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Background: Rapid eye movement sleep behavior disorder (RBD) is associated with pathological 
α-synuclein deposition and may have different damage directions due to α-synuclein spreading orientations. 
Recent functional imaging studies of Parkinson’s disease (PD) with RBD have identified abnormalities in 
connectivity, but effective connectivity (EC) for this altered orientation is understudied. Here, we aimed to 
explore altered intrinsic functional connectivity (FC) and EC in PD patients with probable RBD (pRBD).
Methods: This was a cross-sectional study. A total of 31 PD patients with pRBD (PD-pRBD), 35 PD 
without pRBD (PD-npRBD), and 32 healthy controls (HCs) underwent resting-state functional magnetic 
resonance imaging (RS-fMRI) scans. The voxel-wise degree centrality (DC) calculation was first performed 
to investigate the inherent connectivity of the PD-pRBD patients. Subsequently, we applied Granger 
causality analysis (GCA) to probe the causal effects of anomalous brain regions. Finally, the support vector 
machine (SVM) method was executed to evaluate the DC values in identifying PD-pRBD.
Results: PD-pRBD patients exhibited reduced z-DC values in the right precentral gyrus relative to  
PD-npRBD (voxel-level P<0.001, cluster-level P<0.05), as well as decreased z-DC values in the right 
postcentral gyrus and the superior parietal lobule compared to HCs. Then, our GCA revealed that decreased 
EC was located predominantly from the right precentral gyrus to the right caudate nucleus in the PD-pRBD 
group. Additionally, the SVM results revealed that the z-DC values of the right precentral gyrus could 
discriminate PD-pRBD from the PD-npRBD group [area under the curve (AUC) =0.905].
Conclusions: The altered z-DC in the right precentral gyrus and the anomaly causal effects from the 
precentral motor cortex to the ipsilateral striatum represented by the caudate nucleus might play vital roles 
in the pathogenesis of PD-pRBD. It was speculated that the attenuation of FC from the precentral motor 
cortex to the subcortical striatum might be associated with nocturnal muscle dyskinesia and behavioral 
abnormalities in PD-pRBD patients. This disruption pattern may be a prospective imaging marker in the 
characterization of PD with pRBD.
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Introduction

Rapid eye movement (REM) sleep behavior disorder (RBD) 
is a disturbing parasomnia that manifests the loss of normal 
skeletal muscle atonia, excessive motor activity, and dream-
enacting behaviors during the REM stage of sleep. The 
occurrence of RBD varies from 0.5% to 1.25% within 
the general population (1-4) and 1.06% in the sample 
of middle-to-older individuals (1). Moreover, evidence 
suggests that at least 50% of Parkinson’s disease (PD) 
patients are estimated to experience RBD symptoms (5). 
Despite mounting evidence that the presence of RBD leads 
to a decrease in the sleep quality of PD patients, increases 
the risk of harming themselves and their bed companions, 
and worsens their cognitive function (6), the precise causal 
mechanisms still require additional investigation.

RBD is widely thought to be caused by pathology 
within the pontine nuclei of the brainstem (7). Generally, 
the glutamatergic neurons of the pontine sublaterodorsal 
nucleus (SLD), also called the subcoeruleus region, are 
considered to generate REM-related atonia. Glutamatergic 
SLD neurons increase firing in anticipation of REM sleep 
(REM-on cells), presumably together with others, and 
project to the inhibitory interneurons in ventromedial 
medulla (vMM) and the spinal cord, causing motor atonia 
(8-12). When the REM sleep circuit is damaged, it triggers 
the loss of normal REM sleep atonia and leads to RBD-
like motor behaviors in humans and animals (11,13-19). 
The pedunculopontine nuclei (PPN), located in the upper 
brainstem, consist of dopaminergic, cholinergic, gamma-
aminobutyric acid energetic (GABAergic), and glycinergic 
neurons. Animal experiments have found that PPN might 
disrupt the REM-tonic deficit circuit, leading to abnormal 
dystonia and hyperkinesia during the REM period (20,21). 
Population experiments have suggested that RBD might 
result from losing cholinergic tension in the PPN (22,23). 
Additionally, deep brain stimulation (DBS) targeting 
the PPN has been shown to increase sleep efficiency, 
improve REM stage sleep symptoms, and reduce arousals 
in PD patients (24). The substantia nigra compacta (SNc) 
dopaminergic neurons are considered a component of the 
REM sleep system involved in sleep regulation. Previous 
studies have shown that overexpression of α-synuclein 

in the SNc could alter hypotonia during REM sleep and 
significantly increase RBD events (25). Indeed, SNc merges 
with PPN, possibly through fiber projections to the SLD, 
and jointly participates in the REM-relaxation circuit and the 
REM stage generator circuit. However, a diffusion tensor 
imaging study did not find any differences in brainstem 
structures between PD patients with and without RBD 
(26,27). Another magnetic resonance spectroscopy study 
revealed no statistically significant differences in brainstem 
proton magnetic resonance spectroscopy parameters between 
PD patients with and without RBD (28). Moreover, a post-
mortem analysis conducted on individuals with Lewy body 
disease discovered no discernible variations in the extent 
of neuronal degeneration or pathological accumulation of 
α-synuclein in the pontine tegmentum, irrespective of the 
symptoms of RBD during their lifetime (29). Meanwhile, a 
multicenter study of the transition from isolated RBD (iRBD) 
to synucleinopathy exposed that motor symptoms progressed 
the most throughout the follow-up and transformation of 
iRBD compared to non-motor symptoms such as cognitive 
abnormalities, olfactory disturbances, and sleep disorders (30). 
These pieces of evidence suggest that exclusive pathological 
changes in the brainstem may not be adequate to lead to 
RBD in PD. In fact, brainstem damage cannot account for 
the typically aggressive dream content exhibited by RBD 
patients, nor can it explain the higher severity of motor (31) 
and cognitive impairment (32) observed in PD patients with 
RBD (PD-RBD). There might be more extensive damage to 
the structure or function of the brain.

