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ABSTRACT: To explore the underlying pathogenic mechanism of Parkinson’s disease (PD) with concomitant 

postural abnormalities (PDPA) through the relationship between its gait and brain function characteristics. PD 

patients from the neurology outpatient clinic at Ruijin Hospital were recruited and grouped according to whether 

postural abnormalities (including camptocormia and Pisa syndrome) were present. PD-related scale assessments, 

three-dimensional gait tests and brain resting-state functional magnetic imaging were performed and analyzed. 

The gait characteristics independently associated with PDPA were decreased pelvic obliquity angle and 

progressive downward movement of the center of mass during walking. PDPA features included decreased 

functional connectivity between the left insula and bilateral supplementary motor area, which was significantly 

correlated with reduced Berg Balance Scale scores. Functional connectivity between the right insula and bilateral 

middle frontal gyrus was decreased and significantly correlated with a decreased pelvic obliquity angle and poor 

performance on the Timed Up and Go test. Moreover, through diffusion tensor imaging analysis, the average 

fractional anisotropy value of the fibers connecting the left insula and left supplementary motor area was shown 

to be decreased in PDPA. There is decreased functional connectivity among the insula, supplementary motor area 

and middle frontal gyrus with structural abnormalities between the left insula and the left supplementary motor 

area; these changes in brain connectivity are probably among the causes of gait dysfunction in PDPA and provide 

some clues regarding the pathogenic mechanisms of PDPA. 
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Postural abnormality increases in prevalence as 

Parkinson’s disease (PD) progresses; the combination of 

these conditions is termed PD with concomitant postural 

abnormalities (PDPA). Camptocormia (CC) and Pisa 

syndrome (PS) are the most common causes of significant 

postural instability and increase the risks of falls, long-

term bedridden status and death [1]. There is no 

internationally recognized standard for the flexion angles 

that constitute CC and PS; the former is defined as 

voluntarily anterior thoracolumbar flexion of at least 30° 

or 45°, and the latter means voluntarily lateral flexion of 

the trunk by at least 10° or 15° [1-4]. Both conditions can 

be completely restored to normal in the supine position or 

by passive efforts but cannot be corrected under the 

patient’s own power during extended sitting or walking. 

The reported prevalence of postural abnormalities in PD 

patients varies across different ranges, with that of CC 

being 4.1-17.7% [5] and that of PS 1.9-12.2% [3]. 
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However, the effectiveness of current therapies for 

PDPA is fairly limited because its pathogenic mechanism 

remains unclear, and both central and peripheral factors 

are involved. The main central hypotheses include an 

imbalance of related neurotransmitters and damage to the 

basal ganglia, proprioceptive dysfunction and vestibular 

dysfunction [6-8]. The main peripheral hypotheses refer 

to functional muscular disorders [9, 10]. Central 

pathological changes are considered the initial factors, 

while peripheral lesions are secondary and interact with 

the central factors to exacerbate postural abnormalities. 

Some studies demonstrated a correlation of the insula 

[11], pedunculopontine nucleus [12], and frontal lobes 

[13] with postural control, which may provide a 

reasonable basis for the exploration of postural control in 

PDPA. Among these affected brain areas, areas that are 

relatively anatomically superficial, such as the frontal 

lobes and the insula, might be potential therapeutic targets 

for noninvasive interventions, such as transcranial 

magnetic stimulation (TMS).  

PDPA patients are prone to gait dysfunctions, 

including reduced walking speed, a decreased range of 

joint flexion angles, impaired balance and poor 

performance on complicated gait tasks [14]. However, 

few studies have specifically focused on gait function in 

PDPA, and no study has explained the pathogenic 

mechanism of gait dysfunctions in PDPA. Resting-state 

functional magnetic resonance imaging (rs-fMRI) is a 

noninvasive brain imaging technique that has been used 

in many neurological and psychiatric diseases for the 

early detection of functional abnormalities. Functional 

connectivity (FC) analysis and structural fractional 

anisotropy (FA) analysis are the most commonly used 

techniques [15, 16]. 

We hypothesized that some brain areas connecting 

the frontal lobes or insula in PDPA were abnormal and 

were involved in the underlying pathogenic causes, 

subsequently affecting the gait ability of these patients. 

