specifically, 

the SCOPA-AUT questionnaire, a reliable and effective self-
report scale of dysautonomia, was utilized to evaluate the 
existence of autonomic symptoms (22). The SCOPA-AUT 
contains 25 items, including gastrointestinal (7), urinary (6), 
cardiovascular (3), thermoregulatory (4), pupillomotor (1), 
and sexual (2 questions for men and 2 questions for women) 
symptoms. The symptoms of autonomic dysfunction are 
more severe and frequent as the scores increase, with the 
exception of sexual dysfunction. Additionally, the scale does 
not incorporate the asymmetrical distribution of symptoms 
in domains such as pupil motility or thermoregulatory 
dysfunction. The aforementioned scales were administered 
during the drug OFF state. Our study did not calculate 
levodopa equivalent dose as most PD patients at the 
baseline had not yet begun dopamine replacement therapy.

MRI acquisition and preprocessing

3D T1-weighted images were acquired with Siemens 
scanners with the following protocols: echo time (TE) =2.3–
3.6 ms, repetition time (TR) =1,900–2,400 ms, flip angle 
(degree) =9, slice thickness ≤1.5 mm. The preprocessing 
of all 3D T1-weighted images was conducted by the 
computational anatomy toolbox (CAT12; http://dbm.neuro.
uni-jena.de/cat/) in MATLAB 2018b (MathWorks, Natick, 
MA, USA) as the default pipeline: format conversion, 
correction for bias-field inhomogeneities, segmentation into 
GM and WM and cerebrospinal fluid, and normalization by 

Figure 1 Subject selection process. AUThigh, Parkinson’s disease patients with the highest (≥75%) quartiles score on the SCOPA-AUT; 
AUTlow, Parkinson’s disease patients with the lowest (≤25%) quartiles score on the SCOPA-AUT; PD, Parkinson’s disease; SCOPA-AUT, 
Scales for Outcomes in Parkinson’s Disease-Autonomic.

Initially included 341 PD patients

279 PD patients

SCOPA-AUT score

89 AUTlow 73 AUThigh

Exclusion: 62 PD patients who 
satisfied exclusion criteria

Exclusion: 117 PD patients  
(7< SCOPA-AUT <14)

≤7 ≥14

https://cdn.amegroups.cn/static/public/QIMS-24-2310-Supplementary.pdf
https://cdn.amegroups.cn/static/public/QIMS-24-2310-Supplementary.pdf
http://dbm.neuro.uni-jena.de/cat/
http://dbm.neuro.uni-jena.de/cat/


Quantitative Imaging in Medicine and Surgery, Vol 15, No 11 November 2025 10505

© AME Publishing Company.   Quant Imaging Med Surg 2025;15(11):10502-10515 | https://dx.doi.org/10.21037/qims-24-2310

DARTEL. Then, we generated 123 cortical and subcortical 
regions of interest (ROIs), excluding the WM, cerebrospinal 
fluid, and ventricles, from the Neuromorphometrics Atlas 
(http://Neuromorphometrics.com/) to extract the individual 
average GMV of each ROI for subsequent construction of 
the SCN (Table S1). Notably, individual total intracranial 
volume (TIV) values were also calculated for further 
analysis. 

Construction of SCNs

Brain Connectivity Toolbox (https://www.nitrc.org/
projects/bct) was applied to construct the GMV-based 
SCN. The Pearson correlation coefficients between 
the GMV in each ROI were calculated after regressing 
age, sex, MDS-UPDRS- III scores, and TIV, and then a 
123×123 correlation matrix was constructed for each group  
(Figure 2A-2D). Subsequently, we binarized the matrix in 
both groups within the network sparsity range of 0.10 to 
0.40 with an interval of 0.01 (Figure 2E,2F). Specifically, 
the correlation coefficient above the threshold was set to 
1; otherwise, it was set to 0 (including weights on the main 
diagonal). 