In reality, recent studies have revealed that RBD was 
implicated in structural and functional changes in the 
nigrostriatal, limbic system, cortex, and other multi-systemic 
neurodegenerative processes outside the brainstem (33).  
For example, a voxel-based morphometric approach found 
that both iRBD and PD patients with probable RBD (PD-
pRBD) showed gray matter atrophy in temporal and 
occipital regions compared to healthy controls (HCs) (34). 
A functional magnetic resonance imaging (fMRI) study 
exhibited reduced functional connectivity (FC) in the 
temporal and parietal cortex of the brain in iRBD patients 
compared to the HCs (35). A metabolic imaging study 
showed that dopamine transporter density was significantly 
reduced in the anterior and posterior putamen and the 
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caudate nucleus in PD-pRBD patients compared to iRBD 
patients and HCs (36). Among the various neuronal injury 
mechanisms, the changes in FC of the cerebral cortex are 
gaining increasing attention. fMRI studies have uncovered 
that PD patients with RBD have significantly increased 
functional activity between the left cerebellum and bilateral 
occipital regions, bilateral supplementary motor area, 
and bilateral temporal regions while compared with PD 
patients without RBD (PD-nRBD) (37). Moreover, in 
the FC study, polysomnogram (PSG) confirmed that PD-
RBD patients demonstrated a reduction in FC between 
the right superior occipital gyrus and the posterior regions 
(left fusiform gyrus, calcarine sulcus, and ipsilateral 
superior parietal gyrus) as opposed to those with PD-
nRBD (38). A neuroelectrophysiological study using 
transcranial magnetic stimulation (TMS) manifested 
abnormalities in dopaminergic and GABA/glycinergic-
mediated reticular and thalamocortical projections in iRBD 
patients (39). Accordingly, we legitimately hypothesize 
that PD-pRBD patients might also experience damaged 
connectivity within the entire functional network of the 
brain. Meanwhile, combined with different anatomic 
initial locations and propagation orientations of misfolded 
α-synuclein pathological changes (40), we intended to 
determine if the FC abnormalities in PD-pRBD patients 
also manifest inherent directional properties. However, to 
our best knowledge, few works have considered the node 
density alternations of internal network connections in PD-
pRBD patients, and the directionality of brain network 
connectivity interruptions has not been mentioned.

Thus, we used a combination of graph-theoretical based 
degree centrality (DC) and Granger causality analysis (GCA) 
to explore the node density and directional changes of brain 
FC in PD patients with pRBD. DC metric quantifies the 
functional associations between a specific region (referred 
to as a node) and the remaining regions of the brain within 
the comprehensive connectivity matrix and represents the 
count of direct links for a given voxel in voxel-based graphs 
(41,42), which has been validated as an anomaly in PD and 
related complications (43-45). GCA can identify directional 
functional (causal) linkages using time series data, thus 
reflecting the characteristics of brain functional circuits and 
clarifying the causal relationship between different regions 
of the brain (46). Furthermore, we conducted the support 
vector machine (SVM) for inter-group evaluation of the 
classification performance based on regions that exhibited 
notable variations in DC. We present this article in 
accordance with the STROBE reporting checklist (available 

at https://qims.amegroups.com/article/view/10.21037/
qims-24-1196/rc).

Methods

Cases

We enrolled 66 consecutive right-handed PD patients 
(female 28; male 38; mean age 59.8±8.8 years) from the 
outpatient department of the Neurology Department of 
the First Affiliated Hospital in Nanjing Medical University. 
The main requirements for inclusion in this study were: (I) 
compliance with the Movement Disorder Society clinical 
diagnostic criteria for PD (47); (II) having taken medicine 
steadily for at least 4 weeks. Our exclusion criteria for 
patients were as follows: (I) severe respiratory, circulatory, 
and organic brain disorders; (II) contraindications for 
magnetic resonance imaging (MRI); (III) dementia, 
depression, or any other neurological and psychiatric 
diseases; (IV) cognitive disorders [Mini-Mental State 
Examination (MMSE) scores <24]; and (V) excessive head 
motion. Meanwhile, 32 HCs who were similar in age, 
sex, and educational attainment were likewise recruited  
(female 12; male 20; mean age 62.3±6.2 years).

This study was conducted in accordance with the 
Declaration of Helsinki (as revised in 2013) and approved 
by the Ethics Committee of the First Affiliated Hospital 
of Nanjing Medical University (No. 2019-SRFA-094). All 
participants provided written informed consent prior to 
participating in the study and undergoing MRI procedures.

Clinical assessment

Probable RBD was screened based on the REM Sleep 
Behavior Disorder Screening Questionnaire (RBDSQ) with 
a cut-off score of 6 (48). PD patients with RBDSQ score 
≥6 were classified as PD-pRBD (n=31), whereas those with 
RBDSQ score ≤3 were regarded as without pRBD (PD-
npRBD, n=35). To mitigate possible misclassification, we 
removed blurred PD patients with RBDSQ scores of 4 and 
5 (49). The RBDSQ, a 13-item questionnaire focused on 
the features of dreams and dream deductive behaviors, has 
been approved as a reliable measure for RBD (48,50-52).  
Furthermore, PD patients underwent other clinical 
evaluations during the drug-off state (without medication 
for at least 12 hours), which included Unified Parkinson’s 
Disease Rating Scale III (UPDRS-III), the modified Hoehn 
and Yahr (H&Y) stage, MMSE scores, levodopa equivalent 
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daily dose (LEDD) (53), Hamilton Anxiety Rating Scale 
(HAMA), 24-item Hamilton Depression Rating Scale 
(HAMD-24), and Epworth Sleepiness Scale (ESS) (54).