Thus, we investigated the gait characteristics of PDPA 

using related scales and a three-dimensional (3D) gait test, 

followed by rs-fMRI to obtain resting fMRI and diffusion 

tensor imaging (DTI) parameters. Finally, the correlation 

between gait characteristics and brain FC was analyzed 

with structural evidence via FA comparison. The results 

could help explain the mechanism of PDPA, which will 

be useful for developing potential interventions. 

 

MATERIALS AND METHODS 

 

Patients 

 

PD patients who visited the neurology outpatient clinic at 

Ruijin Hospital from February 2017 to September 2018 

were recruited. The study was approved by the Ethics 

Committee of Ruijin Hospital, and all enrolled subjects 

signed informed consent forms for participation in this 

study and publication of relevant data. 

PD patients were diagnosed according to the new 

edition of the Movement Disorder Society’s diagnostic 

guidelines [17]. Postural abnormalities include CC, 

defined as anterior thoracolumbar flexion over 30°, and 

PS, defined as lateral trunk flexion over 10°. Patients were 

excluded if they were unable to walk at least 10 meters 

continuously without any assistance or suffered other 

obvious disorders involving the nervous system or 

musculoskeletal system. 

Those who completed the PD scale assessment, 3D 

gait test and brain rs-fMRI scanning were enrolled in the 

study. Subjects who had CC or PS (or both) were grouped 

in the abnormal posture group, referred to as the ‘PD + 

CCPS’ group, while the others were placed in the normal 

posture group, referred to as the ‘PD - CCPS’ group. The 

groups were matched by age, sex, body mass index 

(BMI), years of education, and duration of PD. 

Thirty-seven subjects completed the 3D gait test; 16 

in the PD + CCPS group and 21 in the PD - CCPS group 

underwent gait analyses. After we excluded those 

unwilling or unable to undergo MRI, 20 of these patients 

participated in the MRI scans, with 7 in the PD + CCPS 

group and 13 in the PD - CCPS group. Due to severely 

limited motor ability that might not allow safe completion 

of the gait tests during off-state, all assessments were 

performed 1-2 h after the subjects took their routine 

medication. 

 

Clinical evaluations 

 

The sagittal angle between a vertical line and a line 

connecting the trochanter with the edge of the acromion 

was evaluated to define camptocormia[4, 18], and the 

coronal angle between a vertical line and a line passing 

through the C7 and L4 vertebrae was used to define PS [1, 

19]. 

All enrolled subjects underwent basic information 

collection, including age, sex, BMI, years of education, 

disease duration, and currently stable anti-PD drug 

regimen. The motor symptoms of PD were evaluated via 

the Movement Disorder Society Unified Parkinson’s 

Disease Rating Scale (MDS-UPDRS) part III [20] score 

and Hoehn-Yahr stage [21]. The Mini-Mental State 

Examination (MMSE) [22] and the Montreal Cognitive 

Assessment (MoCA) [23] were used for cognitive 

evaluation. The Berg Balance Scale (BBS) [24] was used 

to assess balance ability. The Timed Up and Go (TUG) 

Test [25] was performed as a comprehensive evaluation 

of gait function. 

The 3D gait test started by establishing a static model 

of the subject with 39 reflective markers bilaterally 



Yao M., et al                                                                                                                  Gait and brain activity in PDPA 

Aging and Disease • Volume 11, Number 4, August 2020                                                                              793 

 

attached to the body surface to draw the outline of the 

human body. Then, the subject was required to walk 

straight back and forth along a 9-meter trajectory. A ten-

camera 3D motion capture system (Vicon Motion 

Systems Ltd, UK) was applied to collect gait data. At least 

three valid data sets were collected after the subjects had 

practiced maintaining consistent performance. 

The kinematic and dynamic parameters were 

recorded synchronously, with all the length-related 

parameters standardized by the subject’s height. The 

vertical movement track of the body's center of mass 

(CoM) was obtained by generating a scatter plot of the 

moving coordinates, and a trend line was used to 

determine whether the subject had progressive downward 

movement of the CoM while walking. 