Network parameters

As in previous studies (19,20), a succession of global and 
regional network parameters was generally utilized to 
portray the topological organization of the GMV-based 
SCN. Global parameters included the normalized clustering 
coefficient (Gamma), normalized characteristic path length 
(Lambda), small-world index (Sigma), global efficiency 
(Eglobal), and local efficiency (Elocal), which were the 
most widely used indicators for quantifying the small-world 
topology of a network. Gamma and Lambda were calculated 
by comparing the C and characteristic path length to the 
parallel mean values of 100 corresponding random networks. 
Nodal parameters containing betweenness centrality (BC) 
and nodal efficiency (Ne) were also computed in each 
separate node of the GMV-based SCN. 

Statistical analysis

For demographic and clinical features, all data were 
analyzed using the software SPSS 25.0 (IBM Corp., 
Armonk, NY, USA). Kolmogorov-Smirnov tests were 
performed to assess for normality. Two-sample t-tests and 

Mann-Whitney U tests were carried out for continuous 
variables, paralleling with χ2 test for discrete variables. A 
two-tailed P value <0.05 was considered significant.

For global and regional topological network parameters, 
a nonparametric permutation test with 1,000 repetitions was 
conducted to estimate the statistical differences between 
AUThigh and AUTlow groups. During each permutation, the 
corrected GM volumes of each participant were randomly 
redistributed to one of the two new groups, ensuring 
that both new groups had the same number of cases as 
the original AUThigh and AUTlow groups. Specifically, 
the ‘randperm’ function (in Matlab R2018b) randomly 
rearranges the sample numbers of all cases in each iteration. 
The first 73 samples of the permuted dataset were regarded 
as the AUThigh group, and the last 89 samples were regarded 
as the AUTlow group. Therefore, the permutation randomly 
assigns sample labels in each iteration to test the significance 
of the differences in network parameters. The correlation 
matrix for each randomized group was recalculated and 
binarized across sparsity thresholds (0.1–0.4, step: 0.01). 
Each network’s topological properties were estimated 
at each density. The intergroup disparities in network 
parameters for the two randomized groups were then 
calculated to create a permutation distribution of differences 
under the null hypothesis. To determine the significance 
level, the actual difference between AUThigh and AUTlow 
was placed in its corresponding permutation distribution 
for each network parameter. Ultimately, we calculated the 
area under the curve (AUC) for each network parameter to 
supply a scalar that was independent of particular threshold 
selection. For global network parameters, the significant 
level was set at P<0.05. For regional network parameters, 
the significant differences were set at P<0.05, calibrated by 
false discovery rate (FDR) correction.

Results

Demographic and clinical characteristics

PD patients in the AUThigh group showed significantly 
higher MDS-UPDRS-III scores than those in the AUTlow 
(P<0.001; Table 1), which uncovered that early-stage PD 
patients in the AUThigh group had more severe motor 
symptoms. No significant difference was found in other 
variables, including age, sex, education, MDS-UPDRS-I, 
Hoehn and Yahr clinical rating scale (H-Y) stage, and TIV, 
between the two groups, suggesting that the two groups 
were well matched. 

http://Neuromorphometrics.com/
https://cdn.amegroups.cn/static/public/QIMS-24-2310-Supplementary.pdf
https://www.nitrc.org/projects/bct
https://www.nitrc.org/projects/bct


Zhang et al. Abnormal SCN in early-stage PD with dysautonomia10506

© AME Publishing Company.   Quant Imaging Med Surg 2025;15(11):10502-10515 | https://dx.doi.org/10.21037/qims-24-2310

Alterations in global network parameters

Figure 3 displays the variations and intergroup differences 
in global network parameters between the AUThigh and 
AUTlow groups, over densities ranging from 0.10 to 0.40. 
We found that the GMV-based SCN of both groups 

exhibited a small-world property at all network sparsity with 
Gamma >1, Lambda ≈1, and Sigma >1 (Figure 3). Further 
analysis uncovered that the AUC of Sigma and Gamma 
were significantly decreased (both P<0.001) in the AUThigh 
group compared with the AUTlow group (Figure 4). 