MRI data acquisition

An image scanner, Siemens 3.0-Tesla MAGNETOM Verio 
whole-body scanner (Siemens Medical Solutions, Erlangen, 
Germany), was used to acquire images of PD patients in 
the drug-off stage and the HCs. Then, we utilized an eight-
channel, phased-array head coil with foam padding and 
earplugs to minimize head motion and noise. We obtained 
the high-resolution three-dimensional (3D)-T1 structural 
images using a 3D volumetric magnetization prepared 
rapid gradient-echo (3D-MP-RAGE) sequence: repetition 
time (TR) =1,900 ms, echo time (TE) =2.95 ms, flip angle 
(FA) =9°, slice thickness =1 mm, slices =160, field of view 
(FOV) = 230×230 mm2, matrix size =256×256, and voxel 
size =1×1×1 mm3. We collected functional images with an 
echo-planar imaging (EPI) sequence: TR =2,000 ms, TE 
=21 ms, FA =90°, FOV =256×256 mm2, in-plane matrix 
=64×64, slices =35, slice thickness =3 mm, slice gap =0 mm, 
voxel size =3×3×3 mm3, total volumes =240. Notably, in 
the course of resting-state (RS)-fMRI scanning, patients 
were asked to remain relaxed, empty their brains, avoid 
movement, and not fall asleep. At last, no participant was 
reported to have fallen asleep during data acquisition.

MRI data preprocessing

The fMRI data went through preprocessing via DPABI 
software (http://www.restfmri.net/forum/dparsf). Detailed 
descriptions of these procedures have been provided in 
our previous publication (44). In brief, the process involves 
removing the first 10 time points and performing slice timing 
and head motion correction on the remaining 230 images.  
During this process, we excluded participants whose head 
motions exceeded 2.5 mm of translation or 2.5° of rotation. 
Afterward, the scalp structure was removed from the 
images, and 3D T1-weighted images were registered with 
the functional images. By applying the new segment and 
DARTEL techniques, the white matter (WM), gray matter 
(GM), and cerebrospinal fluid (CSF) were subdivided, 
followed by segmenting into the Montreal Institute of 
Neurology (MNI) nonlinear deformation space. Following 
spatial normalization, we employed a 6 mm full-width half-
maximum Gaussian kernel for spatial smoothing. Finally, 
bandpass filtering (0.01–0.08 Hz) was performed, and 

linear trends were eliminated. Additionally, we eliminated 
several noise covariates during this process. Moreover, we 
computed each participant’s average framewise displacement 
(FD) values and compared them among groups following 
preprocessing. The results indicated that the mean FD 
among the three groups was not statistically noteworthy 
(P=0.463).

Voxel-based DC calculation

Binary DC measures were performed on all preprocessed 
functional images using DPARSF. To obtain the graph for 
each participant, we calculated the Pearson correlation 
coefficient by computing the time series between a solitary 
voxel from the GM mask and all other voxels present within 
the brain. A Fisher-z transformation was then applied to the 
individual correlation matrices to improve normality. The 
Pearson correlation coefficient was thresholded at r>0.25 
in order to eliminate possible spurious correlations (41,55). 
Subsequently, we performed spatial smoothing on the 
z-map using an isotropic 6 mm full-width half-maximum 
Gaussian kernel targeting to reduce errors in brain sulcus 
and gyrus structures after image standardization, increase 
data normality, and facilitate statistical analysis.

GCA analysis

The GCA was calculated using the RS-fMRI Data Analysis 
Toolkit (REST, http://www.restfmri.net). According to 
the MNI standard spatial coordinate system, the peak 
coordinate point [60, 6, 33] with significant differences in 
z-DC between PD subgroups was used as the seed point, 
and a sphere with a radius of 6 mm was used as the region 
of interest (ROI). A causal effect analysis was conducted 
based on the time series of each voxel and the seed point to 
describe the effective connectivity (EC) between voxels. In 
our research, the average time series of the right precentral 
gyrus was defined as the seed point time series x, and the 
time series of each voxel in the total brain was designated as 
y. A positive coefficient indicates that the activity of the right 
precentral gyrus exerted a causal influence on the activity in 
the region y in a congruent trajectory, whereas a negative 
coefficient indicates the opposite (46). Each seed point was 
subjected to two analyses: causal effect connectivity analysis 
(x to y) from the seed point to other voxels inside the entire 
brain and causal effect connectivity analysis (y to x) from 
the whole brain voxel to the seed region. In this way, GCA 
maps from the right precentral gyrus to the totality of the 
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brain and from the whole brain to the right precentral gyrus 
were produced for each participant. Finally, we transformed 
the GCA maps with Fisher-z to obtain z-valued GCA maps.