 

MRI acquisition 

 

MRI scans were performed using a 3.0 T Trio Siemens 

MRI scanner equipped with a 12-channel coil in the 

Functional Imaging Centre of the Institute of 

Neuroscience of the Chinese Academy of Science in 

Shanghai. T1-weighted imaging was obtained by 3D 

magnetization-prepared rapid acquisition gradient echo 

(MPRAGE), with the following parameters: sequence of 

176 axial slices; slice thickness, 1.0 mm; flip angle, 9°; 

voxel size, 1.0*1.0*1.0 mm3; echo time (TE), 3 ms; 

repetition time (TR), 2300 ms; and inversion time (TI), 

1000 ms. Data were obtained via echo-planar imaging 

(EPI) as follows: sequence of 32 axial slices; slice 

thickness, 4.0 mm; flip angle, 90°; voxel size, 3.8*3.8*4.0 

mm3; TE, 30 ms; and TR, 2000 ms. DTI data were 

acquired with 42 slices; slice thickness, 3 mm; voxel size, 

1.7*1.7*3.0 mm3; TE, 94 ms; TR, 6000 ms; b-values, 0, 

1000 s/mm2; diffusion gradient directions, 30; and FOV, 

220 mm. Patients were instructed to remain awake with 

their heads still, their eyes closed and no specific thoughts. 

 

FC analyses based on BOLD data 

 

The rs-fMRI images were preprocessed with GRETNA 

(www.nitrc.org/projects/gretna; version 2.0), a network 

analysis toolbox run in MATLAB R2013b (The 

MathWorks, Natick, MA, USA) and based on graph 

theory[26]; in brief, the preprocessing steps were as 

follows[27]: removal of the first 10 time points, slice-

timing correction, motion correction, spatial 

normalization to the Montreal Neurological Institute 

(MNI) template (resampling to 3*3*3 mm3 voxels), 

spatial Gaussian smoothing (4 mm FWHM), elimination 

of nonneuronal signal fluctuations, and bandpass filtering 

to eliminate low-frequency drift data and high-frequency 

physiological signal noise (0.01-0.1 Hz). 

 

Table 1. Baseline information of PD patients enrolled in gait analyses. 
 
  

PD – CCPS (n=21) PD + CCPS (n=16) p value 

Age (y) 64.7±4.5 69.0±8.4 0.079a 

Sex (female/male, n) 11/10 8/8 0.886b 

BMI (kg/m2) 23.3±3.7 23.9±3.1 0.616a 

Education (y) 10.2±3.2 10.6±4.2 0.762a 

Disease duration (y) 5.4±4.4 7.3±4.5 0.226a 

Hoehn-Yahr stage 2.0(1.0, 2.0) 2.5(1.6, 3.0) 0.006c 

LEDD (mg) 405.64±353.76d 724.10±276.66 0.006a 

MDS-UPDRS III 29.0±12.2 39.4±12.3 0.023a 

MMSE 28.0(24.5, 28.5) 27.0(26.0, 28.0) 0.844c 

MoCA 22.7±3.9 22.2±5.4 0.757a 

PD: Parkinson’s disease; CC: camptocormia; PS: Pisa syndrome; PD – CCPS: PD without CC or PS group; PD 

+ CCPS: PD with CC or PS group; BMI: body mass index; LEDD: levodopa equal daily dose; MDS-UPDRS: 

Movement Disorder Society Unified Parkinson’s Disease Rating Scale; MMSE: Mini-Mental State Examination; 

MoCA: Montreal Cognitive Assessment. The values are expressed as the mean ± SD for normally distributed 

continuous variables, mean (interquartile range) for abnormally distributed continuous variables, and number for 

categorical variables. aIndependent samples t-test; bCrosstabs; cMann-Whitney test. dData were unavailable for 1 

patient. p<0.05 is considered statistically significant. 

