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Abstract: Background: Tremor-dominant (TD) and postural instability/gait difficulty (PIGD) are common subtypes of 
Parkinson’s disease, each with distinct clinical manifestations and prognoses. The neural mechanisms underlying 
these subtypes remain unclear. This study aimed to investigate the altered connectivity of the frontal cortex and 
supplementary motor area (SMA) in different types of Parkinson’s disease. Methods: Data of 173 participants, 
including 41 TD patients, 65 PIGD patients, and 67 healthy controls, were retrospectively analyzed. All subjects 
underwent resting-state functional magnetic resonance imaging (rs-fMRI) and clinical assessments. Differences in 
amplitude of low frequency fluctuation (ALFF), voxel-wise functional connectivity (FC), and functional network con-
nectivity (FNC) among the three groups were compared, followed by partial correlation analysis. Results: Compared 
to healthy controls, the left dorsolateral superior frontal gyrus (DLSFG) ALFF was significantly increased in both PIGD 
and TD patients. The FC between the left DLSFG and the left SMA, as well as between the left paracentral lobule and 
the right DLSFG, was significantly decreased. Similarly, the FNC between the visual network and the auditory net-
work was reduced. Compared to TD patients, PIGD patients showed a significantly higher ALFF in the left DLSFG and 
a notably reduced FC between the left DLSFG and left SMA. Additionally, the FC of the left DLSFG-SMA was inversely 
correlated with the PIGD score exclusively in PIGD patients. The FNC of the visual-auditory network was inversely 
associated with the tremor score only in TD patients. Conclusion: Decreases in the left DLSFG-SMA connectivity may 
be a key feature of the PIGD subtype, while reduced VN-AUD connectivity may characterize the TD subtype.
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Introduction

Tremor-dominant (TD) and postural instability/
gait difficulty (PIGD) are two common subtypes 
of Parkinson’s disease (PD). The TD subtype 
typically progresses more slowly, resulting in 
fewer cognitive impairments and better out-
comes following deep brain stimulation [1, 2]. 
In contrast, the PIGD subtype is associated 
with faster disease progression, an increased 
risk of dementia, and poorer motor outcomes 
[3]. The neural mechanisms underlying these 
differences remain unclear.

The application of resting-state functional mag-
netic resonance imaging (rs-fMRI) provides 
researchers with a better way to explore struc-
tural and functional brain characteristics in 
PIGD and TD patients. Prior investigations have 
revealed that PIGD patients exhibit more corti-
cal and subcortical gray matter atrophy in vari-
ous brain regions associated with motor and 
cognitive impairment compared to TD patients 
[4-6], potentially explaining the poorer progno-
ses of PIGD patients. However, Al-Bachari et al. 
did not find significant differences in gray mat-
ter volume between PIGD and TD patients, even 
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when accounting for factors such as disease 
severity, duration, and medication [7]. One 
study reported that PIGD patients had reduced 
cortical thickness in the dorsolateral frontal, 
anterior temporal, and precuneus lobes com-
pared to TD patients [5]. In contrast, another 
study involving PD patients with mild cognitive 
impairment (MCI) found no significant differ-
ences in cortical thickness between MCI-TD 
and MCI-PIGD patients [8]. Additionally, a longi-
tudinal cohort study observed fewer age-relat-
ed white matter changes in TD compared to 
PIGD patients [9], while another study found no 
differences in white matter hyperintensities at 
the voxel level between TD and PIGD patients, 
regardless of the severity of white matter hyper-
intensity scores [10]. Due to the inconsistent 
findings in brain structure in PD subtype, some 
researchers suggest that exploring brain func-
tion may better reflect the most susceptible 
regions and the characteristics of different PD 
subtypes [11], especially in the early stages of 
the disease before any structural damage 
occurs.

