
R E S E A R C H Open Access

© The Author(s) 2024. Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you 
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the 
licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or 
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit  h t    t p : / / c r e  a   t i 
v e  c  o  m  m  o n s . o r g / l i c e n s e s / b y - n c - n d / 4 . 0 /     .   

Zou et al. BMC Neuroscience           (2024) 25:78 
https://doi.org/10.1186/s12868-024-00918-4

BMC Neuroscience

†Ting Zou and Chen Chen contributed equally to this work.

*Correspondence:
Huafu Chen
chenhf@uestc.edu.cn
Jingliang Cheng
fccchengjl@zzu.edu.cn
Rong Li
rongli1120@gmail.com

1The Clinical Hospital of Chengdu Brain Science Institute, School of Life 
Science and Technology, University of Electronic Science and Technology 
of China, Chengdu 610054, P.R. China
2School of Life Science and Technology, MOE Key Laboratory for 
Neuroinformation, High-Field Magnetic Resonance Brain Imaging Key 
Laboratory of Sichuan Province, University of Electronic Science and 
Technology of China, Chengdu 610054, P.R. China
3Department of MRI, the First Affiliated Hospital of Zhengzhou University, 
Zhengzhou 450052, P.R. China
4School of Mathematical Sciences, University of Electronic Science and 
Technology of China, Chengdu 611731, P.R. China

Abstract
Background Parkinson’s disease (PD) is a progressive neurodegenerative disease associated with functional and 
structural alterations beyond the nigrostriatal dopamine projection. However, the structural-functional (SC-FC) 
coupling changes in combination with subcortical regions at the network level are rarely investigated in PD.

Methods SC-FC coupling networks were systematically constructed using the structural connectivity obtained by 
diffusion tensor imaging and the functional connectivity obtained by resting-state functional magnetic resonance 
imaging in 53 PD and 72 age- and sex-matched healthy controls (HCs). Then, we explored how SC-FC coupling varied 
within and between several well-defined functional domains.

Results Results showed that the SC-FC coupling in patients with PD was globally reduced in comparison with 
HCs. Specifically, regional SC-FC decoupled in the inferior parietal lobule, occipitotemporal cortex, motor cortex, and 
higher-order association cortex in patients with PD. Moreover, PD showed intranetwork SC-FC decoupling in the 
visual network (VIS), limbic and higher-order association networks. Furthermore, internetwork decoupling mainly 
linked to the VIS, the somatomotor network (SOM), the dorsal attention network, and the default mode network, 
was observed, increased internetwork coupling was found between the subcortical network and the SOM in PD (all 
p < 0.05, FDR corrected).

Conclusions These findings suggest that PD is characterized by SC-FC decoupling in topological organization of 
multiscale brain networks, providing insights into the brain network mechanisms in PD.
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Introduction
Parkinson’s disease (PD) is a neurodegenerative disease 
predominantly characterized by motor impairments 
derived from the severe loss of dopaminergic neurons 
in the substantia nigra pars compacta [1]. Non-motor 
symptoms, such as anxiety, dementia, visual dysfunction, 
and depression, are considered to be part of the clinical 
spectrum of PD [2, 3]. The neuropathological substrate of 
such motor and non-motor manifestations involves mul-
tiple regions and neurotransmitter systems [4, 5]. Previ-
ous studies have shown widespread alterations in brain 
structural connectivity (SC) and functional connectivity 
(FC) among patients with PD, particularly in subcortical 
(SUB) striatum, motor cortex, and cortical higher-order 
association areas [6–8]. A neuroimaging study suggested 
that the SC network may be the physical substrate of the 
FC network and the combined modalities could enrich 
the understanding of these canonical brain networks [9]. 
Yet, the relationship between the FC and SC at a network 
scale in PD remains poorly understood.

Recent publications mapping connectome proper-
ties to clinical features have focused on using either FC 
or SC alone, or concatenating both together to reveal 
brain-behavior relationships. Neuroscientific investi-
gations have shown alterations in the SC network in 
PD. For instance, impaired white matter and gray mat-
ter structural connections involving cortical and SUB 
regions, such as precentral gyrus, insula, hippocampus, 
subthalamic nucleus, substantia nigra, and striatum, were 
identified in PD [10, 11]. In addition to the abnormal 
structural network properties, patients with PD exhib-
ited alterations in functional network parameters. In par-
ticular, study have shown that patients with PD exhibited 
decreased functional integration across neural networks 
such as striatum, mesolimbic cortex, and sensorimotor 
regions, and the prevalent disconnection in mesolimbic-
striatal loops is associated with some early clinical non-
motor features in PD [12]. Moreover, cognitive decline 
in PD was found to be associated with FC damage in 
brain regions, especially in the posterior parts [13, 14]. 
Our recent work revealed attenuated brain white-mat-
ter functional interactions in PD, and these abnormali-
ties were associated with clinical motor and non-motor 
symptoms [15]. However, these studies mainly focused 
on single network property. Brain network dysfunction 
has been hypothesized to have resulted from abnormali-
ties in anatomic connections and functional interactions 
of distributed brain regions [16]. Another study assumed 
a relationship between the strength of an SC between 
two brain areas and the strength of the corresponding 
FC [17]. In addition, SC places anatomical constraints on 
FC in the network [18]. In turn, FC has an effect on SC 
through brain plasticity [19, 20]. Therefore, mapping the 

functional and structural connectivity could expand the 
understanding of synchronization alterations in PD.