SVM classification analysis

SVM classification (LIBSVM, https://www.csie.ntu.edu.
tw/~cjlin/libsvm/) was employed to identify the minimum 
separated hyperplane in a high-dimensional space for 
data classification. Generally, two steps are involved in 
the classification process: training and testing. Firstly, the 
regional DC metrics in the right precentral gyrus selected as 
features were screened into the SVM model to establish the 
hyperplane. Next, the training dataset and test dataset were 
divided in a ratio of 8:2. Then, we applied the radial basis 
function (RBF) kernel in the study. Based on the training 
data, c (penalty coefficient) and g (gamma) were selected 
as the two most desirable parameters by the grid search 
method. Additionally, the optimal hyperplane generated 
from the training data was applied to the newly generated 
test dataset to evaluate the classification algorithm’s 
performance. With the use of the “leave-one-out” cross-
validation method (56), the accuracy, sensitivity, and 
specificity yielded the highest results. Lastly, we calculated 
the area under the curve (AUC) to assess the established 
model’s predictive power.

Statistical analysis

All statistical analyses were carried out utilizing the software 
SPSS 25.0 (IBM Corp., Armonk, NY, USA). Following the 
Shapiro-Wilk test to determine the normality of the data, 
the age differences among the three groups of participants 
were analyzed using the one-way analysis of variance 
(ANOVA). Based on a two-sample t-test, the differences 
in onset age, UPDRS-III, and the HAMA between two 
PD groups were examined. We compared sex, initial side 
of onset of motor symptoms, education, the mean FD, 
MMSE, and RBDSQ among the three groups using the 
chi-square and Kruskal-Wallis tests since these variables 
were not normally distributed. The Mann-Whitney U test 
was applied to analyze the disease duration, H&Y stages, 
LEDD, HAMD-24, and the ESS scores between PD 
patients with pRBD versus those without pRBD due to 
the non-normality of the materials. A significance level of 
P<0.05 was set for sociodemographic and clinical data.

The DPABI statistical analysis package was adopted to 
calculate and analyze the z-DC values for all groups. We 

detected significant variations in z-DC between the three 
groups deploying the ANOVA approach, coupled with sex, 
age, and education covariates. The ANOVA results were 
subsequently analyzed by a two-sample post hoc t-test with 
covariates mentioned before for each pair of groups. All 
statistical significance complied with Gaussian random field 
(GRF) correction with voxel-level P<0.001 and a cluster-
level P<0.05 as multiple comparison correction (two-tailed).

Additionally, we performed GCA analysis on the whole 
brain utilizing brain regions exhibiting varying z-DC values 
among the subgroups of individuals with PD. A two-sample 
t-test with age, sex, and education level as covariates was 
then used to compare the Granger causality (GC) maps of 
two PD groups from the seed region to the whole brain 
(x to y), combined with an uncorrected voxel-level P<0.01 
and a GRF-corrected cluster-level P<0.05 under the causal 
effects mask, respectively. Meanwhile, the GC maps from 
the complete brain to the seed region (y to x) followed 
similar statistical principles. 

Finally, Spearman’s rank correlations were used to 
measure correlations between the RBDSQ scores and the 
average z-DC values in the PD-pRBD patients, as well as 
EC modifications. Furthermore, we inspected Pearson’s 
correlation between the UPDRS-III scores and the mean 
z-DC and EC values in PD-pRBD patients. Moreover, 
we employed Spearman’s correlation analysis to perform 
statistical analyses of the relationship between RBD 
symptoms and depression and cognition in PD-pRBD 
patients. 

Results

Demographic and clinical characteristics

Table 1 summarizes the clinical characteristics of PD-pRBD, 
PD-npRBD, and HCs groups. Initially, no statistically 
discernible variations were spotted among the three groups 
concerning age, sex, education, mean FD, and MMSE 
scores (P>0.05). Besides, neither disease duration, age at 
onset, initial side of onset of motor symptoms, UPDRS-III 
scores, modified H&Y stages, LEDD, HAMA, nor HAMD-
24 scores varied between subgroups (P>0.05). However, PD-
pRBD patients displayed significantly elevated RBDSQ and 
ESS scores as opposed to patients of PD-npRBD (P<0.05).

DC analysis

DC evaluations showed that the z-DC values of the right 
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Table 1 Demographic and clinical characteristics of all subjects

Items PD-pRBD (n=31) PD-npRBD (n=35) HCs (n=32) P value Post hoc (Bonferroni)

Age (years) 61.1±7.3 58.5±9.9 62.3±6.2 0.153a

Sex (female/male) 10/21 18/17 12/20 0.257b

Education (years) 9.0 (3.0) 9.0 (3.0) 12.0 (4.8) 0.196c

Disease duration (years) 7.0 (5.0) 6.0 (4.0) NA 0.708d

Mean FD 0.1 (0.1) 0.1 (0.1) 0.1 (0.1) 0.463c

MMSE 29.0 (1.0) 29.0 (2.0) 30.0 (1.8) 0.078c

Age at onset (years) 54.0±7.6 50.6±11.0 NA 0.157e

Initial side of onset of motor 
symptoms (R/L)