Figure 2 Correlation matrices with 123×123 for AUThigh and AUTlow. Original correlation matrices for (A) AUThigh and (B) AUTlow 
patients, adjusted correlation matrices (by age, sex, MDS-UPDRS-III scores and TIV) for (C) AUThigh and (D) AUTlow patients, and binary 
adjacency matrices thresholded at Dmin=0.10 for (E) AUThigh and (F) AUTlow patients. Both x-axis and y-axis represent brain regions based 
on Neuromorphometrics Atlas. The color bar denotes the correlation coefficient and represents the strength of the connections. AUThigh, 
Parkinson’s disease patients with the highest (≥75%) quartiles score on the SCOPA-AUT; AUTlow, Parkinson’s disease patients with the 
lowest (≤25%) quartiles score on the SCOPA-AUT; MDS-UPDRS, Movement Disorders Society sponsored revision of Unified Parkinson’s 
Disease Rating Scale; SCOPA-AUT, Scales for Outcomes in Parkinson’s Disease-Autonomic; TIV, total intracranial volume.
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Alterations in regional network parameters

BC
BC is usually applied to measure the number of times a 
brain node appears on the shortest path between any two 

other pairs of brain nodes. We found significantly decreased 

BC in the right thalamus proper (P<0.0001, FDR corrected) 

and increased BC in the cerebellar vermal lobules VI-VII 

(P<0.0001, FDR corrected) in AUThigh compared with 

Table 1 Demographic and clinical characteristics of all subjects

Items AUThigh (n=73) AUTlow (n=89) P values

Age (years) 64.60±8.82 61.83±7.39 0.060†

Sex (female/male) 26/47 35/54 0.628‡

Education (years) 16.63±3.17 15.75±3.26 0.100†

Disease duration (years) 2.68±2.81 2.11±1.51 0.218†

TIV 1,520.38±149.92 1,535.73±145.53 0.511§

MoCA 27.37±1.75 27.64±1.74 0.373†

MDS-UPDRS-III (OFF state) 25.48±10.01 20.40±9.29 0.001§**

H-Y stages 1.67±0.58 1.54±0.59 0.141†

SCOPA-AUT 19.22±7.20 5.20±1.71 <0.001†***

Data are presented as mean ± standard deviation. †, Mann-Whitney U test; ‡, Chi-squared test; §, two-sample t-test. **, P<0.01; ***, 
P<0.001. AUThigh, Parkinson’s disease patients with the highest (≥75%) quartiles score on the SCOPA-AUT; AUTlow, Parkinson’s disease 
patients with the lowest (≤25%) quartiles score on the SCOPA-AUT; H-Y stage, Hoehn and Yahr clinical rating scale; MDS-UPDRS, 
Movement Disorders Society sponsored revision of Unified Parkinson’s Disease Rating Scale; MoCA, Montreal Cognitive Assessment; 
SCOPA-AUT, Scales for Outcomes in Parkinson’s Disease-Autonomic; TIV, total intracranial volumes.

Figure 3 Changes in global network parameters as a function of network density. (A) Sigma: small-world index; (B) Gamma: normalized 
clustering coefficient; (C) Lambda: normalized characteristic path length; (D) Eglobal: global efficiency, (E) Elocal: local efficiency in 
AUThigh and AUTlow patients. AUThigh, Parkinson’s disease patients with the highest (≥75%) quartiles score on the SCOPA-AUT; AUTlow, 
Parkinson’s disease patients with the lowest (≤25%) quartiles score on the SCOPA-AUT; SCOPA-AUT, Scales for Outcomes in Parkinson’s 
Disease-Autonomic.
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AUTlow (Figure 5A).

Ne
Ne characterizes the capacity of parallel information 
processing for local nodes of GMV-based SCN. We 
discovered that PD patients in the AUThigh group had 
increased Ne in the left middle temporal gyrus compared 
with AUTlow (P<0.0001, FDR corrected, Figure 5B).

Discussion

The present study investigated the topological organization 
properties of the GMV-based SCN in early-stage PD 
patients with autonomic dysfunction. We found that PD 
patients in the AUThigh group had decreased small-world 
index and normalized clustering coefficient compared 

with those in the AUTlow group. For regional network 
parameters, PD patients in the AUThigh group exhibited 
decreased nodal BC in the right thalamus proper, increased 
nodal BC in the cerebellar vermal lobules VI–VII, and 
enhanced Ne in the left middle temporal gyrus compared 
with those in the AUTlow group. These manifestations 
intensified the comprehension of the altered topological 
organization in the VBM-based SCN of early-stage PD 
patients with autonomic dysfunction.