Previous studies using fMRI have demonstrated that 

some areas are associated with postural control, and to 

provide potential targets for future TMS intervention, the 

frontal lobes and insula were selected as regions of 

interest (ROIs) in this study [11, 13]. The WFU PickAtlas 

in Statistical Parametric Mapping (SPM12, 

http://www.nitrc.org/projects/gretna
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www.fil.ion.ucl.ac.uk/spm/software/spm12) [28] was 

used to designate these ROIs in the Automated 

Anatomical Labeling (AAL) atlas. The correlation 

coefficients of the bilateral frontal lobe and insula with the 

whole brain were calculated, and the FC maps of the ROIs 

with the whole brain were obtained. Finally, Fisher’s r-to-

z transformation was performed to convert the FC matrix 

to a z-value matrix for subsequent statistical analysis. 

Data Processing and Analysis of Brain Imaging 

(DPABI_v3.1, http://rfmri.org/dpabi) [29] was used to 

conduct a two-sample t-test between the two groups for 

each ROI-voxel z-value matrix of FC (TFCE (Threshold-

Free Cluster Enhancement) method for multiple 

comparison enhancement). Resting-State fMRI Data 

Analysis Toolkit Plus (RESTplus_v1.1, 

www.restfmri.net) [30] was used to analyze the 

correlation between the z-value matrixes of FC and 

clinical characteristics (AlphaSim method for multiple 

comparison correction, voxel-level p < 0.05 when cluster 

size > 85 voxels; refer to AlphaSim in AFNI, 

http://afni.nimh.nih.gov/pub/dist/doc/manual/AlphaSim). 

 

 
Table 2. Baseline information of PD patients enrolled in MRI analyses. 
 

  PD – CCPS (n=13) PD + CCPS (n=7) p value 

Age (y) 65.0±5.4 69.7±8.2 0.138a 

Sex (female/male, n) 6/7 4/3 1.000b 

BMI (kg/m2) 23.12±4.48 23.79±3.44 0.735a 

Education (y) 12.0(9.0, 13.0) 10.0(8.0, 14.0) 0.699c 

Disease duration (y) 5.4±4.9 8.4±5.0 0.215a 

Hoehn-Yahr stage 1.7±0.7 2.2±0.7 0.116a 

MDS-UPDRS III 31.6±13.8 35.1±12.5 0.581a 

LEDD (mg) 346.32±372.29d 606.07±213.81 0.111a 

MMSE 28.0(26.0, 29.0) 27.0(25.0, 27.0) 0.056c 

MoCA 23.9±3.0 20.6±6.6 0.140a 
 

PD: Parkinson’s disease; CC: camptocormia; PS: Pisa syndrome; PD – CCPS: PD without CC or PS group; PD 

+ CCPS: PD with CC or PS group; MRI: magnetic resonance imaging; BMI: body mass index; LEDD: levodopa 

equal daily dose; MDS-UPDRS: Movement Disorder Society Unified Parkinson’s Disease Rating Scale; MMSE: 

Mini-Mental State Examination; MoCA: Montreal Cognitive Assessment. The values are expressed as the mean 

± SD for normally distributed continuous variables, mean (interquartile range) for abnormally distributed 

continuous variables, and number for categorical variables. aIndependent samples t-test; bCrosstabs; cMann-

Whitney test. dData were unavailable for 1 patient. p<0.05 is considered statistically significant. 

DTI structural connectivity analyses 

 

After the data were resampled to 2*2*2 mm3 voxels, a 

mask for each subject was generated based on the image 

of the gradient sensitivity factor b=0 s/mm2. The brain 

was extracted by the Brain Extraction Tool (BET) of FSL 

(FMRIB’s Software Library, http://fsl.fmrib.ox.ac.uk/fsl; 

version 5.0.9; threshold set to 0.2) to eliminate the images 

of the scalp and skull[31]. The FDT (FMRIB’s Diffusion 

Toolbox) package in FSL was used to correct the head 

movement and eddy current of the NIFTI data of each 

subject [32]. FA images were obtained by calculating the 

eigenvalues 1, 2 and 3 with the FDT toolbox. 

Deterministic tractography was performed using the 

FACT (Fiber Assignment by Continuous Tracking) 

algorithm in PANDA (www.nitrc.org/projects/panda; 

version 1.3.1) [33] and ended at voxels with FA < 0.2 or 
a tract turning angle of < 45˚ [34]. With the AAL atlas 

being the path of brain parcellation, the average FA matrix 

was obtained across 90 regions. The FA value represents 

the anisotropic diffusion level of white matter in voxels, 

which is the most commonly used indicator for examining 

brain connectivity microstructure. Average FA values of 

fiber between brain regions that were found to be 

significantly valuable from the above FC analyses were 

selected for an independent samples t-test in SPSS 22.0 

software with p < 0.05 considered to indicate statistical 

significance. 