6/25 9/26 NA 0.538b

UPDRS-III (OFF state) 33.9±11.9 29.2±11.9 NA 0.114e

H&Y stages 2.0 (1.0) 2.0 (1.5) NA 0.095d

LEDD (mg/day) 693.8 (475) 675.0 (275) NA 0.969d

HAMA 6.8±2.9 6.5±3.3 NA 0.709e

HAMD-24 6.0 (2.0) 6.0 (2.0) NA 0.474d

ESS 8.0 (7.0) 5.0 (5.0) NA 0.005d

RBDSQ 10.0 (4.0) 2.0 (3.0) 1.0 (2.0) <0.001c <0.001*f, <0.001*g, 0.519h

Data are presented as mean ± standard deviation, median (interquartile range), or number. a, one-way analysis of variance; b, Chi-square 
test; c, Kruskal-Wallis test; d, Mann-Whitney U test; e, two-sample t-test; *, P<0.05 was considered significant; f, P values between  
PD-pRBD and PD-npRBD groups; g, P values between PD-pRBD and HCs groups; h, P values between PD-npRBD and HCs groups. PD, 
Parkinson’s disease; PD-pRBD, Parkinson’s disease with probable rapid eye movement sleep behavior disorders; PD-npRBD, Parkinson’s 
disease without probable rapid eye movement sleep behavior disorders; HCs, healthy controls; FD, framewise displacement; MMSE, Mini 
Mental State Examination; R, right; L, left; UPDRS, Unified Parkinson’s Disease Rating Scale; OFF, drug-off period; H&Y stage, Hoehn 
and Yahr stage; LEDD, levodopa equivalent daily dose; HAMA, Hamilton Anxiety Scale; HAMD-24, Hamilton Depression Scale-24; ESS, 
Epworth Sleepiness Scale; RBDSQ, Rapid Eye Movement Sleep Behavior Disorder Screening Questionnaire; NA, not applicable.

precentral gyrus decreased in PD-pRBD patients weighed 
against those in PD-npRBD group (Figure 1, Table 2). 
Along with the right precentral gyrus, PD-pRBD also 
exhibited lower z-DC values in the right postcentral gyrus 
and the superior parietal lobule than the HCs. Additionally, 
z-DC in the right superior parietal lobule was significantly 
reduced in the PD-npRBD group in comparison to the HCs 
group. Notably, the z-DC values of the right precentral 
gyrus in PD-pRBD patients were negatively correlated 
to the RBDSQ scores (Figure 2A), whereas there was no 
correlation with UPDRS-III scores (Figure 2B). Moreover, 
we did not discover a correlation between RBDSQ scores 
and MMSE (Figure 2C) or HAMD-24 scores (Figure 2D).

GCA analysis

There was a reduction in EC from the right precentral 

gyrus to the right caudate nucleus in PD-pRBD patients 
contrasted with PD-npRBD patients (Figures 3,4, Table 3). 
Further, correlation analysis demonstrated that EC values 
from the right precentral gyrus to the ipsilateral caudate 
nucleus were negatively related to the RBDSQ scores 
(Figure 5A), whereas there was no correlation with UPDRS-
III scores (Figure 5B). In contrast, no statistically significant 
disparity in EC was noticed between the PD groups from 
the whole brain to the right precentral gyrus.

SVM classification analysis

SVM analyses were performed to examine whether z-DC 
values in the right precentral gyrus could be valuable for 
identifying PD-pRBD and PD-npRBD patients. The z-DC 
values in the right precentral gyrus demonstrated a sensitivity 
of 66.67%, a specificity of 100%, and an AUC of 0.905 for 
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Figure 1 Significant differences of DC result maps among three groups: PD-pRBD, PD-npRBD, and HCs. Statistical threshold was 
displayed at voxel-level P value <0.001, Gaussian random field corrected, cluster-level P value <0.05. Cool colors represent significantly 
decreased DC. (A) Differences between PD-pRBD and PD-npRBD; (B) differences between PD-pRBD and HCs; (C) differences between 
PD-npRBD and HCs. L, left; PD, Parkinson’s disease; PD-pRBD, Parkinson’s disease with probable rapid eye movement sleep behavior 
disorders; PD-npRBD, Parkinson’s disease without probable rapid eye movement sleep behavior disorders; HCs, healthy controls; DC, 
degree centrality.
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discriminating PD-pRBD from PD-npRBD (Figure 6). For 
more details, please refer to (Figure S1, Table S1).

Discussion

In the current research, we characterized variations in 
brain internal connectivity patterns in PD patients with 
pRBD by applying DC and GCA analyses. Importantly, 
our SVM method further emphasized that the mean z-DC 
values in the abnormally altered DC regions can assume 
the role of imaging peculiarities in PD-pRBD patients. 
More concretely, we observed that PD-pRBD patients 
had decreased z-DC values in the right precentral gyrus 
compared to PD-npRBD patients (Figure 1, Table 2). 
Secondly, GCA analysis with the right precentral gyrus as 
a seed point indicated that PD-pRBD patients exhibited 
reduced EC values from the right precentral gyrus to the 
right caudate nucleus, relative to individuals with PD-
npRBD (Figures 3,4, Table 3). However, PD-pRBD patients 
did not display any alternation in EC from the whole brain 
to the right precentral gyrus. Thirdly, both DC and EC 
changes in the PD-pRBD group negatively correlated with 
RBDSQ scores (Figure 2A, Figure 5A). Further, the SVM 
results confirmed that the z-DC values pertaining to the 

right precentral gyrus might operate as an advantageous 
neuroimaging tool for distinguishing PD-pRBD patients 
(Figure 6). Notably, we observed no relationship between 
the severity of the RBD and the MMSE or HAMD-24 
scores (Figure 2C,2D). We hypothesized that this might be 
due to the purposeful exclusion of patients with cognitive 
and depressive disorders from the patient recruitment 
procedure.