For a long time, more attention has been given to 
abnormalities in the peripheral autonomic nervous system 
for autonomic dysfunction in PD. In effect, the term central 
autonomous neural networks (CANs) was first proposed in 
1993 by Benarroch, stemming from former investigations 
in animals and humans using electrical stimulation or 
tracer techniques (26). CAN, an internal regulation 

Figure 4 Differences between AUThigh and AUTlow patients in global network parameters as a function of network density. The red line 
denotes the difference between AUThigh and AUTlow PD patients; the red line lying outside of the confidence intervals indicate the density 
where the difference is significant at P<0.05. The positive values indicate AUThigh > AUTlow and negative values indicate AUThigh < AUTlow. 
***, P<0.001. AUThigh, Parkinson’s disease patients with the highest (≥75%) quartiles score on the Scales for Outcomes in Parkinson’s 
Disease-Autonomic; AUTlow, Parkinson’s disease patients with the lowest (≤25%) quartiles score on the Scales for Outcomes in Parkinson’s 
Disease-Autonomic; CI, confidence interval; Eglobal, global efficiency; Elocal, local efficiency; Gamma, normalized clustering coefficient; 
Lambda, normalized characteristic path length; Sigma, small-world index.

Upper bond 95% CI                         AUThigh vs. AUTlow                            Lower bond 95% CI                           Mean

***

G
am

m
a

E
lo

ca
l

10 15 20 25 30 35

10 15 20 25 30 35

0 5 

0 5 

0.6

0.4

0.2

0

−0.2

−0.4

−0.6

−0.8

−1

0.08

0.06

0.04

0.02

0

−0.02

−0.04

−0.06

−0.08

−0.1

B

E Density

Density

La
m

bd
a

10 15 20 25 30 350 5 

0.15

0.1

0.05

0

−0.05

−0.1

−0.15

−0.2

C

Density

S
ig

m
a

***

E
gl

ob
al

10 15 20 25 30 35

10 15 20 25 30

0 5 

0 5 

0.5

0

−0.5

−1

0.06

0.04

0.02

0

−0.02

−0.04

−0.06

A

D Density

Density



Quantitative Imaging in Medicine and Surgery, Vol 15, No 11 November 2025 10509

© AME Publishing Company.   Quant Imaging Med Surg 2025;15(11):10502-10515 | https://dx.doi.org/10.21037/qims-24-2310

large-scale system composed of widespread cortical and 
subcortical nuclei, regulates visceromotor, neuroendocrine, 
pain, and behavioral responses indispensable for survival 
and is portrayed by reciprocal interconnections, parallel 
organization, state-dependent activity, and neurochemical 
complexity (26,27). The CAN receives and processes 
visceral, humoral, and external sensory signals through 
multiple parallel circuits to regulate the homeostasis of 
the autonomic nervous system (26). Put simply, autonomic 
dysfunction is an inevitable consequence of the disruption 
of CAN network information processing capacities. 
Previous postmortem investigations have uncovered that 
autonomic dysfunction in PD might be linked to the 
α-synuclein accumulation in certain brain regions, including 
the hypothalamus, insula, anterior cingulate, and dorsal 
motor nucleus of the vagus (14,28-30). Using graph theory 
methodologies, we could conduct large-scale topological 
investigations of the VBM-based SCN to identify and 
describe the crucial “weak networks and nodes” involved 
in the pathophysiological mechanisms of PD patients with 

autonomic dysfunction.
The small-world properties were defined by a greater 

local clustering coefficient and shorter path length, allowing 
for an optimal balance between local segregation and 
global integration (31). Meanwhile, small-world properties 
demonstrate both local and global efficiency in transmitting 
information, resulting in great efficiency at a low cost of 
wiring (32). Previous studies had shown abnormal global 
topological organization of cortical morphological SCN 
in PD patients (16,20,33). In this study, we found that 
all early-stage PD patients in both AUThigh and AUTlow 
exhibited small-world organization, implying that the brain 
was optimally structured to facilitate the efficient flow of 
information in distributed processing. Correspondingly, 
we found that PD patients in the AUThigh group had 
impaired small-world properties characterized by significant 
decreases in σ and γ values. Considering the similar pattern 
of λ between the AUThigh and AUTlow group, the lower 
σ organization might be explained by the decreased γ 
value. A high SCN clustering indicates the capacity of 