SC-FC coupling, as an integrated measurement linking 
a functional network with a structural network, is con-
sidered to be more sensitive than any single modal index 
in detecting subtle changes in brain activity [21]. Stud-
ies have shown that changes in SC-FC coupling occur 
not only during brain maturation [22] but also in neuro-
logical disease [21]. A recent paper showed that SC-FC 
decoupling in PD followed an unimodal-to-transmodal 
gradient, and SC-FC became more decoupled in regions 
higher along the unimodal-transmodal hierarchy [23]. 
However, since it is well known that subcortical struc-
tures play an important role in patients with PD [24, 25], 
and previous studies mainly focused on investigating 
the relationship between SC and FC in the cortical brain 
regions, while ignoring whether SC-FC coupling was 
altered in subcortical regions. Moreover, as the human 
brain is a complex network that is functionally segregated 
and integrated simultaneously via specific connectivity 
patterns [26], investigating the large-scale (whole brain) 
SC-FC coupling only may not be sufficient. Therefore, 
exploring SC-FC associations in combination with sub-
cortical regions at the network level may provide deeper 
insights into the mechanism underlying PD.

In this study, how SC-FC coupling was altered in a 
multiscale network of 53 patients with PD and 72 age-
matched healthy controls (HCs) was investigated using 
resting-state functional magnetic resonance imaging 
(fMRI) and diffusion tensor imaging (DTI). On the basis 
of the results of widespread topological disruption of SC 
and FC networks across the whole brain, SC-FC cou-
pling was hypothesized to be affected at the whole-brain 
and multiscale network levels in PD. Therefore, whether 
regional SC-FC coupling showed any changes was first 
identified. Next, the specific pattern of abnormal SC-FC 
coupling in PD was analyzed at the network level.

Materials and methods
Study setting and participants
The data of all participants with PD and HCs were 
obtained in the First Affiliated Hospital of Zhengzhou 
University. A written informed consent was obtained 
from all subjects. A total of eighty-five right-handed 
patients with PD and eighty-three HCs were initially 
recruited. Patients with PD were diagnosed by at least 
two or more experienced neurologists in accordance with 
UK PD Society Brain Bank criteria [27]. Patients under-
went neurological examinations that included a medi-
cal interview. Their motor status were evaluated using 
part III of the Unified Parkinson’s Disease Rating Scale 
(UPDRS III) [28] and Hoehn-Yahr (H&Y) stage [29]. For 
H&Y stages, all patients with PD were diagnosed with 
mild to severe stages of the disease (stages 1–5); a high 
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score suggested advanced disease stage. Patients were 
assessed in an off-medication state (12 h after withdrawal 
of dopaminergic drugs). Exclusion criteria included 
incomplete data acquisition (e.g., incomplete MRI scan-
ning and pivotal clinical scores), head motion > 3  mm 
and head rotation > 3°. Moreover, none of the patients 
had undergone deep brain stimulation or other brain 
surgery. Finally, fifty-three right-handed patients with 
PD (mean ± SD = 58.42 ± 8.47 years; 20 men) and 72 right-
handed HCs (mean ± SD = 58.99 ± 10.02 years; 36 men) 
were included in the current study. The demographic 
characteristics of the study participants are provided in 
Table 1, and the participant-specific exclusion procedure 
is shown in Supplementary Fig. 1.

Imaging data acquisition
A 3T Siemens Prisma MR scanner in the Fist Affiliated 
Hospital of Zhengzhou University was used to collect 
MRI data. For acquisition of the fMRI data, the subjects 
were asked to close their eyes and remain at rest without 
thinking about anything or falling asleep. A high-reso-
lution functional image was acquired using a multiband 
echo-planar imaging sequence (acceleration factor of 
4) with the following parameters: voxel size = 2.0  mm × 
2.0 mm × 2.64 mm; repetition time (TR) = 1000 ms, echo 
time (TE) = 30 ms, matrix size = 110 × 110, field of view 
(FOV) = 220  mm × 220  mm, flip angle = 70°, slice thick-
ness = 2.2 mm, and 52 slices. For each subject, a total of 
400 volumes were obtained from the scan time of 8 min. 
Structural images were also acquired using a magneti-
zation-prepared rapid gradient-echo sequence with the 
following parameters for co-registration with functional 
images: TR = 2300 ms, TE = 2.9 ms, flip angle = 9°, slice 
thickness = 1.2 mm, slices = 176, FOV = 240 mm×256 mm, 
matrix size = 240 × 256, and voxel size = 1 mm × 1 mm × 
1.2 mm. Furthermore, DTI data were obtained with a sin-
gle-shot EPI sequence by using the following parameters: 
69 directions, TR = 9200 ms, TE = 54 ms, flip angle = 90°, 
slice thickness = 2 mm, FOV = 256 mm × 256 mm, matrix 

size = 128 × 128, and b = 1000  s/mm2. These data were 
used for analysis after quality assurance.