Amplitude of low-frequency fluctuation (ALFF) is 
employed to detect the local spontaneous fluc-
tuation intensity of the blood-oxygen-level-
dependent (BOLD) signal, reflecting the degree 
of local brain activity [12]. Few studies have 
examined ALFF in PIGD and TD patients. Among 
them, Chen et al. reported increased ALFF in 
the putamen, posterior cerebellum, temporal 
gyrus, and left parietal lobe in PIGD patients 
compared to TD patients [13]. However, Zheng 
did not find significant differences between  
the subtypes [14]. A recent study found signifi-
cantly increased ALFF in the occipital lobe of 
PIGD patients compared to TD patients [15]. 
Voxel-based functional connectivity (FC) is used 
to identify interconnections between neurons. 
Shuting Bu et al. found a significant decrease  
in connectivity between the thalamus and  
parietal occipital lobes in PIGD patients com-
pared to TD patients, but no difference in gray 
matter volume was found [16]. In addition, two 
studies reported that TD was associated with 
increased connectivity between the basal gan-
glia (putamen or subthalamic nucleus) and the 
cerebellum, while PIGD was associated with 
decreased connectivity between the putamen 
and the subthalamic nucleus or sensorimotor 
cortex [17, 18]. These studies suggest that 
PIGD patients are more likely to experience dys-

function in the corticobasal ganglio-thalamo-
cortex circuit, whereas TD may involve more 
extensive brain regions, such as the cerebel-
lum. However, findings based on regions of in- 
terest are challenging to replicate, and interpre-
tations of neural mechanisms remain contro- 
versial. 

In recent years, independent component analy-
sis (ICA)-based brain network analysis has 
become a prominent research metho. ICA uses 
blind source separation to isolate spatially 
independent and temporally related functional 
networks, allowing for the observation of func-
tional brain integration on a macro scale [19]. A 
few studies have reported changes in the basal 
ganglia, frontoparietal, and default mode axes 
between and within networks in TD patients 
compared to non-TD patients and healthy con-
trols [20]. However, no studies have specifically 
investigated the PIGD and TD subtypes.

This study, based on rs-fMRI, further comple-
ments the understanding of the pathophysiolo-
gy of different PD subtypes by examining local 
brain function, functional connectivity between 
voxels, and connectivity between brain net-
works. The findings have the potential to con-
tribute to the development of more precise and 
reliable clinical biomarkers, as well as person-
alized treatments in the near future.

Materials and methods 

Sample population

In total, 126 idiopathic PD patients were retro-
spectively included for analysis. The inclusion 
criteria were as follows: (1) meeting the 
Movement Disorder Society diagnostic stan-
dards for PD [21], (2) a modified Hoehn-Yahr 
(H&Y) grade of 1-3, and (3) aged between 42 
and 80 years. Patients were excluded if they 
had a history of (1) serious neuropsychiatric ill-
ness, (2) trauma or tumors, (3) long-term smok-
ing or alcohol abuse, (4) multiple systemic dis-
eases, (5) blood donation or blood loss ≥ 400 
mL within the past 3 months, (6) inherited dis-
eases caused by known gene mutations, or (7) 
impaired communication abilities.

Sixty-seven matched healthy controls were also 
enrolled. It was ensured that all participants, 
both patients and controls, were right-handed 
based on the results of the Edinburgh Hand- 
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edness Inventory. Signed informed consent 
was obtained from all participants. The study 
was reviewed and ethically approved by the 
First Affiliated Hospital of Anhui Medical Uni- 
versity (NO. PJ2022-13-55).

Clinical assessments

Clinical evaluations and MRI scans were con-
ducted on patients who had abstained from 
medication for at least 12 hours (the “off” 
state). Clinical evaluations included assess-
ments of disease severity using the H&Y stage 
and the Unified Parkinson’s Disease Rating 
Scale (UPDRS), as well as evaluations of  
cognitive function using the Montreal Cognitive 
Assessment (MoCA) and emotional status 
using the Hamilton Anxiety Scale (HAMA) and 
Hamilton Depression Scale (HAMD). The medi-
cation dosages taken by patients during the 
study were measured as the levodopa equiva-
lent daily dose (LEDD). In addition, tremor (8 
items) and PIGD scores (5 items) were calcu-
lated based on the UPDRS. The tremor to PIGD 
score ratio was used to classify patients as TD 
(ratio ≥ 1.5), PIGD (ratio ≤ 1), or indeterminate 
(ratios > 1.0 and < 1.5). Patients with a positive 
numerator and a zero denominator value were 
designated as TD, and those with the reverse 
were classified as PIGD. Patients with zero 
numerators and denominators were classified 
as indeterminate [22].