Figure 5 Differences between AUThigh and AUTlow patients in nodal network parameters. (A) The distribution of the significant BC between 
AUThigh and AUTlow groups. (B) The distribution of the significant Ne between AUThigh and AUTlow groups. Red color indicates increased 
nodal properties, and the blue color indicates decreased nodal properties. AUThigh, Parkinson’s disease patients with the highest (≥75%) 
quartiles score on the SCOPA-AUT; AUTlow, Parkinson’s disease patients with the lowest (≤25%) quartiles score on the SCOPA-AUT; BC, 
betweenness centrality; Ne, nodal efficiency; SCOPA-AUT, Scales for Outcomes in Parkinson’s Disease-Autonomic.
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tightly coupled groups of brain areas to execute specialized 
processing procedures associated with autonomic function 
in early-stage PD (34,35). The drop in γ that we detected in 
PD patients with a higher burden of autonomic symptoms 
might be a result of a disruption in the neuronal segregation 
that occurs between linked areas of the brain.

Hubs are nodes in the brain network that have a high 
degree of influence on the hierarchical organization of 
the whole system. Without these heavily weighted brain 
regions, the whole network’s robustness and efficiency 
would be severely diminished. It is possible to identify 
fragile brain areas and establish a connection between 
functional deficiencies and neuroanatomical abnormalities 
by analyzing the profile of hub distribution and changes in 
network properties associated with these hub nodes (36). 
For nodal topological network parameters, BC is used 
to measure the number of times a brain node appears on 
the shortest path between any two other pairs of brain  
nodes (37). In other words, the brain nodes with enormous 
BC values are judged to be hubs of the network (38). 
Hence, BC acts as a vital control of information transit and 
is mainly used to measure the degree to which a node plays 
a “bridge” role in a brain network. Under this framework, 
we found that early-stage PD patients with a higher burden 
of autonomic symptoms exhibited decreased BC values in 
the right thalamus proper and increased BC values in the 
cerebellar vermal lobules VI–VII compared to those with a 
lower burden of autonomic symptoms. Thalamus proper, 
which encompasses all thalamic nuclei except for the 
lateral and medial geniculate bodies (39), serves as a central 
“bridge” for peripheral homeostatic information ascending 
to the cortex and for bidirectional thalamic-cortical (40,41) 
and thalamic-subcortical (40) communication. Beyond 
being a bridge, the thalamus actively and dynamically 
gates salient inputs by minimizing the materiality of 
currently irrelevant inputs, thus playing a crucial role in 
information integration (40). Emerging studies uncovered 
that the integrity and connectivity of the thalamus might be 
correlated with autonomic function (42-44). Valenza et al.  
combined functional MRI with instantaneous autonomic 
outflow estimates and characterized the extensive CAN in 
a resting state, including ventrolateral posterior thalamic 
nuclei (45). De Looze et al. found that delayed heart rate 
recovery after an orthostatic test is intimately linked to 
smaller thalamic volume (43). Another study suggested 
that patients with neurogenic orthostatic hypotension 
had weakened activation in the bilateral thalamus during 
Valsalva maneuver (46). Accordingly, the detected decreased 

BC values of the right thalamus proper in the early-stage 
PD patients with a higher burden of autonomic symptoms 
might reflect the collapse of the thalamic ‘bridge’. We 
speculated that the thalamus lost its crucial function in the 
regulation of CAN balance and resource allocation, leading 
to autonomic dysfunction in PD. However, this inference 
needs to be substantiated in future cohort studies. 