Anatomical parcellation
Similar to [30, 31], the present study used a volume 
labelled with the Schaefer labels, plus the labels referring 
to Freesurfer’s aseg parcellation of the subcortical areas. 
A total of 400 cortical regions of interest (ROIs) were 
generated by segmenting each participant’s T1-weighted 
image. This template was defined by the similarity of 
global FC and local FC gradients and has been widely 
used in previous studies, revealing physical meaning-
ful features of brain organization and superior func-
tional and connectional homogeneity relative to other 
parcellations, which was widely used to estimate brain 
network [32]. In addition, 12 subcortical regions anatom-
ically derived from FreeSurfer’s aseg volume were used, 
including the bilateral hippocampus, caudate, thalamus, 
putamen, pallidum, and amygdala. For examination of 
the network-level effect of SC-FC coupling and evalua-
tion of between-group differences, the canonical seven-
network parcellation given by Yeo et al. [33] was used 
to define functional modules, and each node from the 
Schaefer-400 template was assigned to one of the seven 
networks: visual network (VIS), somatomotor network 
(SOM), dorsal attention network (DOR), ventral atten-
tion network (VEN), limbic network (LIM), and fron-
toparietal control network (FPC) and default mode 
network (DMN). The subcortical regions were consid-
ered as a single network, and eight networks were finally 
included in this study (Supplementary Table 1). The same 
parcellation was used to construct SC and FC matrices 
for each participant.

SC network construction
Most commonly, SC is inferred from diffusion tensor 
imaging, which offers the opportunity to reliably con-
struct whole brain white matter networks from fiber 
tractography. Using DTI images, physical network 

Table 1 Clinical and demographic characteristics of participants
Demographics PD (n = 53) HCs (n = 72) PD vs. HCs

Mean ± SD (Min-Max) Mean ± SD (Min-Max) P-value
Gender (male/female) 20/33 36/36 0.17a

Age (years) 58.42 ± 8.47 (41–73) 58.99 ± 10.02 (36–76) 0.71b

Duration (years) 3.23 ± 2.84 (0.25-10) / /
Hoehn-Yahr 2.03 ± 0.83 (1–5) / /
UPDRS III 23.70 ± 14.09 (7–74) / /
UPDRS 39.92 ± 18.15 (15–101) / /
MMSE 22.83 ± 3.92 (12–29) / /
Mean FD (mm) 0.10 ± 0.03 (0.052–0.196) 0.11 ± 0.04 (0.048–0.198) 0.1006b

Abbreviations: Values are presented as mean ± standard deviation. PD, Parkinson’s disease; HCs, healthy controls; MMSE, Mini-mental State Examination; UPDRS, 
United Parkinson’s Disease Rate Scale; FD, frame-wise displacement
a χ2 test
b Nonparametric Mann-Whitney tests
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connections, and both cortical and subcortical struc-
tures and their interconnectedness can be studied. 
Moreover, because of the intrinsic integration of white 
matter/gray matter and the complementary information 
embedded in DTI/fMRI techniques, combining DTI and 
fMRI data becomes an increasingly important method-
ology in clinical neuroscience fields [34]. In our study, 
DTI images were preprocessed in MRtrix  3.0  (   h t t p s : / / 
w w w . m r t r i x . o r g /     ) . Diffusion-tensor images underwent 
denoising, removal of Gibbs artifacts, eddy-current and 
motion correction, and bias field correction. The dif-
fusion tensor metric was calculated, and constrained 
spherical deconvolution was performed to estimate the 
white-matter fiber direction distribution function on the 
basis of the expected signal of a single-fiber white mat-
ter population (the so-called response function) [35]. 
Individual T1- weighted images were first co-registered 
to the b0 image in DTI native space by using antsReg-
istrationSyNQuick (ANTs version 2.1.0), and five-tis-
sue anatomical segmentation was performed using the 
5ttgen script in MRtrix. Similarly, the cortical and SUB 
atlases were then transformed to each participant’s 
native space with nearest neighbor interpolation. For 
each participant, probabilistic (iFOD2) [36], anatomi-
cally constrained tractography (ACT) [37] algorithm with 
voxel-wise directional uncertainty fractional anisotropy 
(FA) > 0.2, direction change < 60° were used to create the 
individual, whole-brain tractograms containing 0.2  mil-
lion streamlines. The SC between any two regions was 
the SIFT2-weighted [38] sum of streamlines connect-
ing those regions divided by the sum of the gray-matter 
volume of those regions, resulting a symmetric 412 × 412 
ROI-volume SC matrix for each subject. Then, we calcu-
lated the separate SC strengths at the regional and the 
network level, respectively. Regional SC strength was 
calculated as the mean of all connectional weights within 
the brain regions. Intranetwork connectivity strength is 
an evaluation index for the significance of a particular 
network within the brain networks, which is calculated as 
the mean of all connectional weights within the network. 
The internetwork connectivity strength between two net-
works is the mean of the connectional weights connect-
ing both networks.