Imaging data acquisition 

MRI data were generated using a 3-T scanner 
(Discovery 750, GE Healthcare, Milwaukee, 
Wisconsin). Foam padding and headphones 
were used to reduce scanner noise and limit 
head movement. High-resolution T1-weighted 
anatomical images were acquired with the fol-
lowing parameters: repetition time, 8.16 ms; 
echo time, 3.18 ms; flip angle, 12°; field of 
view, 256 × 256 mm2; matrix: 256 × 256; slice 
thickness, 1 mm; voxel size, 1 × 1 × 1 mm3;  
and 188 slices with no gap between them. 
Participants were instructed to remain still with 
their eyes closed and to avoid falling asleep 
during the rs-fMRI scan. A total of 217 volumes 
of functional images were captured using an 
echo-planar imaging sequence with a repeti-
tion time of 2,400 ms and an echo time of 30 
ms. The flip angle was set to 90°. Forty-six 
transverse slices were captured with a field of 
view measuring 192 × 192 mm2, matrix size of 

64 × 64, and slice thickness of 3 mm with no 
gaps. Images were obtained parallel to the 
anteroposterior commissure line with a voxel 
size of 3 × 3 × 3 mm3.

Image processing 

Preprocessing: Functional images were prepro-
cessed using the DPARSF (http://rfmri.org)  
and SPM12 toolkits [23]. The preprocessing 
procedure involved discarding the first 10  
images to ensure steady-state magnetization. 
Slice timing and realignment were performed, 
and individuals exhibiting head movement 
greater than 3 mm or rotation exceeding 3° 
were excluded from the study. Anatomical and 
functional images were aligned. Functional 
images were normalized using structural seg-
mentation based on DARTEL. Additionally, 
regression correction for confounding variables 
was conducted, which included six motion 
parameters, the whole brain signal, white mat-
ter signal, and cerebrospinal fluid signal.

ALFF: Based on the preprocessed data, ALFF 
values were obtained as follows. Data smooth-
ing was performed using a Gaussian kernel 
with a 6 mm full-width half-maximum. The fre-
quency domain was obtained for each voxel in 
the filtered time series using a Fast Fourier 
Transform, and the power spectrum was deter-
mined. The square root of the signal was mea-
sured across the 0.01-0.08 Hz frequency range 
for each voxel and then divided by the standard 
deviation of all brain voxels after subtracting 
the mean value. ALFF values were standardized 
using a Z transformation.