Our findings demonstrated that PD-pRBD patients had 
lower z-DC values in the right precentral gyrus than the 
PD-npRBD and HCs groups, indicating the vitiated node 
density in the precentral motor cortex and its impaired 
brain information transmission function in PD patients 
with pRBD. As is widely acknowledged, the precentral 
gyrus, occupied predominantly by the primary motor 
cortex (M1), controls the autonomous movement of the 
whole body with other brain regions. According to prior 
studies, activity attenuation of the motor cortex, including 
the M1, may lead to movement disorders (57) and partly 
account for RBD patients’ poor voluntary movement 
control (58). Such an interpretation was supported by an 
RS-fMRI study (59), showing that PD patients with PSG-
confirmed RBD presented decreased amplitude of low-
frequency fluctuations (ALFF) values in the M1 extending 
to the premotor cortex compared with PD patients without 
RBD. In fact, even in the early stage of RBD, iRBD patients 
have been documented to exhibit reduced local cerebral 
perfusion in the motor cortex (including the M1) (58), 
thinning motor cortical thickness (60), and decreased 
FC between the motor and somatosensory cortex (61) 
compared to HCs. Meanwhile, PD patients with RBD have 
been shown to manifest much worse motor symptoms when 
compared to those without RBD, and were associated with 
higher levodopa dosage for antiparkinsonian therapy (31). 
Thus, our findings and existing literature suggest that FC 
interruption in the precentral motor cortex may cause poor 
voluntary motor control, which was linked to PD-pRBD 
patients. Moreover, our correlation analysis further revealed 
that the worse the node density of the right precentral 
gyrus, the more severe pRBD symptoms in PD patients. 
Additionally, as a high-resolution machine learning method, 
our SVM supported a potential value of the z-DC in the 
right precentral gyrus for distinguishing PD-pRBD from 
PD-npRBD and HCs groups, which may be a latent trait 
of PD patients with pRBD. Meanwhile, the motor cortex 
is also believed to be a generator of REM sleep movements 
(62,63), which undergoes brief functional reconstruction 
during REM sleep. Concretely, the M1 temporarily 

Table 2 Brain regions with abnormal DC between the groups

Brain regions (AAL)
Peak MNI coordinates Number  

of voxels
Peak t 
valuex y z

PD-pRBD vs. PD-npRBD

Precentral_R 60 6 33 28 −5.7984

PD-pRBD vs. HCs

Precentral_R 57 6 33 11 −4.8712

Postcentral_R 39 −33 57 23 −5.3341

Parietal_Sup_R 27 −51 57 9 −4.5480

PD-npRBD vs. HCs

Parietal_Sup_R 24 −48 69 24 −4.6313

The significance of post-hoc t-tests was set at voxel-level 
P<0.001, cluster-level P<0.05, corrected by Gaussian random field, 
determined by Monte Carlo simulation for multiple comparisons. 
Negative T value signifies the regions in which the former group 
had lower DC values than the latter group. DC, degree centrality; 
AAL, anatomical automatic labeling; MNI, Montreal Neurological 
Institute; PD-pRBD, Parkinson’s disease with probable rapid eye 
movement sleep behavior disorders; PD-npRBD, Parkinson’s 
disease without probable rapid eye movement sleep behavior 
disorders; HCs, healthy controls; R, right.

https://cdn.amegroups.cn/static/public/QIMS-24-1196-Supplementary.pdf
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Figure 2 Correlation analysis results during the drug-off state within PD-pRBD patients. (A) Correlations between z-DC values and 
RBDSQ scores in right precentral gyrus during the drug-off state of PD-pRBD patients. Scatterplots presented a significant negative 
correlation (P<0.05). (B) Correlations between z-DC values and UPDRS-III scores in right precentral gyrus during the drug-off state of 
PD-pRBD patients. Scatterplots presented no significant correlation (P>0.05). (C) Correlations between RBDSQ and MMSE scores in PD-
pRBD patients during the drug-off state. Scatterplots presented no significant correlation (P>0.05). (D) Correlations between RBDSQ and 
HAMD-24 scores in PD-pRBD patients during the drug-off state. Scatterplots presented no significant correlation (P>0.05). DC, degree 
centrality; RBDSQ, rapid eye movement sleep behavior disorder screening questionnaire; UPDRS, Unified Parkinson’s disease rating scale; 
MMSE, Mini Mental State Examination; HAMD-24, Hamilton Depression Scale-24; PD-pRBD, Parkinson’s disease with probable rapid 
eye movement sleep behavior disorders.

activates during RBD onset, bypasses the basal ganglia’s 
filtering and smoothing, and ultimately transmits the signal 
to the lower motor neurons (63). This is consistent with the 
typical motor symptoms of PD patients with RBD: although 
patients have poor motor performance due to asymmetric 
parkinsonism while awake, they report rapid, coordinated, 
and smooth movements as well as improved speech and 
facial expressions during night RBD episodes, and patients 
tend to move their disabled side more frequently. However, 
this phenomenon might be caused by the depth limitation 
of the PSG to monitor cortical electrical activity. Functional 

abnormalities in subcortical electrical activity would be 
missed because of the limited depth of electrode monitoring. 
Overall, although we currently cannot explicate the 
specific paradoxical mechanism between the impaired node 
information transmission in the precentral motor cortex 
of PD-pRBD patients and the transient activation of this 
brain region during RBD attacks, our observations provide 
evidence that the precentral motor cortex presumably 
engages in the RBD inherent mechanism that underlies PD.

To elucidate the directional issue of node density 
alternations in the right precentral gyrus between PD 
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Figure 3 Significant differences of EC result maps among three groups: PD-pRBD, PD-npRBD, and HCs. Statistical threshold was 
displayed at voxel-level P value <0.01, Gaussian random field corrected, cluster-level P value <0.05. Cool colors represent significantly 
decreased EC, whereas warm colors represent the opposite. (A) differences between PD-pRBD and PD-npRBD; (B) differences between 
PD-pRBD and HCs; (C) differences between PD-npRBD and HCs. L, left; PD, Parkinson’s disease; PD-pRBD, Parkinson’s disease with 
probable rapid eye movement sleep behavior disorders; PD-npRBD, Parkinson’s disease without probable rapid eye movement sleep 
behavior disorders; HCs, healthy controls; EC, effective connectivity.
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Figure 4 Sketch map of the between-group differences in causal connectivity: PD-pRBD versus PD-npRBD. The arrow of the significant 
causal paths represents the direction of the information flow. The seed point in the right precentral gyrus [60, 6, 33] as the purple ball, and 
the red ball represents the right caudate nucleus. L, left; R, right; PD-pRBD, Parkinson’s disease with probable rapid eye movement sleep 
behavior disorders; PD-npRBD, Parkinson’s disease without probable rapid eye movement sleep behavior disorders.