FC network construction
The functional images preprocessing were carried out 
using Statistical Parametric Mapping toolkits (SPM12, 
https:/ /www.fi l.ion.u cl.a c.uk/spm/software/spm12/) 
and Data Processing Assistant for Resting-State fMRI 
(DPARSF v5.0, http://www.restfmri.net) software. All 
analyses in this study were performed in MATLAB 9.5 
environment (https://www.mathworks.com). First, all 
images were reoriented to adjust the image origins at 
the anterior commissure by manual setting after artifact 

checking and format conversion. Subsequently, the first 
10 volumes were discarded to stabilize the time series, 
and the remaining 390 volumes were corrected for 
realignment. For each participant, the T1 images were 
co-registered to the functional images and segmented 
into gray matter, white matter, and cerebrospinal using 
DARTEL [39]. In addition, in the native functional image 
space, spurious signals derived from linear and quadratic 
trends, Friston-24 head motion parameters, white mat-
ter, and cerebrospinal tissues were regressed out using 
CompCor method (i.e., five principle components of 
noisy signals) [40]. Then, the images were warped into 
the standard Montreal Neurological Institute space 
and resampled to 2  mm × 2  mm × 2  mm voxel resolu-
tion. Finally, the residual images were spatially smoothed 
with a 4 mm full-width half-maximum isotropic Gauss-
ian kernel and temporal bandpass filter (0.01-0.1 Hz) was 
used to reduce the effects of low-frequency drift and 
high-frequency noise [41]. The excluded criteria of head 
motion were head translation > 3 mm, head rotation > 3°, 
and mean frame wise displacement (FD) > 0.2  mm. FC 
between ROIs was quantified as the Pearson correlation 
coefficient between mean regional BOLD time series, 
and followed by application of Fisher transform. Sub-
sequently, the separate FC strengths at the regional and 
the network level were calculated in accordance with the 
aforementioned SC calculation method.

Regional -level SC-FC coupling
The strength to which a brain region’s SC relates to coor-
dinated fluctuations in neural activity between regions 
was quantified to characterize how SC-FC coupling 
changes in PD. For each subject, SC-FC coupling was 
performed to assess the correlation between the strength 
of the SC and that of the FC. Specifically, to minimise 
the effect of spurious connections whilst avoiding arbi-
trary thresholds, the non-zero SC network and the cor-
responding FC edges for each region were extracted 
to represent as vectors of connectivity strength from a 
single node to all other nodes. As the previous study [22, 
23], the negative FC was preserved unless the anatomical 
connection did not survived. We chose non-parametric 
Spearman-rank correlation to quantify the similarity of a 
region’s structural and FC pattern to the rest of the brain 
as it is a measure that is straightforward and easily inter-
preted, importantly, accommodates the non-Gaussianity 
of the entries in the SC. Therefore, a vector of length of 
412 that represents the regional SC-FC coupling strength 
for each individual was generated.

Network-level SC-FC coupling
The between and within-network couplings were sep-
arately calculated to identify whether the relation-
ship between the strength of the SC and that of the FC 

https://www.mrtrix.org/
https://www.mrtrix.org/
https://www.fil.ion.ucl.ac.uk/spm/software/spm12/
http://www.restfmri.net
https://www.mathworks.com
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varied widely across brain networks. For each region, the 
within-network SC-FC coupling denoted the Spearman 
correlation of the SC and FC between that region and 
other regions in the same network. The group-averaged 
network was computed by averaging the SC-FC cou-
pling in each network. Differently, the between-network 
SC-FC coupling was calculated as follows: first, the upper 
triangle of the SC and FC matrices associated with each 
two networks were extracted for each individual subject. 
Subsequently, these non-zero values of SC and the cor-
responding FC were correlated across subjects within the 
HCs and PD groups separately. On the basis of the above 
analysis, a two-sample t-test was applied to compare the 
corresponding SC-FC coupling strength among 28 pairs 
of network in the HCs and PD groups. An overview of 
the study methodology is shown in Fig. 1.