Voxel-wise FC: Utilizing the preprocessed data, 
we conducted linear detrending analysis. A 
0.01-0.08 Hz band-pass filter was applied for 
signal processing. Different regions of the brain 
were defined using a Gaussian kernel with a 6 
mm full-width at half maximum, followed by 
spatial smoothing. After excluding the regions 
of interest (ROIs), the study extracted the aver-
age time series and assessed the functional 
connectivity between the ROIs and other brain 
regions using Pearson’s correlation analysis. 
The correlation coefficients were then trans-
formed to Z-scores using Fisher’s r-to-z trans-
formation. Functional connectivity maps were 
generated to show the connectivity between 
specific ROIs and the remaining brain regions.
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Inter-network functional connectivity: The pre-
processed data were analyzed to determine 
the functional networks using the fMRI Tool- 
box’s group independent component analysis 
(ICA) found in GIFT v4.0a (http://icatb.source-
forge.net). ICA data with a relatively high model 
order were selected, and the infomax algorithm 
was used to evaluate the reliability of the infor-
mation, maximizing ICA algorithm estimation by 
comparing ICASSO implemented in GIFT with 
20 iterations of estimation. Independent com-
ponents with an average intra-cluster similarity 
higher than 0.8 were chosen for examination to 
understand their characteristics. Independent 
components were estimated by maximizing 
spatial independence, and 30 components 
were identified as part of the resting-state net-
work based on their anatomical and putative 
functional properties. This was done using tem-
plates from the Functional Imaging Laboratory 
of Neuropsychiatric Disorders at Stanford Uni- 
versity (http://findlab.stanford.edu/index.html), 
by assessing high to low frequency power in the 
component spectrum, and determining wheth-
er peak activation occurred in the gray matter. 
By analyzing the spatial correlation values bet- 
ween the independent components and the 
template, the researchers categorized the cho-
sen 30 independent components into seven 
distinct functional networks. These networks 
included the default mode network (DMN), the 
left and right frontoparietal networks, the visu-
al network (VN), the auditory network (AUD), the 
sensorimotor network (SMN), and the dorsal 
attention network. Design matrices were cre-
ated using the Mancovan toolbox in GIFT to 
analyze connectivity among components ob- 
tained through ICA. To minimize interference 
from components outside the aforementioned 
seven networks, the correlation features of 
functional network connectivity (FNC) were 
selected. The initial step involved time series 
detrending, followed by applying a fifth-order 
Butterworth low-pass filter with a 0.15 Hz 
threshold frequency to eliminate high-frequen-
cy components. The Fisher-z transformation 
was then applied to transform Z-values, ena- 
bling the generation of connection patterns 
and FNC matrix plots.

Statistical analysis

Statistical analyses of clinical data were per-
formed using SPSS 23.0 (SPSS, Chicago, IL, 

USA). Chi-square tests were used to compare 
sex ratios among the different groups (TD, 
PIGD, and control). One-way analysis of vari-
ance (ANOVA) was employed to assess MoCA, 
HAMA, and HAMD scores among the 3 groups, 
followed by post hoc Bonferroni tests. The inde-
pendent samples t-test was used to evaluate 
disease duration, tremor, PIGD, UPDRS scores, 
H&Y stages, and LEDD between the TD and 
PIGD patients.

One-way ANOVA was used to assess ALFF and 
FC among the TD, PIGD, and control groups, 
accounting for nuisance covariates such as 
sex, age, education, and total intracranial  
volume. This statistical analysis utilized the 
SPM12 toolbox for statistical parametric map-
ping, employing an image-based ANOVA tech-
nique. A voxel-defined cut-off of P < 0.001 was 
established, and voxel-adjusted results were 
reported using a permutation test to control for 
family-wise error (FWE, P < 0.05). The GIFT tool-
box was utilized to conduct a MANCOVA on 
selected brain networks, comparing FNC differ-
ences among the three groups, with nuisance 
covariates such as sex, age, and education 
included to control for confounding factors 
(false discovery rate (FDR) adjusted, P < 0.05).

ALFF, FC, and FNC values of clusters showing 
significant differences among groups were 
extracted for post hoc two-sample t-tests, fol-
lowing a Bonferroni correction. Partial correla-
tion analysis was used to examine the associa-
tions between ALFF, FC, and FNC values and 
clinical variables, considering sex, age, and 
education as covariates. Significance level was 
set at P < 0.05.