The cerebellum, profiting from its dense projections 
with key CAN brain regions (such as the prefrontal lobe, 
cingulate gyrus, thalamus, and nucleus tractus solitarius), 
plays a crucial role in the autonomic function, including 
cardiovascular responses, vesical function, postural control 
of blood pressure and heart rate, and vestibule-sympathetic 
reflexes (47-50). In PD, the cerebellum has been gradually 
acknowledged as an important structure for explaining both 
motor and non-motor symptoms (51) due to the observation 
of extensive alpha-synuclein aggregates and Lewy bodies 
formation as in other CAN regions (52,53). Iniguez et al.  
discovered that the clinical severity of dysautonomia 
was correlated with the presence of a functional break 
at rest between the chronotropic cardiac function and 
the activity of CAN, including the cerebellum cortex, in 
PD patients (54). Chung et al. found that the decreased 
function of the cerebellum in PD patients increased the 
severity of autonomic dysfunction (14). Meanwhile, a 
recent study with 18F-fluoropropyl-2β-carbomethoxy-3β-
4-iodophenyl nortropane positron emission tomography 
(18F-FP-CIT PET) uncovered that the de novo PD patients 
with dysautonomia had increased regional perfusion 
in the pontocerebellar area (55). Hence, based on the 
above neuroimaging evidence, we speculated that there 
might be abnormal functional and metabolic disorders 
in the cerebellum related to autonomic dysfunction in 
PD. Accordingly, our study, from a perspective of large-
scale structural networks, observed that the hub role of 
the cerebellar vermal lobules VI–VII was significantly 
enhanced in the early-stage PD patients with a higher 
burden of autonomic symptoms. Regarding the vermis of 
the cerebellum, existing research has mostly discovered an 
intimate junction with the autonomic nervous regulation 
of the heart and blood pressure (48,50). Considering 
that the presence of cardiovascular dysautonomia is 
mainly characterized by orthostatic hypotension in PD  
patients (56), the enhanced hub role of the cerebellar 
vermal lobules VI–VII might be a central compensation for 
peripheral sympathetic nerve injury (27,56) and an impaired 
‘bridge’ role in the right thalamus. 

The Ne characterizes the capacity of parallel information 
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processing for local nodes of GMV-based SCN (57). In 
this study, significantly increased Ne values located in the 
left middle temporal gyrus were detected in early-stage 
PD patients with a higher burden of autonomic symptoms, 
indicating abnormally elevated nodal information 
processing efficiency. Accumulated evidence suggests that 
the temporal lobe is also an indispensable part of the CAN 
(14,58,59). An intriguing piece of evidence suggested that 
autonomic dysfunction in obstructive sleep apnea patients 
was associated with impaired integrity of WM fiber bundles 
in the temporal lobe (58). In the prodromal phase of PD, 
Li et al. observed reduced functional connectivity between 
the temporal lobe and brainstem, which was significantly 
related to the severity of autonomic dysfunction (59). 
Another neuroimaging study showed extensive temporal-
frontal WM network collapse in de novo PD patients 
with autonomic dysfunction (14). Hence, combined with 
our study, we inferred that the abnormal structure and 
functional network in the temporal lobe might underlie 
the central nervous mechanisms of autonomic dysfunction 
in PD. On the one hand, the increased Ne in the left 
temporal gyrus in the GMV-based SCN network could be 
a compensation for the breakdown of WM and functional 
networks in PD patients with autonomic dysfunction. On 
the other hand, considering that restoring high-frequency 
electrical activity homeostasis in the temporal lobe could 
improve autonomic regulation in postural orthostatic 
tachycardia syndrome (60), the left temporal gyrus might 
transmit excessive information flow through the temporal-
frontal and temporal-brainstem pathways, disrupting CAN 
homeostasis and causing autonomic dysfunction in PD. 

In our study, we also found that PD patients in the 
AUThigh group exhibited higher MDS-UPDRS-III scores 
than those in the AUTlow group, indicating that early-stage 
PD patients with a higher burden of autonomic symptoms 
had more severe motor symptoms. Consistent with our 
findings, a previous study found that motor symptoms 
and pathological burden were more severe in de novo PD 
patients with autonomic dysfunction than those without 
autonomic dysfunction (55). It should be pointed out that 
we used the UPDRS-III score as a covariate to correct 
the results during the GMV-based SCN network analysis. 
Therefore, the malformation in the CAN that we found was 
not implicated by the interference of brain regions related 
to PD motor symptoms. 