Complementary analyses
There has been increased interest in identifying subtypes 
of PD and understanding the heterogeneity in clinical 
symptoms [42]. Substantial heterogeneity between indi-
vidual patients in the clinical presentation of PD has led 
to the classification of distinct PD subtypes. Therefore, 
as a preliminary study, we subdivided all PD patients 
into several clinical categories for further study. For cog-
nitive subtypes, PD patients were categorized into two 
subgroups according to MMSE scores [43] (subgroup 1: 
26-30, n = 14; subgroup 2: 0-26, n = 39). For motor sub-
types, all patients were categorized into two subgroups 
based on H&Y scales [11] (subgroup 1: 1–2, n = 32; sub-
group 2: 2.5–5, n = 21). In addition, we also performed 
several ancillary analyses to verify the robustness of our 
SC-FC coupling results in terms of covariance regres-
sion, atlas definition and head motion scrubbing. First, 
to investigate whether the brain SC-FC coupling was 
potentially influenced by age and sex, we reanalyzed 
the case-control differences with age and sex as covari-
ates. Second, to validate the main findings with the func-
tionally defined 412 atlas, we also used an anatomically 
derived 212 region atlas, with 200 cortical regions from 
Schaefer-200   and 12 subcortical regions from FreeSurf-
er’s aseg volume. Third, we also included the scrubbing 
procedure during the fMRI data preprocessing to reduce 
the potential confounding influence of head motion on 
the main results. During the scrubbing process, we used 
the “cut” option available in the DPABI toolbox with 
a threshold for “bad” time points of 0.5 (one time point 
before and two “bad” time points after) [44].

Statistic analysis
For the practical significance, the effect size of network 
deviations was calculated as the Cohen’s d value between 
the PD and HCs. For the statistical significance, sig-
nificant SC-FC coupling changes were examined by the 

two-sample t-test or nonparametric Mann-Whitney 
tests, depending on whether the data were normally dis-
tributed [45]. Statistical tests were False discovery rate 
(FDR) corrected to reduce the type I errors. In addition, 
to further investigate the relationship between brain fea-
tures and clinical performances, we performed correla-
tion analysis between the regions with significant altered 
SC-FC coupling and other variables (H&Y, UPDRS, dis-
ease duration and MMSE score).

Results
Regional SC-FC decoupling in PD
Under the constraint of non-zero structural connections, 
correlation analysis was performed between FCs and 
their structural counterparts in the whole-brain network 
across participants. The group average SC-FC coupling 
over 412 ROIs is shown in Fig. 2A. The regional SC-FC 
coupling was almost entirely positive, ranging from 0 to 
0.42 in HCs and from 0 to 0.39 in patients with PD in 
the present study. In both groups, SC-FC coupling var-
ied greatly across cortical and SUB areas, with higher 
coupling in primary sensory and medial prefrontal cor-
tex and lower coupling in lateral temporal, frontoparie-
tal, and SUB regions. Compared with HCs, 14 nodes of 
all 412 nodes across the whole brain showed significant 
reduced coupling in PD (Fig. 2B, p < 0.05, FDR corrected). 
Decreased regional SC-FC coupling was found in the 
bilateral middle temporal areas and inferior parietal lobe, 
left middle occipital gyrus, postcentral gyrus and supe-
rior temporal areas, right cuneus and precuneus gyrus, 
supramarginal gyrus, angular gyrus, anterior and middle 
cingulate cortex, and insula. The most deceased SC-FC 
coupling was observed in the right inferior parietal 
lobe of patients with PD. The correlation was observed 
between the SC-FC coupling strength in this region and 
disease duration (r = -0.2911, p = 0.0344). At the whole-
brain level, the average SC-FC coupling across the whole-
brain network was compared between HCs and PD 
group, the results showed that patients with PD displayed 
significant reduced global coupling compared with HCs 
(t = -4.178, p < 0.001, Fig. 2C).

Decreased intranetwork SC-FC coupling in PD
The mean intranetwork SC-FC coupling strength of each 
region is presented in Fig. 3. The network level analysis 
revealed that the SC-FC coupling varied widely within 
each network in the PD and HCs. Compared with the 
HCs , the PD group showed significant decreased SC-FC 
coupling in VIS, DOR, LIM, and FPC and DMN (Fig. 3, 
Supplementary Table 2, p < 0.05, FDR corrected).

Altered internetwork SC-FC Coupling in PD
How coupling was altered between specialized networks 
was further identified. Compared with HCs, altered 
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Fig. 1 Workflow for quantifying regional SC-FC coupling. Schaefer-400 cortical parcellation and 12 subcortical regions (hippocampus, caudate, thala-
mus, putamen, pallidum, and amygdala from FreeSurfer’s aseg volume for each hemisphere) were included, resulting in 412 network nodes. For each 
participant, the regional SC-FC coupling was the Spearman-rank correlation between a region’s non-zero SC and the corresponding FC. The intranetwork 
SC-FC coupling for each region was the Spearman rank correlation between the non-zero elements of regional SC and FC profiles in the same network. 
Internetwork SC-FC coupling was calculated by first extracting all connections between each two networks for SC and FC. Subsequently, these non-zero 
values for SC and FC were correlated across subjects within the HCs and PD groups separately. SC, structural connectivity; FC, functional connectivity
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internetwork SC-FC coupling strength was found in 9 
of 28 pairs of networks (Fig. 4 and Supplementary Table 
3, p < 0.05, FDR corrected). Specifically, statistical analy-
sis identified significant decreased coupling strength 
between SUB and VIS; SOM and DOR, VEN; DOR and 
DMN, FPC, LIM; DMN and FPC and LIM. Meanwhile, 
increased internetwork coupling was found between 
SUB and SOM in patients with PD. The SC-FC coupling 
strength between DOR and DMN was correlated with 
UPDRS III scores (r = -0.276, p = 0.0455).