Results

Patient demographics and clinicopathological 
profiles 

The demographics and clinicopathological pro-
files of patients and controls are summarized in 
Table 1. Twenty patients classified as indeter-
minate were not included in the analysis. No 
significant differences were observed in age, 
sex ratio, or education level among the three 
groups (P > 0.05). However, the MoCA score 
was significantly lower in PIGD patients com-
pared to the controls (P = 0.01). The HAMA 
score was significantly higher in PIGD patients 
compared to the controls (P = 0.001), and both 
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Table 1. Subject demographics and clinicopathological profiles
Profiles TD PIGD HC χ2/F/T P
Sample size (M/F) 27/14 44/21 36/31 3.090 0.213
Age (year) 59.51±9.43 60.65±9.99 59.88±8.02 0.220 0.803
Education (year) 9.23±3.50 8.78±4.62 10.03±4.06 1.505 0.225
MoCA 23.12±4.46 22.10±4.78 24.48±2.97 4.679b 0.011
HAMA 5.05±3.39 6.29±3.20 3.84±3.96 6.603b 0.002
HAMD 5.51±4.09 6.98±4.07 2.91±2.77 15.853a,b < 0.001
Duration (year) 3.30±2.73 3.85±3.41 -0.878 0.382
UPDRS-I 2.26±2.04 2.38±1.87 -0.533 0.785
UPDRS-II 8.06±3.12 8.27±3.19 -0.475 0.716
UPDRS-III 23.44±10.22 25.72±11.63 -1.031 0.305
Tremor scores 6.49±3.52 1.55±2.34 8.683 < 0.001
PIGD scores 2.54±1.69 4.51±2.74 -4.134 < 0.001
H&Y 1.73±0.60 1.80±0.71 -0.559 0.577
LEDD (mg) 320.60±256.10 354.94±331.11 -0.599 0.550
TD, Parkinson’s Disease-Tremor Dominant; PIGD, Parkinson’s Disease-Postural Instability and Gait Difficulty; HC, healthy 
control; M/F, male/female; MoCA, Montreal Cognitive Assessment; HAMA, Hamilton Anxiety Scale; HAMD, Hamilton Depression 
Scale; UPDRS, Unified Parkinson’s Disease Rating Scale; H&Y, Hoehn-Yahr grade; LEDD, Levodopa Equivalent Daily Dose. aP < 
0.05 (post hoc), TD vs. HC; bP < 0.05 (post hoc), PIGD vs. HC. 

TD and PIGD patients had significantly higher 
HAMD scores compared to the controls (P = 
0.001 and P < 0.001, respectively). Tremor and 
PIGD scores differed significantly between the 
PD subtypes (both P < 0.001), while no signifi-
cant differences were found in disease dura-
tion, UPDRS-I, UPDRS-II, UPDRS-III scores, H&Y 
stage, or LEDD (P > 0.05).

Differences in ALFF among the three groups

ALFF in the left dorsolateral superior frontal 
gyrus (DLSFG, peak MNI coordinate: -18, 60, 
12; peak intensity: 11.571; cluster size: 54 vox-
els) differed among the three cohorts (Figure 
1A). Our post hoc assessment revealed that 
the left DLSFG ALFF was significantly increased 
in both TD (t = -3.048, P = 0.003) and PIGD (t = 
-5.539, P < 0.001) patients compared to the 
controls. Furthermore, the left DLSFG ALFF was 
markedly higher in PIGD patients compared to 
TD patients (t = -2.094, P = 0.039) (Figure 1B).

Differences in FCs among the three groups

The left DLSFG with significant differences in 
ALFF among the three groups was selected as 
the ROI. Voxel-wise FC analysis revealed signifi-
cant differences in the FC between the left 
DLSFG and the left supplementary motor area 
(SMA, peak MNI coordinate: -9, 21, 57; peak 
intensity: 12.419; cluster size: 113 voxels), the 

right DLSFG (peak MNI coordinate: 21, -12, 60; 
peak intensity: 12.609; cluster size: 134 vox-
els), and the left paracentral lobule (PCL, peak 
MNI coordinate: -9, -30, 78; peak intensity: 
11.781; cluster size: 69 voxels) among the 
three groups (Figure 2A). Post hoc assessment 
revealed that the FC between the left DLSFG 
and the left SMA was considerably decreased 
in both the TD (t = -2.199, P = 0.03) and PIGD (t 
= -5.380, P < 0.001) groups compared to the 
control group, and it was significantly decreased 
in PIGD patients compared to TD patients (t = 
-2.652, P = 0.009) (Figure 2B). Similarly, the 
FCs between the left DLSFG and the right 
DLSFG, as well as the left PCL, were substan-
tially diminished in both the TD (t = -2.950, P = 
0.004; t = -3.066, P = 0.003) and PIGD (t = 
-5.138, P < 0.001; t = -4.918, P < 0.001) groups 
compared to the control group. However, no sig-
nificant differences were evident between the 
TD and PIGD cohorts (t = -1.664, P = 0.099; t = 
-1.053, P = 0.295) (Figure 2C and 2D).