 

Statistical analysis 

 

For comparison of clinical evaluations between the two 

groups, statistical analysis was performed using SPSS 

22.0 software. An independent samples t-test, the Mann-

Whitney test, and the chi-squared test were used to 

compare the corresponding categories of variables 

between groups. Binary logistic regression was used for 
multivariate correlation analysis. p<0.05 was considered 

statistically significant. 

 

http://www.fil.ion.ucl.ac.uk/spm/software/spm12
http://rfmri.org/dpabi
http://www.restfmri.net/
http://afni.nimh.nih.gov/pub/dist/doc/manual/AlphaSim
http://fsl.fmrib.ox.ac.uk/fsl
http://www.nitrc.org/projects/panda
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Figure 1. T value graphs of two independent samples t-test for brain FC between two groups. (A) With the right middle frontal 
gyrus as the ROI, the FC between the ROI and right insula (peak MNI coordinates: x=38, y=11, z=1) was found to be significantly 

decreased in the PD + CCPS group. (B) With the left insula as the ROI, the FC between the ROI and bilateral SMA (peak MNI 
coordinates: left: x=-1, y=-8, z=69; right: x=7, y=-6, z=70) decreased significantly in the PD + CCPS group. (C) With the right insula 
as the ROI, the FC between the ROI and left middle frontal gyrus (peak MNI coordinates: x=-30, y=40, z=25) decreased significantly 
in the PD + CCPS group. Color bar indicates the significance levels in the clusters in t values. (p<0.05, TFCE corrected) FC: functional 
connectivity; ROI: region of interest; SMA: supplementary motor area; MNI: Montreal Neurological Institute. 

RESULTS 

 

Demographic and clinical characteristics 

 

Age, sex, BMI, years of education, disease duration, and 

MMSE and MoCA scores showed no significant 

differences between the two groups. The demographic 

features of subjects enrolled in gait analysis (Table 1) and 

those enrolled in fMRI analysis (Table 2) were also 

comparable. 

The PD + CCPS group had lower BBS scores than the 

PD - CCPS group (p=0.002) and took longer to perform 

the TUG test (p=0.004), indicating that the PD + CCPS 

group had poorer balance control and overall walking 

ability (Table 3). 

 

 
 

Figure 2. Correlation between FC and gait parameters. (A) Decreased FC between the left insula and bilateral SMA 
was significantly correlated with lower BBS score and (B) that between the right insula and bilateral middle frontal 
gyrus was correlated with decreased pelvic obliquity angle and (C) significantly longer time needed in the TUG test 
(p<0.05, AlphaSim corrected). The color bar indicates the correlation levels in the clusters in r values. FC: functional 
connectivity; SMA: supplementary motor area; BBS: Berg Balance Scale; TUG: Timed Up and Go Test. 
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Table 3. Gait parameters of PD patients. 
 

 