Several limitations of our study should be acknowledged. 
First, the autonomic symptoms were evaluated by a 
screening questionnaire called SCOPA-AUT rather than 

quantitative autonomic tests since the data we had analyzed 
originated from PPMI database. However, the SCOPA-
AUT scale has been validated as a dependable and accurate 
measure for autonomic dysfunction in PD (22). Second, 
a group of healthy controls was not included in our study. 
Considering that grouping was based on the quartiles of 
SCOPA-AUT scale in PD patients which cannot be directly 
used for the selection of healthy controls, we referred to 
the previous research (11) and did not include healthy 
controls. Moreover, the inclusion of patients with other 
central nervous system diseases with autonomic dysfunction 
is helpful for our understanding of autonomic dysfunction 
in PD, and future studies need to explore it. Third, the 
GMV-based SCN and network parameters were established 
at the group level and therefore the relationship between 
SCOPA-AUT scores and network parameters could not be 
analyzed. Nevertheless, the construction of SCN provided 
us with the possibility to explore the CAN characteristics 
of autonomic dysfunction in PD from the perspective 
of large-scale GM networks. Fourth, our cross-sectional 
study limited the ability to portray the central pathogenesis 
of PD patients with autonomic dysfunction using the 
topology attributes of the GMV-based SCN network. Fifth, 
PPMI is a multicenter cohort study having differences in 
MRI acquisition. Despite our efforts to standardize the 
acquisition equipment upon enrollment, we still cannot 
avoid discrepancies in parameters such as TE and TR. 
Finally, although no statistical difference existed, the age 
of the AUThigh group was higher than that of the AUTlow 
group, potentially introducing interference in the analysis of 
SCN. Nevertheless, we had incorporated age as a covariate 
in the construction of the SCN network to mitigate its 
influence as much as possible. Future investigation into 
the neuroimaging relationship with dysautonomia in PD is 
warranted and should incorporate objective quantification 
of autonomic nerve function and longitudinal sequential 
assessments.

Conclusions

This study demonstrates abnormal global and local 
topological properties in the GMV-based SCN of early-
stage PD patients with autonomic dysfunction. We 
offered novel network-level evidence for elucidating the 
pathophysiological mechanisms of dysautonomia in early 
PD. Neuroimaging studies would be an effective tool to 
explore the central neural substrates involved in processing 
autonomic function in early-stage PD.
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Figure S1 The histograms of the distribution of SCOPA-AUT. SCOPA-AUT, Scales for Outcomes in Parkinson’s Disease-Autonomic. 
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Table S1 Regions of the Neuromorphometrics Atlas

Serial 
number

Region (Neuromorphometrics Atlas)

1 Right Accumbens Area

2 Left Accumbens Area

3 Right Amygdala

4 Left Amygdala

5 Brain Stem

6 Right Caudate

7 Left Caudate

8 Right Cerebellum Exterior

9 Left Cerebellum Exterior

10 Right Hippocampus

11 Left Hippocampus

12 Right Pallidum

13 Left Pallidum

14 Right Putamen

15 Left Putamen

16 Right Thalamus Proper

17 Left Thalamus Proper

18 Right Ventral DC

19 Left Ventral DC

20 Optic Chiasm

21 Cerebellar Vermal Lobules I-V

22 Cerebellar Vermal Lobules VI-VII

23 Cerebellar Vermal Lobules VIII-X

24 Left Basal Forebrain

25 Right Basal Forebrain

26 Right ACgG anterior cingulate gyrus

27 Left ACgG anterior cingulate gyrus

28 Right AIns anterior insula

29 Left AIns anterior insula

30 Right AOrG anterior orbital gyrus

31 Left AOrG anterior orbital gyrus

32 Right AnG angular gyrus

33 Left AnG angular gyrus

34 Right Calc calcarine cortex

Table S1 (continued)