Differences in FNCs among the three groups

Thirty independent components were extracted 
from the three groups using ICA and divided 
into seven functional networks. Compared with 
the control group, PIGD patients showed 
decreased FNC between the anterior DMN (IC2) 
and the VN (IC8, IC12), between the posterior 
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Figure 1. Differences in ALFF among the three cohorts. A. The brain region with marked difference in ALFF among 
the three groups was the left DLSFG. B. The ALFF in the left DLSFG. *P < 0.05, **P < 0.01, ***P < 0.001. ALFF, 
amplitude of low-frequency fluctuation; DLSFG, dorsal-lateral superior frontal gyrus; TD, Parkinson’s Disease-Tremor 
Dominant; PIGD, Parkinson’s Disease-Postural Instability and Gait Difficulty; HC, healthy control.

DMN (IC13) and the VN (IC12), between the 
anterior VN (IC11), the SMN (IC10), and the AUD 
(IC27), and between the VN (IC12) and the SMN 
(IC10) (P < 0.05, FDR corrected; Figure 3A-C). 
Relative to the controls, TD patients showed 
decreased FNC between the VN and AUD (P < 
0.05, FDR corrected; Figure 3D). No significant 
alterations were evident in inter-network FC 
between PIGD and TD groups.

Correlation between ALFF, FC, FNC and clinical 
assessments

The values of ALFF, FC, and FNC from brain 
regions exhibiting significant alterations among 
the different cohorts were extracted. Patient 
age, sex, and educational status were used  
as covariates to conduct partial correlation 
assessments with PIGD and tremor scores. The 
results revealed that the FC between the left 
DLSFG and left SMA was strongly and inversely 
associated with PIGD scores only in the PIGD 
group (r = -0.314, P = 0.011) (Figure 4A). 
Additionally, an inverse relationship was found 
between VN-AUD connectivity and tremor 
scores only in TD patients (r = -0.397, P = 
0.010) (Figure 4B).

Discussion

Compared with healthy controls, both TD and 
PIGD patients exhibited significantly enhanced 
ALFF in the left DLSFG and considerably dimin-
ished FC between the left DLSFG and left SMA, 
left PCL, and right DLSFG. Additionally, they 

showed significantly decreased FNC between 
the VN and AUD. Furthermore, compared with 
healthy controls, the PIGD patients displayed 
significantly diminished FNC between the VN 
and the DMN, the SMN. Compared to TD 
patients, PIGD patients had substantially ele-
vated ALFF in the left DLSFG and significantly 
reduced FC between the left DLSFG and left 
SMA. Moreover, the severity of PIGD was asso-
ciated with a reduction in FC between the left 
DLSFG and left SMA, while the severity of TD 
may be associated with a reduction in FNC 
between the VN and AUD. Investigation of local 
brain activities, functional networks, and brain 
networks have unveiled the neural processes 
underlying different subtypes of PD, paving the 
way for the development of tailored noninva-
sive interventions.

A previous study using mobile functional near-
infrared spectroscopy-electroencephalography 
(EEG) systems showed that prefrontal cortex 
activity during walking was higher in PIGD 
patients compared to TD patients, regardless 
of obstacles [24]. Similarly, based on rs-fMRI, 
the DLSFG activity was substantially elevated 
in PIGD patients compared to TD patients. 
Overactivation of the DLSFG may represent 
cognitive compensation for PIGD symptoms in 
PD. PD patients often experience declines in 
various cognitive domains. A 5-year follow-up 
study found that cognitive function in PIGD 
patients declined faster than that in TD pa- 
tients [25], and the PIGD patients in this study 
also exhibited significant cognitive impairment. 
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Figure 2. Differences in FC (left DLSFG was selected as ROI) among the three cohorts. A. The brain regions with 
marked difference in FC among the three groups were the left SMA, right DLSFG, left PCL. B. FC between the left 
DLSFG and left SMA. C, D. FCs between the left DLSFG and the right DLSFG. *P < 0.05, **P < 0.01, ***P < 0.001.