Complementary results
At the regional level, no significant SC and FC difference 
between the HCs and PD group was found. At the net-
work level, patients with PD showed increased intranet-
work FC strength within the DMN (t = -3.08, p = 0.0026, 
FDR corrected) and preserved SC strength in all net-
works (Supplementary Fig. 2). In contrast, no significant 
difference in the internetwork SC and FC strength was 
found between the groups. For subtype analysis, com-
pared with HCs, MMSE score-specific subgroup compar-
isons revealed decreased SC-FC coupling in subgroup 1 (t 
= -3.07, p = 0.0028) and subgroup 2 (t = -3.36, p = 0.0011), 

Fig. 2 SC-FC coupling changes in patients with PD. (A) Spatial pattern of SC-FC coupling in HCs and PD. The coupling between regional SC and FC 
profiles varied widely across the cortex, similar in both groups. Primary sensory and medial prefrontal cortex exhibited relatively high SC-FC coupling, 
while lateral temporal and parietal regions showed relatively low coupling. (B) Spatial pattern of SC-FC decoupling for each node across the brain in PD. 
Decreased regional SC-FC decoupling was found in the bilateral middle temporal areas and inferior parietal lobe, left middle occipital gyrus, postcentral 
gyrus and superior temporal areas, right cuneus and precuneus gyrus, supramarginal gyrus, angular gyrus, anterior and middle cingulate cortex, and 
insula (p < 0.05, FDR corrected). The strength of SC-FC coupling in the right parietal lobe was negatively correlated with disease duration in patients with 
PD (r = -0.2911, p = 0.0344, uncorrected). (C) Average SC-FC coupling changes across all nodes in PD. Data were analyzed by using two-sample t-tests. *** 
denotes statistically significant results (p < 0.001). SC, structural connectivity; FC, functional connectivity; HCs, healthy controls; PD, parkinson’s disease; L, 
left; R, right
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Fig. 4 Internetwork SC-FC coupling changes in PD. Statistical analysis revealed altered internetwork SC-FC coupling strength in 9 pairs of modules. 
Specifically, the coupling strength between SUB and VIS networks; SOM and DOR, VEN; DOR and DMN, FPC, VEN networks; DMN and FPC and LIM net-
works decreased in PD, while increased internetwork coupling was found between the SUB and SOM network. The coupling strength between DOR and 
DMN was correlated with UPDRS III scores (r = -0.276, p = 0.0455, uncorrected). Edges with warm and cool colors in the wheel represent increased and 
decreased coupling values. The size of the edges reflects the t values for coupling associated with significant alteration in PD. Cohen’s d value is shown 
around the distribution. VIS, visual network; SOM, somatomotor network; DOR, dorsal attention network; VEN, ventral attention network; LIM, limbic 
network; FPC, frontoparietal control network; DMN, default mode network; SUB, subcortical network. * denotes statistically significant results (p < 0.05, 
FDR corrected)

 

Fig. 3 Intranetwork SC-FC decoupling in PD. Patients with PD had significant decreased SC-FC coupling in the VIS, DOR, LIM, and FPC module and DMN. 
Absolute cohen’s d value is shown around the distribution. VIS, visual network; SOM, somatomotor network; DOR, dorsal attention network; VEN, ventral 
attention network; LIM, limbic network; FPC, frontoparietal control network; DMN, default mode network; SUB, subcortical network. * denotes statistically 
significant results (p < 0.05, FDR corrected)
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and H&Y score-specific subgroup comparisons showed 
decreased SC-FC coupling in subgroup 1 (t = -2.98, 
p = 0.0038) and subgroup 2 (t = -3.44, p = < 0.001). No 
significant difference was found between PD subgroups 
(Supplementary Fig. 3). In addition, when gender and age 
were considered as covariates, results revealed a similar 
brain SC-FC decoupling patterns in patients with PD 
(Supplementary Figs. 4–6). We also see good agreement 
with the main SC-FC decoupling when using 212 region 
atlas (Supplementary Figs.  7–9) and FC preprocessed 
with motion scrubbing (Supplementary Figs. 10–12).

Discussion
In this study, the SC-FC relations at the nodal, intra-, 
and inter-network levels were systemically investi-
gated in patients with PD. Compared with the HCs, the 
patients with PD exhibited a spatially widespread decou-
pling of SC-FC correlations, suggesting broken macro-
scopic network organization across the brains of these 
patients. Importantly, at the network level, significantly 
decreased SC-FC coupling was found in the VIS, DOR, 
LIM, and FPC modules and DMN among patients with 
PD. Furthermore, these patients demonstrated decreased 
internetwork coupling mainly linked several modules, 
including VIS, SOM, DOR, and DMN, while increased 
internetwork coupling was observed between the SUB 
and SOM modules. The reduced whole-brain coupling 
and discrepant SC-FC coupling changes at the network 
level reflected disturbed segregation and integration of 
complex networks in patients with PD, thus providing 
avenues to further understand the pathophysiological 
network mechanisms underlying PD.