Table S1 (continued)

Serial 
number

Region (Neuromorphometrics Atlas)

35 Left Calc calcarine cortex

36 Right CO central operculum

37 Left CO central operculum

38 Right Cun cuneus

39 Left Cun cuneus

40 Right Ent entorhinal area

41 Left Ent entorhinal area

42 Right FO frontal operculum

43 Left FO frontal operculum

44 Right FRP frontal pole

45 Left FRP frontal pole

46 Right FuG fusiform gyrus

47 Left FuG fusiform gyrus

48 Right GRe gyrus rectus

49 Left GRe gyrus rectus

50 Right IOG inferior occipital gyrus

51 Left IOG inferior occipital gyrus

52 Right ITG inferior temporal gyrus

53 Left ITG inferior temporal gyrus

54 Right LiG lingual gyrus

55 Left LiG lingual gyrus

56 Right LOrG lateral orbital gyrus

57 Left LOrG lateral orbital gyrus

58 Right MCgG middle cingulate gyrus

59 Left MCgG middle cingulate gyrus

60 Right MFC medial frontal cortex

61 Left MFC medial frontal cortex

62 Right MFG middle frontal gyrus

63 Left MFG middle frontal gyrus

64 Right MOG middle occipital gyrus

65 Left MOG middle occipital gyrus

66 Right MOrG medial orbital gyrus

67 Left MOrG medial orbital gyrus

68 Right MPoG postcentral gyrus medial segment

Table S1 (continued)
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Table S1 (continued)

Serial 
number

Region (Neuromorphometrics Atlas)

69 Left MPoG postcentral gyrus medial segment

70 Right MPrG precentral gyrus medial segment

71 Left MPrG precentral gyrus medial segment

72 Right MSFG superior frontal gyrus medial segment

73 Left MSFG superior frontal gyrus medial segment

74 Right MTG middle temporal gyrus

75 Left MTG middle temporal gyrus

76 Right OCP occipital pole

77 Left OCP occipital pole

78 Right OFuG occipital fusiform gyrus

79 Left OFuG occipital fusiform gyrus

80 Right OpIFG opercular part of the inferior frontal gyrus

81 Left OpIFG opercular part of the inferior frontal gyrus

82 Right OrIFG orbital part of the inferior frontal gyrus

83 Left OrIFG orbital part of the inferior frontal gyrus

84 Right PCgG posterior cingulate gyrus

85 Left PCgG posterior cingulate gyrus

86 Right PCu precuneus

87 Left PCu precuneus

88 Right PHG parahippocampal gyrus

89 Left PHG parahippocampal gyrus

90 Right PIns posterior insula

91 Left PIns posterior insula

92 Right PO parietal operculum

93 Left PO parietal operculum

94 Right PoG postcentral gyrus

95 Left PoG postcentral gyrus

96 Right POrG posterior orbital gyrus

97 Left POrG posterior orbital gyrus

98 Right PP planum polare

99 Left PP planum polare

100 Right PrG precentral gyrus

101 Left PrG precentral gyrus

102 Right PT planum temporale

Table S1 (continued)

Table S1 (continued)

Serial 
number

Region (Neuromorphometrics Atlas)

103 Left PT planum temporale

104 Right SCA subcallosal area

105 Left SCA subcallosal area

106 Right SFG superior frontal gyrus

107 Left SFG superior frontal gyrus

108 Right SMC supplementary motor cortex

109 Left SMC supplementary motor cortex

110 Right SMG supramarginal gyrus

111 Left SMG supramarginal gyrus

112 Right SOG superior occipital gyrus

113 Left SOG superior occipital gyrus

114 Right SPL superior parietal lobule

115 Left SPL superior parietal lobule

116 Right STG superior temporal gyrus

117 Left STG superior temporal gyrus

118 Right TMP temporal pole

119 Left TMP temporal pole

120 Right TrIFG triangular part of the inferior frontal gyrus

121 Left TrIFG triangular part of the inferior frontal gyrus

122 Right TTG transverse temporal gyrus

123 Left TTG transverse temporal gyrus