Table 3 Brain regions with abnormal EC between the groups

Brain regions (AAL)
Peak MNI coordinates Number 

of voxels
Peak t 
valuex y z

Outflow from the right precentral gyrus to whole brain

PD-pRBD vs. PD-npRBD

Caudate_R 18 21 −3 35 −3.1636

PD-pRBD vs. HCs

Caudate_R 9 15 3 93 −4.2504

SupraMarginal_R 54 −18 24 57 3.9452

SupraMarginal_L −57 −27 27 55 4.5027

PD-npRBD vs. HCs

SupraMarginal_R 66 −33 24 22 3.3996

The significance of post-hoc t-tests was set at voxel-level 
P<0.01, cluster-level P<0.05, corrected by Gaussian random field, 
determined by Monte Carlo simulation for multiple comparisons. 
Negative t value signifies the regions in which the former group 
had lower EC values than the latter group, whereas positive t 
value indicates the opposite. EC, effective connectivity; AAL, 
anatomical automatic labeling; MNI, Montreal Neurological 
Institute; PD-pRBD, Parkinson’s disease with probable rapid eye 
movement sleep behavior disorders; PD-npRBD, Parkinson’s 
disease without probable rapid eye movement sleep behavior 
disorders; HCs, healthy controls; R, right; L, left.

subgroups, we conducted inter-group EC analyses using 
the right precentral gyrus as the seed brain region. EC 
represents the direct causal relationship between two brain 
regions, offering insight towards the neuropathological 
processes underlying the functional architecture within 
the brain (64,65). GCA can accomplish EC analysis by 
recognizing directed functional interactions in time series. 
In the present investigation, we ascertained a significantly 
decreased EC from the right precentral gyrus to the right 
caudate nucleus between PD subgroups. The caudate 
nuclei, as a crucial component of the striatum in the basal 
ganglia, are thought to be involved in motor regulation (66) 
and cognitive functions (67,68), and play a vital position 
in the sleep-wake cycle. For example, observation of cats 
with the caudate nucleus ablated revealed permanent 
hyperactivity with markedly decreased REM sleep time (69),  
suggesting the importance of the caudate nucleus in REM 
sleep. Actually, caudate nucleus abnormalities have been 
extensively documented as early as the prodromal state 
of alpha-synucleinopathies, also called the iRBD stage 
(60,70). For instance, an MRI study reported that video 
PSG confirmed iRBD patients reported a decrement in 
the volume of the right caudate nucleus compared with 
HCs. Furthermore, a negative correlation was found 
between global iron deposition in the left caudate nucleus 

L

Right precentral gyrus
Right caudate nucleus
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Figure 5 Correlation analysis results during the drug-off state within PD-pRBD patients. (A) Correlations between EC values and RBDSQ 
scores in right caudate nucleus during the drug-off state of PD-pRBD patients. Scatterplots presented a significant negative correlation 
(P=0.045). (B) Correlations between EC values and UPDRS-III scores in right caudate nucleus during the drug-off state of PD-pRBD 
patients. Scatterplots presented no significant correlation (P=0.896). RBDSQ, rapid eye movement sleep behavior disorder screening 
questionnaire; EC, effective connectivity; UPDRS, Unified Parkinson’s disease rating scale; PD-pRBD, Parkinson’s disease with probable 
rapid eye movement sleep behavior disorders.

Figure 6 ROC analyses for differentiating different groups 
through SVM. The results revealed that the z-DC values of 
the right precentral gyrus showed significant potential as an 
indicator for separating PD-pRBD from PD-npRBD (AUC 
=0.905). The z-DC values of the right precentral gyrus showed 
moderate potential as an indicator for separating PD-pRBD 

from the HCs (AUC =0.798). See Table S1 and Figure S1  
for more details. ROC, receiver operating characteristic; PD, 
Parkinson’s disease; PD-pRBD, Parkinson’s disease with probable 
rapid eye movement sleep behavior disorders; PD-npRBD, 
Parkinson’s disease without probable rapid eye movement sleep 
behavior disorders; HCs, healthy controls; AUC, area under the 
curve; DC, degree centrality; SVM, support vector machine.

and poor motor performance in iRBD patients (70). In 
line with this, several neuroimaging studies have linked 
the presence of RBD without PSG confirmation in PD 
with more accelerating dopaminergic denervation (71) and 
volume decline (72) in the caudate nucleus as time passes. 
Similar findings from neuroelectrophysiological research 
have indicated that RBD may regulate the central nervous 
system’s general neurochemical balance, influencing the 
projections of upstream pathways that go to the cortex, 
such as the reticular and thalamocortical projections. TMS 
therapies may reduce sleep symptoms by adjusting the 
intensity of cortical and subcortical connectivity and the 
synaptic plasticity between different brain regions (73,74). 
These research results indirectly match those of our study: 
a negative causal influence from the right precentral gyrus 
to the right caudate nucleus. According to a previous study, 
the caudate nucleus participates in correction movements 
for efferent motor and afferent sensory mismatches (75). 
Thus, we speculated that when the precentral motor 
cortex in PD-pRBD patients experienced dysfunction, the 
damaged caudate nucleus could not correct their defective 
motor commands, resulting in poor motor performance. 
Moreover, it also supported the hypothesis during the 
RBD attack that the precentral gyrus was temporarily 
functional reconstruction and transmitted directly through 
the pyramidal tract instead of the damaged caudate striatum 
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system. Our results also exposed a negative relationship 
between RBDSQ scores and the mean EC from the right 
precentral gyrus to the caudate nucleus. In other words, the 
more severe the symptoms of RBD in PD, the worse the 
interruption of EC from the precentral motor cortex to the 
ipsilateral caudate nucleus. This may indicate that damage 
to the motor cortex-striatal network and loss of FC were 
related to the pRBD of PD patients.