Changes in brain structure and function have been 
extensively investigated with neuroimaging studies in 
order to reveal the pathophysiology of PD. Consistent 
with the findings of previous studies that aimed to char-
acterize the structural and functional network correla-
tion in large-scale brain networks [22, 40], participants 
showed a clear positive correlation between the whole-
brain functional and structural network correlation 
matrices. Compared to a recent study that examined how 
the relationship between structural and FC changes in PD 
[23], our study revealed a similar SC-FC decoupling pat-
tern in cortical regions, particularly in the inferior pari-
etal lobule, occipitotemporal cortex, motor cortex, and 
higher-order association cortex with and without thresh-
olding. Studies of fiber tracking based on DTI showed 
that there was structural connection of white matter fiber 
among the nodes of resting-state functional network, 
illuminating that gray matter region of functional net-
work was based on connection of white matter networks 
[46]. Reduced SC constraints on FC may be a possible 
fundamental mechanism that explains the perception-
motor processing deficits in PD patients. The higher 

prevalence of neurocognitive deficits observed in PD, 
such as hallucinations and delusions, may be attributed 
to decoupling in higher-order regions. The right inferior 
parietal lobules were active, and they played an important 
role during various visuospatial tasks [47]. The negative 
correlation between the coupling strengths in the infe-
rior parietal lobule and durations further indicated that 
SC-FC decoupling may, to some extent, reflect the long-
term visual impairment in patients. In addition, higher 
cross-frequency coupling in the right posterior parietal 
cortex was also associated with lower severity of motor 
symptoms in Parkinson’s disease [48]. This decoupling 
allows these regions to be released from the normal con-
straints of sensory and motor processing, which may be 
a potential explanation for the observed deficits. Prelimi-
nary subtype analysis did not show any significant SC-FC 
coupling alteration between PD subgroups. The reason 
might be the synchronization of SC and FC, which is 
heavily dictated by disease effect. In addition, considering 
that the sample size of each subgroup is relatively small, 
the test efficiency of comparison between subgroups may 
decrease, resulting in no significant results being found. 
Therefore, more robust independent studies are still war-
ranted to confirm the hypothesis that SC-FC coupling is 
implicated in heterogeneity for patients with PD.

In addition to providing supporting evidence for the 
whole-brain SC-FC decoupling in patients with PD, 
a novel perspective on the network SC-FC coupling 
alterations of PD was offered in this study. Specifically, 
decreased SC-FC coupling was found in the VIS, LIM, 
DOR, and FPC networks and DMN. All these cortical 
networks are known to play a critical role in the patho-
genesis of PD. Parkinson’s antagonistic motor signature 
was dominated by networks such as VIS, SOM, FPC, 
and DMN, suggesting that the motor dysfunction of PD 
is represented as antagonistic interactions within multi-
level brain system [49]. Growing evidence showed a 
strong involvement of the VIS system in the onset of VIS 
symptoms, including retinal layer thinning [50] and alter-
ations in gray and white matter [51]. Patients with PD 
with poor visual function showed decreased FC [52] and 
increased white-matter damage over time [53]. Connec-
tivity changes and dysfunctional integration in the LIM 
network have also been reported in patients with PD, and 
the olfactory dysfunction in PD may be associated with 
structural and pathological abnormalities in the LIM/
paralimbic cortices [54]. The DOR module is responsible 
for the endogenous attention-orienting process [55], and 
functional impairment in the DOR network seems to be 
the hallmark of mild cognitive impairment due to PD, 
thus extending the previous findings on brain connectiv-
ity disruption in non-motor networks [56]. In addition, 
one study revealed that baseline akinetic/rigid symptoms 
are related to volumetric changes and altered FC within a 
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FPC network in PD [57]. According to previous research, 
the SC-FC in DMN was less closely aligned [40] and may 
be more vulnerable to the presence of neurodegenera-
tion. Consistent with previous study [58], our separate 
FC analysis showed increased FC strength in DMN. 
Preserved SC and disrupted FC in DMN suggested that 
the inconsistent changes between the SC and FC net-
works may contribute to the SC-FC decoupling within 
DMN. It is possible that although no significant SC and 
FC changes was observed in other network, the incon-
sistent changes in SC and FC can be captured by SC-FC 
coupling.