 
PD - CCPS (n=21) PD + CCPS (n=16) p value 

Gait-related scales 
   

BBS 54.0(50.0, 55.0)a 43.5(40.3, 49.8) 0.002b 

TUG (s) 10.3(8.5, 12.2)a 16.1(10.8, 18.5) 0.004b 

Kinematic parameters 
   

Cadence (steps/min) 105.0±12.8 104.4±14.8 0.905c 

Double support time (s) 0.24(0.21, 0.31) 0.25(0.22, 0.30) 0.660b 

Step time (s) 0.6±0.1 0.6±0.1 0.937c 

Step length/height (m/m) 0.32(0.30, 0.35) 0.30(0.26, 0.34) 0.059b 

Step width/height (m/m) 0.09(0.07, 0.10) 0.09(0.06, 0.11) 0.774b 

Stride time (s) 1.2±0.1 1.2±0.2 0.842c 

Stride length/height (m/m) 0.64±0.07 0.58±0.13 0.068c 

Walking speed/height (/s) 0.56±0.11 0.50±0.13 0.138c 

Dynamic parameters 
   

Pelvic tilt (°) 19.0±7.1 22.2±9.5 0.256c 

Pelvic obliquity (°) 5.3(4.4, 6.8) 3.7(3.0, 4.3) 0.004b 

Pelvic rotation (°) 8.2(5.3, 9.5) 7.7(4.2, 13.0) 1.000b 

Knee flexion range (°) 54.5±8.5 54.9±11.1 0.903c 

Ankle flexion range (°) 29.7±5.3 29.7±5.7 0.989c 

CoM 
   

Lowering of CoM (yes/no, n) 5/16 9/6d 0.028e 

PD: Parkinson’s disease; CC: camptocormia; PS: Pisa syndrome; PD - CCPS: PD without CC or PS group; PD + CCPS: PD with 

CC or PS group; BBS: Berg Balance Scale; TUG: Timed Up and Go Test; CoM: center of mass. The values are expressed as the 

mean ± SD for normally distributed continuous variables, mean (interquartile range) for abnormally distributed continuous 

variables, and number for categorical variables. aData were unavailable for 8 patients. bMann-Whitney test. cIndependent sample 

t-test. dData were unavailable for 1 patient. eCrosstabs. p<0.05 indicate statistical significance. 

 

No significant differences in kinematic parameters 

were found between the two groups. In the dynamic 

parameters, the PD + CCPS group had a smaller angle of 

pelvic obliquity than the PD - CCPS group (3.7(3.0, 4.3)° 

vs. 5.3(4.4, 6.8)°, p=0.004), which showed that the former 

had a narrower range of motion for pelvic coronal tilt 

while walking. In addition, the proportion of patients with 

progressive downward CoM movement was significantly 

higher in the PD + CCPS group than in the PD - CCPS 

group (60.0% vs. 23.8%, p=0.028) (Table 3). 

Multivariate correlation analysis indicated that the pelvic 

obliquity angle (p=0.019, OR=0.458, 95%CI: 0.239-

0.877) and the progressive downward movement of the 

CoM during walking (p=0.023, OR=8.897, 95%CI: 

1.355-58.444) were independently associated with 

postural abnormalities in PD (Table 4). 

 

Discovering FC abnormalities in the PDPA group 

 

After analyses of the insula and frontal lobes as ROIs, 

significant differences between the FC maps of the two 

groups were shown in the connections between the right 
middle frontal gyrus and right insula (peak MNI 

coordinates: x=38, y=11, z=1; right middle frontal gyrus 

as ROI, Fig. 1A), between the left insula and bilateral 

supplementary motor areas (SMA; peak MNI coordinates, 

left SMA: x=-1, y=-8, z=69; right SMA: x=7, y=-6, z=70; 

left insula as ROI, Fig. 1B), and between the right insula 

and left middle frontal gyrus (peak MNI coordinates: x=-

30, y=40, z=25; right insula as ROI, Fig. 1C) (all p < 0.05, 

TFCE-corrected). These results indicated that the FC 

between the left insula and bilateral SMA and between the 

right insula and bilateral middle frontal gyrus were 

significantly weaker in the PD + CCPS group than in the 

PD - CCPS group. 

 

Confirming correlations between FC decreases and gait 

dysfunction 

 

Gait parameters with significant differences, including 

BBS score, TUG test time, and pelvic obliquity angle, 

were selected for correlation analyses with FC in the areas 

mentioned above. The results showed that patients with 

low BBS scores had decreased FC between the left insula 

and bilateral SMA and that those with a small pelvic 

obliquity angle or poor TUG performance had decreased 
FC between the right insula and bilateral middle frontal 

gyrus (all p < 0.05, AlphaSim corrected) (Fig. 2). 
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Table 4. Independently associated factors within the gait parameters of PDPA. 

  
Univariate analysis 

 
Multivariate analysis 

 
p value OR 95%CI 

 
p value OR 95%CI 

Pelvic obliquity (°) 0.017 0.546 (0.332-0.899) 
 

0.019 0.458 (0.239-0.877) 

Lowering of CoM (yes) 0.033 4.800 (1.137-20.272) 
 

0.023 8.897 (1.355-58.444) 
 

CoM: center of mass; OR: odds ratio; CI: confidence interval. p<0.05 is considered statistically significant. 