Increasing cognitive load can aggravate gait 
disorders in PD patients, while reducing cogni-
tive load through visual cues can alleviate 
these disorders, as has been well-verified in 
cases of freezing of gait [26]. These findings 
reveal a close association between cognition 
and gait in PD patients, with our study suggest-
ing that the DLSFG may be a key node. In addi-
tion, we found that the connectivity between 
the DLSFG and the SMA was substantially 
diminished in PIGD patients compared to TD 
patients and was proportional to gait disorder 
severity. The SMA plays a critical role in gener-
ating and transmitting nerve impulses that con-
trol movement and interacts with the basal 
ganglia to ensure the operation of complex 

movements [27]. An fMRI meta-analysis of gait 
disorders in PD showed significantly decreased 
activation of the SMA during gait [28], and an 
RCT study found that targeted stimulation of 
the SMA improved PIGD symptoms in PD 
patients [29]. Furthermore, coupling between 
the prefrontal cortex and the SMA has been 
shown to be decreased in PD patients, suggest-
ing impaired movement monitoring [30]. 
Combined with our study on PD subtypes, the 
connectivity between the DLSFG and SMA may 
directly mediate the development and progres-
sion of PIGD in PD patients.

We also found significantly decreased connec-
tivity between the DLSFG and the PCL, as well 
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Figure 3. FNCs alterations among the three cohorts. A-C. Compared to HC, FNC between the anterior DMN (IC2) 
and the VN (IC8, IC12) was decreased, and the FNC between the posterior DMN (IC13) and the VN (IC12) was de-
creased, and the FNC between the anterior VN (IC11) and the SMN (IC10), the AUD (IC27) were decreased, and the 
FNC between the VN (IC12) and the sensorimotor network (IC10) was decreased among PIGD sufferers (P < 0.05, 
FDR corrected). D. Relative to HC, the FNC between the VN and the AUN was decreased among TD patients (P < 
0.05, FDR corrected). 

as between the bilateral DLSFG in both PIGD 
and TD patients compared to healthy controls. 
This may be related to the non-characteristic 
symptoms of PD patients. The PCL, which inner-
vates the sensory and motor nerves of the 
lower limbs, is an important hub of the senso-
rimotor cortex. Hou et al. demonstrated that 
PCL connectivity was intricately linked to TD 
symptoms in PD patients [31], while Liu et al. 
reported its association with bradykinesia [32]. 
These findings highlight the important role of 
the PCL in PD and reflect its involvement in vari-
ous PD symptomologies. Decreased bilateral 
DLSFG connectivity has also been reported to 
correlate with motor, non-motor, and cognitive 

performance in PD patients [33, 34]. These 
connections, while significant, may not repre-
sent core differences between PIGD and TD 
patients.

The study meticulously examined changes in 
FC among large-scale networks linked to motor 
subtypes of PD. Gratton et al. discovered that 
diminished integration of brain networks signifi-
cantly contributed to the dysfunction observed 
in individuals with PD [35]. In the present study, 
compared to healthy controls, PIGD patients 
exhibited reduced connectivity between the VN 
and the SMN, DMN, and AUD. In contrast, TD 
patients only showed decreased connectivity 
between the VN and AUD.
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Figure 4. Correlation between FC/FNC and clinical assessments. A. FC between the left DLSFG and left SMA was 
negatively associated with PIGD scores only among the PIGD group. B. FNC between the VN and the AUD was in-
versely proportional to the tremor scores only among the TD group. 