Another noteworthy finding was that PD-pRBD patients 
displayed lower z-DC values in the right postcentral gyrus 
than HCs, indicating decreased node density and message 
transfer function in the right postcentral somatosensory 
region. In this regard, structural MRI studies about iRBD 
have reported that iRBD patients confirmed by video PSG 
had decreased GM volume (76) and cortical thinning (77) 
compared with the HCs. An fMRI study using independent 
component analysis discovered that compared with the 
HCs group, iRBD patients diagnosed with PSG had not 
only reduced striatal-prefrontal FC in the executive-
control network (ECN) but also diminished motor and 
somatosensory cortex FC in the sensory-motor network 
(SMN) (61). These studies summarized together that RBD 
patients without obvious clinical movement disorders already 
have abnormal brain structures and functions related to the 
movement and sensation regions. Similarly, a structural MRI 
study (27) revealed that PD patients with PSG-confirmed 
RBD possessed lower GM volume in the postcentral gyrus 
compared to HCs, whereas no significant difference was 
reported in comparison with PD-nRBD. These results align 
with our research results. So far, despite multiple reports 
of precentral gyrus impairment and dysfunction in RBD-
related studies, there are currently few descriptions and 
speculations on its specific mechanisms. Morphological 
analyses of brain MRI in PD patients with concomitant sleep 
disorders have strongly linked cortical surface reduction 
of the right postcentral gyrus to PD patients with frequent 
distressful dreams (78), suggesting that the right postcentral 
gyrus might be relevant to poor dreams in PD patients. In 
this regard, RBD patients generally experience unpleasant, 
angry, and fearful nightmares (79,80) and even violent 
nocturnal dream performances. Therefore, we inferred 
rationally that FC disorders in the postcentral gyrus may be 
associated with unpleasant dreams among PD patients with 
pRBD. However, our PD subgroups did not display any DC 
abnormalities in the postcentral gyrus, possibly indicating 
that the diminished z-DC values in the postcentral gyrus 
may not be unique to RBD. In the future, more large-scale, 
prospective longitudinal investigations are expected to 

enlighten the pathological basis of PD-RBD further.
Surprisingly, our DC analysis for all three groups 

discovered the results chiefly situated in the right hemisphere 
of the brain, which was attributed to the majority of PD 
patients (51/66) experiencing severe motor symptoms and 
the onset of disease on the left side. Therefore, the brain’s 
right hemisphere was more severely damaged according to 
the principle of contralateral brain control. Our findings 
matched previous studies (81,82), indicating asymmetric 
neurodegenerative alternations in the brain regions that 
dominate the affected side (83).

Our study has some limitations. First, we used RBDSQ 
scores rather than gold-standard PSG to determine the 
RBD status of PD patients. Although we adopted relatively 
rigorous RBDSQ cut-off values for grouping (49), we could 
not wholly eliminate grouping uncertainty. Second, we 
should acknowledge that our cases had not been entirely 
free of interference from drugs. However, we collected 
all data during the drug-off stage, and dopaminergic 
medications were comparable between our PD subgroups. If 
possible, future studies should focus on early drug-naïve PD 
patients with or without RBD to better validate this claim. 
Third, the comparatively small sample size impeded our 
analysis of functional differences in specific brain regions. 
Fourth, we solely executed cross-sectional analyses and did 
not apply any external intervention, such as using repetitive 
transcranial magnetic stimulation to intervene in M1 for 
validation. Therefore, it is necessary to expand the sample 
size and conduct interventional longitudinal studies in the 
future. Fifth, our study only elaborated the mechanism of 
PD patients with RBD from the perspective of MRI, which 
was relatively restricted from the perspective of blood 
oxygen level. In the future, we might consider combining 
molecular imaging such as single-photon emission 
computed tomography (SPECT) and positron emission 
tomography (PET) to explore the pathogenic mechanism of 
PD-pRBD from a multimodal and multifaceted perspective. 
Nevertheless, our study implemented modern analytical 
techniques, including machine learning and graph theory 
analysis, to better grasp the pathogenic impact in PD 
with RBD patients. Meanwhile, our findings provide new 
imaging markers for PD patients with RBD, facilitating 
early diagnosis and management of the disease.

Conclusions

Collectively, in this study, PD-pRBD patients had abnormal 
z-DC values in the right precentral gyrus compared 
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with PD-npRBD patients, and the aberrant EC from 
the right precentral gyrus to the right caudate nucleus 
might contribute to PD-pRBD pathogenesis. Besides, 
we identified that the z-DC values in the right precentral 
gyrus may be a potential imaging marker for PD-pRBD. 
In summary, our findings uncovered a malfunctioning 
EC pattern of the precentral motor cortex to the striatum 
of the caudate nucleus, providing novel insight into the 
pathophysiology of RBD in PD.
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