 

Providing a structural basis for functional abnormalities 

via FA comparison 

 

As we found significant FC abnormalities with correlated 

gait dysfunctions between the left insula and bilateral 

SMA and between the right insula and bilateral middle 

frontal gyrus in the PDPA group, we further performed 

DTI structural connectivity analysis searching for a 

structural basis. The average FA of fibers between the left 

insula and bilateral SMA and of fibers between the right 

insula and bilateral middle frontal gyrus were analyzed. A 

significant average FA decrease in the fibers (p = 0.019) 

connecting the left insula and left SMA was found in the 

PD + CCPS group (Fig. 3). However, there were no 

significant differences in the other fibers between the two 

groups (p > 0.05). 

 

 

 
 
Figure 3. Comparison of average FA between two groups. The PD + CCPS group exhibited decreased structural 
connectivity compared with the PD - CCPS group in the fiber connecting the left insula and left SMA (red nodes and red thick 
lines; p = 0.019). No significant differences in the other fibers were found between the two groups (p > 0.05; yellow nodes and 
yellow thin lines). SMA.L: left supplementary motor area; SMA.R: right supplementary motor area; INS.L: left insula; INS.R: 
right insula; SFGdor.L: left dorsal superior frontal gyrus; SFGdor.R: right dorsal superior frontal gyrus; MFG.L: left middle 
frontal gyrus; MFG.R: right middle frontal gyrus; ORBinf.L: orbital part of left inferior frontal gyrus; ORBinf.R: orbital part 
of right inferior frontal gyrus. 

DISCUSSION 

 

Pelvic movement is important for maintaining trunk 

posture and ambulatory limb movement. Testing of a gait 

assistance robot design based on a mouse model of severe 

spinal cord damage showed that the direction of the trunk 

is closely related to the movement and muscle activity of 

the lower limbs and receives balance correction from the 

proprioceptive sensory feedback of the flexor and 

extensor muscles, highlighting the importance of trunk 

adjustment in balance during walking [35]. A number of 
previously used nerve rehabilitation instruments fixed the 

pelvis during walking training, but some studies further 

found pelvic fixation to be unfavorable for gait dynamics, 

suggesting that pelvic fixation should be avoided in 

walking training [36]. In our study, PDPA was found to 

feature a significant decrease in pelvic obliquity angle, 

meaning a reduced coronal fluctuation range of the pelvis 

as well as its connections to the legs, which is similar to 

the pattern of pelvic fixation mentioned previously and 

thus inducing poorer gait dynamics. 

In our 3D gait test, a small number of subjects with 

normal posture were observed to have a slight but 

significant progressive downward movement of the CoM, 

which neither the patients nor the neurologists detected 
visually. Moreover, our study indicated that the 

proportion of this phenomenon was significantly higher in 

PDPA than in PD with normal posture. No other studies 
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use this indicator for reference. The pathogenesis of 

PDPA is likely a process from quantitative change to 

qualitative change; therefore, the progressive downward 

movement of the CoM during walking, as detected by the 

3D gait test, could potentially be an early predictor of CC 

or PS in PD. This parameter is worth exploring in other 

diseases, such as multiple system atrophy, which also 

commonly co-occurs with postural abnormalities. 

However, prospective studies are needed to provide 

higher levels of clinical evidence of its predictive efficacy. 

The insula is generally believed to be closely related 

to motor control and cognitive function. A study on 

chronic subjective dizziness (CSD) using fMRI 

demonstrated that the insula, as part of the parieto-insular 

vestibular cortex (PIVC), has significantly weaker FC 

with the rest of the PIVC in CSD patients than in healthy 

individuals, which may be related to the long-term 

vestibular symptoms of CSD[11]. Thus, the insula is 

important for the vestibular function of the human body; 

on the other hand, vestibular dysfunction is part of the 

pathogenic mechanism of postural abnormalities in PD. 

Furthermore, our study shows that the FC of the insula 

with several other areas in the brain decreases in PDPA. 