Traditionally, PD has been perceived primarily 
as a condition affecting motor functions, with 
the SMN playing a crucial role in perceiving and 
interpreting sensory input alongside orches-
trating motor actions. Previous research has 
provided substantial evidence of disrupted sen-
sorimotor integration in PD patients, as demon-
strated by abnormal FC of the SMN [36, 37]. 
The VN is also another major area of complex 
sensations affected by PD, which can lead to 
issues such as visual hallucinations, perceptu-
al, executive, and sleep dysfunctions. VN inter-
action is important for motor control and motor 
learning [38] and reduced VN-SMN interactions 
in PD may contribute to postural instability and 
compromised gait. The robust involvement of 
the DMN in cognitive functioning has been vali-
dated by findings in the context of typical aging 
and neurodegenerative conditions [39]. The 
lack of dopamine in PD patients can damage 
the auditory processing system, altering brain 
responses to sound and affecting the emotion-
al state of higher brain regions [40]. Our results 
suggest that PIGD patients exhibited more 
extensive brain network abnormalities than TD 
patients, potentially correlating with more 
severe clinical presentations and poorer prog-
noses. However, we observed no direct and 
substantial alterations within brain networks 
between PIGD and TD patients, consistent with 
the findings by Wolters [41]. Notably, we report 
for the first time that VN-AUD connectivity is 
associated with tremor severity in TD patients. 
Evidence suggests that the VN and AUD partici-
pate in the emotional processing of PD patients, 
with the cerebellum playing a key role [42]. 

Increasing studies have reported a close asso-
ciation between the cerebellum and the TD 
subtype. Our data provide directions for further 
exploration of the mechanisms associated with 
the TD subcategory from the perspective of 
brain networks, emotion, and the cerebellum.

Many resting-state fMRI studies have been 
conducted to analyze variations in brain func-
tions among different types of PD. The out-
comes of these investigations exhibited signifi-
cant variations across different domains. These 
differences may be due to the high heterogene-
ity of PD patients, as subtype analysis based  
on motor symptoms can be complicated by 
non-motor symptoms and cognitive function. To 
enhance the reliability of our results, we 
matched demographics and disease severity 
as closely as possible and conducted fMRI 
scanning and clinical evaluations in the “off” 
state to exclude the interference of dopaminer-
gic drugs. In future research, we plan to com-
bine advanced data visualization techniques 
with artificial intelligence methods with greater 
sensitivity to identify the inherent foundations 
distinguishing different subtypes of PD.

Moreover, this study offers a comprehensive 
analysis of the neural mechanisms underlying 
the varied subtypes of PD. However, some limi-
tations should be considered when interpreting 
the results. Firstly, this study focused on two 
common subtypes of PD, namely the TD and 
PIGD subtypes. Future investigations may con-
sider exploring other subtypes to gain a more 
comprehensive understanding of the disease. 
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Secondly, the sample population in this study 
was relatively small. Although it provided signifi-
cant results, future studies with larger sample 
sizes will be essential to validate and enhance 
the generalizability of our findings. Additionally, 
the cross-sectional design of this study limits 
the ability to establish causality. Therefore, lon-
gitudinal studies should be pursued to investi-
gate the progression of the disease and its 
impact on connectivity in these subtypes over 
time.

Despite these limitations, this study sets the 
stage for future research in several ways. 
Firstly, the findings contribute to the growing 
body of knowledge characterizing the neural 
underpinnings of distinct subtypes of PD using 
FC measures. The identification of key connec-
tivity alterations in the left DLSFG among differ-
ent subtypes may serve as a potential biomark-
er for diagnosing and monitoring the progres-
sion of the disease. Additionally, the exploration 
of alterations in functional connectivity among 
large-scale brain networks has the potential to 
guide the development of targeted interven-
tions and personalized treatment strategies, 
paving the way for more effective management 
of PD subtypes. Future studies integrating mul-
timodal neuroimaging techniques and longitu-
dinal designs can offer a more comprehensive 
understanding of the dynamic changes in func-
tional connectivity across various stages of the 
disease. This approach can provide valuable 
insights into potential therapeutic targets and 
prognostic indicators.

Conclusion

Decreases in the left DLSFG-SMA connectivity 
may be a key feature of the PIGD subtype, while 
decreased VN-AUD connectivity may be charac-
teristic of the TD subtype.
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