Internetwork SC-FC coupling was also explored in this 
study. Altered coupling strength between SUB and cor-
tical networks, including VIS and SOM networks, was 
found in PD. Structural and functional dysregulations 
in neural cortico-subcortical-networks could be gener-
ally observed in PD. Cognitive impairment in PD does 
not merely involve neurotransmitter deficits, which is 
also characterized by altered networks of brain struc-
tures as aggregation of degenerated α-synuclein spreads 
from SUB to cortical regions [59, 60]. Moreover, reduced 
functional connection of the VIS network to the SUB 
areas is related to VIS deficits frequently reported in 
PD [61]. The results of the present study are also largely 
consistent with those of previous studies that observed 
reduced activation and metabolism of the Parkinsonian 
VIS pathway in fMRI [62], PET [63], and SPECT stud-
ies [64]. In addition to VIS network, the SOM network 
is tightly connected to the SUB network. In the current 
study, increased SC-FC coupling was found between SUB 
and SOM networks. The SUB network and SOM formed 
the so-called corticobasal ganglia-thalamocortical loop, 
which is a fundamental circuit for motor ability and is 
critically related to PD [65]. Compared with HCs, SC and 
FC linking the SUB regions to SOM was, on average, sig-
nificantly impaired in patients with PD [66]. Moreover, a 
study on PD showed increased internetwork variability 
in subnetwork pairs, including SUB network and SOM, 
which was significantly correlated with UPDRS-III [67]. 
Such alterations may ameliorate the impairment and dis-
ability in PD by enhancing the consistency between the 
FC and SC networks. Hence, the finding of the pres-
ent study suggested that the increased SC-FC coupling 
between the two modules may be a compensatory mech-
anism to improve the performance levels in PD. In addi-
tion, the internetwork analysis confirmed that patients 
with PD had abnormal connections between the SOM 
and other networks, including DOR [68] and VEN [69]. 
White-matter hyper-intensity disruptions to SOM and 
VEN have been associated with increased postural sway 
when standing on an uneven surface and increased fall 
risk in older adults [69]. Decoupling between SOM and 
these subnetworks may suggest that motor dysfunctions 

(assessed by UPDRS-III) are associated with lower syn-
chronization of SOM in PD [66]. Higher-order cognitive 
networks, including DOR, VEN, and FPC, are considered 
to play an important role in cognitive processing in PD 
[70]. In line with a data-driven result, seed-based analy-
ses mainly revealed reduced DOR-FPC and DOR-VEN 
interactions and loss of normal DOR-DMN anti-corre-
lation in patients with PD [71]. The activity in DOR and 
FPC is high when attention is directed externally, asso-
ciated with the reduction in the activity within DMN. 
These networks showed anti-correlated activity, suggest-
ing that DMN has widespread connections to the DOR 
and FPC, which has been suggested to be important for 
efficient cognitive function [72]. In addition, the nega-
tive correlation between the SC-FC coupling strengths 
between DOR and DMN and the UPDRS III scores indi-
cated that SC-FC decoupling may contribute to motor 
impairments in PD patients. Moreover, we found that 
depressed PD patients had abnormal FC between insula 
and PCC/precuneus, and between hippocampus + amyg-
dala and PCC [73], which indicated that the interaction 
between the limbic system and DMN was closely associ-
ated with depression in PD patients. However, little study 
has shown structural impairment between each of the 
above pairs of networks, which may suggest preserved 
SC in patients with PD. As aforementioned, the complex 
intranetwork and internetwork structural and functional 
disconnection or deactivated connectivity may account 
for the aberrant module-level SC-FC coupling.

Several limitations of this study should be noted. First, 
given the difficulty of head motion control in late-stage 
patients during MRI data acquisition, the sample size of 
patients with PD is relatively small in our study, espe-
cially in the subgroups. In the future, more multimodal 
brain imaging data will be combined to further explore 
heterogeneity and the brain network mechanism of 
PD. Second, this study was also based on patients with 
non-first-episode PD. Thus, the findings may have been 
potentially influenced by long-term treatment with dopa-
minergic medications, which should be investigated fur-
ther. Third, there has not been enough effort in collecting 
a sufficient number of clinical scales to measure clinical 
symptoms, and there is still a large room for improve-
ment. Finally, SC-FC coupling was calculated using static 
functional connectivity. However, some studies sug-
gested that SC-FC coupling was altered in the dynamic 
acute rising phase of FC, and dynamic SC-FC coupling 
may reflect the flexibility by which SC relates to FC [74]. 
Hence, further studies concerning dynamic SC-FC cou-
pling over time are needed in PD.
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Conclusion
In summary, this work revealed the aberrant SC-FC 
relationship at a multiscale level in PD. In particular, 
SC-FC coupling was damaged at the whole-brain level, 
and significantly decreased SC-FC coupling was found 
within the VIS, DOR, LIM, and FPC modules and DMN. 
Decreased coupling strength between several modules 
mainly linking VIS, SOM, DOR, and DMN was also 
found in PD, and increased SC-FC coupling was found 
between SUB and SOM network. Although these net-
works may not be directly related to the onset of PD, their 
SC-FC coupling may be one of the potential pathogen-
eses of PD. Overall, these findings may provide valuable 
insights for further understanding of the pathophysiolog-
ical network mechanisms of PD.
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