All these results point to the noteworthy relationship 

between the insula and pathogenic mechanism of PDPA. 

The frontal lobe has been shown to be important in 

postural adjustment and CoM stability in a study using 

electroencephalography [37]. Another study found that 

the ability to imitate finger gestures is related to the frontal 

lobe, insula and basal ganglia in the brain functional 

network of apraxia [13]. On the one hand, apraxia may 

share some mechanisms with PDPA, considering their 

similar clinical characteristics. On the other hand, the 

postures studied in apraxia fall within the category of 

limbs rather than the trunk, but common mechanisms 

likely exist for the postural abnormality of different parts 

in the human body. In our study, the FC connecting the 

insula with both the middle frontal gyrus and SMA 

decreased significantly in PDPA, as did the FA of the fiber 

connecting the left insula and left SMA, further indicating 

that the frontal lobe, SMA and insula are related to 

postural abnormalities in PD. In addition, other clinical 

studies have shown that PDPA patients also have other 

notable clinical symptoms of frontal lobe dysfunctions, 

such as fatigue, attentional decline, and memory deficit 

[38]. These results provide evidence for the relationship 

between the frontal lobe (especially the middle frontal 

gyrus), SMA, insula and PDPA and provide evidence for 

further basic research and potential intervention. 

Previous studies have shown that the frontal lobe, the 

insula combined with the parietal lobe, and the anterior 

cingulate gyrus play an important role in goal-directed 

movements. Additionally, the frontal lobe, SMA, and 

cerebellar vermis work together to control postural and 

motor stability when movement involves acceleration and 

balance [39]. A study that used event-related functional 

near-infrared spectroscopy to explore the mechanism of 

balance disabilities in hemiplegic stroke patients revealed 

that oxygenated hemoglobin levels of bilateral prefrontal 

lobes and bilateral SMA regions are positively correlated 

with BBS balance ability [40]. In our study, decreased FC 

between the left insula and bilateral SMA, correlated with 

decreased BBS balance ability and decreased FA between 

the left insula and left SMA, was shown to exist in PDPA, 

which is consistent with previous studies in which SMA 

was reported to regulate balance ability. Moreover, our 

study finds that weakness of FC between the right insula 

and bilateral middle frontal gyrus is related to decreases 

in the coronal motor range of the pelvis and 

comprehensive walking ability in the TUG test, which is 

also consistent with previous studies confirming the effect 

of the frontal lobe and insula on goal-targeted movement. 

Thus, weakness of FC between the insula, SMA and 

frontal lobes with a decrease in structural connectivity 

between the left insula and left SMA in PDPA is probably 

the internal mechanism of its coexisting gait dysfunction. 

Our study has some limitations. The observed gait 

parameters in this study include only those closely related 

to clinical practice; other potentially valuable indicators 

may have been omitted. Additionally, as a retrospective 

case-control study, our study cannot address the 

sequential or causal relationships of the correlated results. 

Moreover, a larger sample size would increase the 

accuracy and credibility of the results. In our study, most 

PDPA patients suffered advanced stages of PD, and motor 

ability was severely limited in the off-state; therefore, we 

performed all assessments 1-2 h after the subjects took 

their routine medication. We admit that if feasible and 

safe, off-state study would further avoid potential 

interference of medication effects and may provide more 

accurate evidence of pathogenic exploration. 

Additionally, the MRI analysis may have produced some 

false positive or false negative results, although such 

errors have been minimized by cross-referencing the 

statistical findings for MRI data and clinical 

manifestations in our study. 

In conclusion, this study is the first to show that a 

decreased pelvic obliquity angle and progressive 

downward movement of the CoM during walking are 

independently associated with postural abnormalities in 

PD. Additionally, we have demonstrated that gait 

dysfunction is correlated with decreased FC between the 

left insula and bilateral SMA and between the right insula 

and bilateral middle frontal gyrus; additionally, decreased 

FA of the fibers connecting the left insula with the left 

SMA provides structural evidence for the underlying 

pathogenic mechanism of PDPA. These findings provide 

a new reference for the underlying pathogenesis and early 
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detection of postural abnormalities in PD and suggest new 

targets for potential intervention. 
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