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Freezing of gait (FOG) in Parkinson’s disease (PD) leads to devastating consequences;

however, little is known about its functional brain network. We explored the differences

in degree centrality (DC) of functional networks among PD with FOG (PD FOG+),

PD without FOG (PD FOG–), and healthy control (HC) groups. In all, 24 PD FOG+,

37 PD FOG–, and 22 HCs were recruited and their resting-state functional magnetic

imaging images were acquired. The whole brain network was analyzed using graph

theory analysis. DC was compared among groups using the two-sample t-test. The DC

values of disrupted brain regions were correlated with the FOG Questionnaire (FOGQ)

scores. Receiver operating characteristic curve analysis was performed. We found

significant differences in DC among groups. Compared with HCs, PD FOG+ patients

showed decreased DC in the middle frontal gyrus (MFG), superior temporal gyrus (STG),

parahippocampal gyrus (PhG), inferior temporal gyrus (ITG), and middle temporal gyrus

(MTG). Compared with HC, PD FOG– presented with decreased DC in the MFG, STG,

PhG, and ITG. Compared with PD FOG–, PD FOG+ showed decreased DC in the MFG

and ITG. A negative correlation existed between the DC of ITG and FOGQ scores; the

DC in ITG could distinguish PD FOG+ from PD FOG– and HC. The calculated AUCs

were 81.3, 89.5, and 77.7% for PD FOG+ vs. HC, PD FOG– vs. HC, and PD FOG+

vs. PD FOG–, respectively. In conclusion, decreased DC of ITG in PD FOG+ patients

compared to PD FOG– patients and HCs may be a unique feature for PD FOG+ and

can likely distinguish PD FOG+ from PD FOG– and HC groups.
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INTRODUCTION

Freezing of gait (FOG) is a disabling condition that often affects people with advanced-stage
Parkinson’s disease (PD) (1). PD with FOG (PD FOG+) patients have difficulty in walking
effectively (2, 3) and their quality of life and overall health are also greatly affected (4). The clinical
manifestation of FOG is that when the patients attempt to walk or advance, their steps are suddenly
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interrupted or significantly reduced. PD FOG+ patients often
report that their feet seem stuck to the floor or sucked by the
floor, making it difficult to lift their feet and/or step forward
(5). The typical FOG symptom usually lasts for a few seconds,
but occasionally can last for 30 s or more (6). Unlike other
cardinal symptoms, FOG cannot be satisfactorily managed by
dopaminergic medication or deep brain stimulation (7, 8).

At present, there is no unified understanding of the
pathophysiological mechanism of FOG (9, 10). Some recent
studies suggest that PD FOG+ patients have difficulty in
performing movements, which leads to them focusing more
on the execution of the said movement (11, 12), while
other studies indicate that PD FOG+ patients have executive
function disorder and cannot perform well when they are
required to respond (4, 13). In addition, FOG also includes
several important aspects such as impaired motor rhythm
control, loss of bilateral coordination, and asymmetry of
gait [(14–16)]. In recent years, an increasing number of
neuroimaging studies have shown alternations in brain structure
and function in PD FOG+ patients. Structural MRI studies
have shown gray matter loss and white matter damage in
different cortical and subcortical areas including the frontal
and parietal cortex, brainstem, and basal ganglia in PD FOG+
patients (17, 18). Novel insights indicate that FOG is related
not only to specific brain structure damage but also to brain
functional alterations.

Resting-state functional magnetic resonance imaging (rs-
fMRI) reflects neuronal activity in the resting state and can be
used to detect functional connectivity (FC) and large-scale brain
network organization via blood oxygen level dependent (BOLD)
signal fluctuation. Brain regions of cortico-striatal network
have been found of the abnormal neural oscillations in the in
the slow 4- and slow 5-band in PD, suggesting a frequency-
dependent activity (19). Between putamen and supplementary
motor regions, compared with HC, PD patients present the
enhanced functional connectivity (20). PD pathology triggers the
regions of executive control network less than the those in default
mode network (21).

Wang et al. reported that PD FOG+ patients showed
abnormal pedunculopontine nucleus FC, which was mainly

Abbreviations: ANOVA, analysis of variance; AUC, area under the curve;

BOLD, blood oxygen level dependent; CI, confidence interval; CSF, cerebrospinal

fluid; DC, degree centrality; EPI, echo-planar imaging; FAB, Frontal Assessment

Battery; FC, functional connectivity; FDR, false discovery rate; fMRI, functional

magnetic resonance imaging; FOG, freezing of gait; FOGQ, freezing of gait

questionnaire; FOV, field of view; GRETNA,GRaph thEoreTical NetworkAnalysis;

GTA, Graph theory analysis; HARS, Hamilton Anxiety Rating Scale; HC,

healthy control; HDRS, Hamilton Depression Rating Scale; H&Y, Hoehn and

Yahr; ICA, independent component analysis; IPL, inferior parietal lobule; ITG,

inferior temporal gyrus; MFG, middle frontal gyrus; MMSE, Mini-mental State

Examination; MoCA, Montreal Cognitive Assessment; MTG, middle temporal

gyrus; PD, Parkinson’s disease; PD FOG+, Parkinson’s disease with freezing of gait;

PD FOG–, Parkinson’s disease without freezing of gait; PhG, parahippocampal

gyrus; ROC, receiver operating characteristic; ROI, region of interest; RSFC,

resting-state functional connectivity; RS-fMRI, resting state-functional magnetic

resonance imaging; STG, superior temporal gyrus; TE, echo time; TR, repetition

time; TUG, timed Up and Go; UPDRS, Unified Parkinson’s Disease Rating Scale;

WM, white matter.

concentrated in the corticopontine-cerebellar pathways along
with the visual temporal areas (22). Using the method of
independent component analysis (ICA), researchers have found
that the functional connection of executive attention and visual
neural network is interrupted in PD FOG+ patients (23, 24).
Current studies have shown that extensive functional damage
of cortical and subcortical brain structures, involving multiple
brain networks, is closely related to FOG in PD. However, these
studies did not integrate the specificity of brain regions and
connectivity between different brain regions into an analytical
framework for patients with FOG. From the perspective of
brain function network, studies are ongoing with respect to
further investigations regarding the mechanism of FOG. Most
of these previous studies have mainly focused on the functional
connections (FC) in specific brain sub-networks; however, the
topological organization of the whole brain functional network
in FOG is still poorly understood.

Graph theory has become an increasingly powerful tool to
study the topological characteristics of brain networks, and
complex brain network analysis technology based on graph
theory is an area of focus in current neuroscience research (25–
29). Typically, to complete a simple task, the human brain relies
on the interaction and coordination of various functional areas.
Studies on the human brain system from the perspective of
complex networks, especially the topological structure formed by
the interaction of various functional areas, may aid researchers
to further investigate the mechanism of information processing
and mental expression in the brain (30, 31). Some studies have
reported changes in the connectivity within the sensorimotor
network and the interaction between the visual network and
other brain modules in Parkinson’s patients (32–34). In addition,
significant differences of topological characteristics between PD
and HC are reported in the default mode network and the
occipital region (35, 36).

Research on the topological properties of resting functional
brain networks is helpful to understand the pathophysiology
of diseases (37). Degree centrality (DC), as a graph theory
measure, is the most direct indicator of node centrality in brain
network analysis (38). DC reflects the importance of nodes
in the entire network and their information communication
capabilities. The greater the DC of a node, the more important
the node is in the entire brain network, and the stronger its
information communication capabilities (39). Therefore, DC
is a very important topological property in the functional
brain network.

In this study, we explored the abnormalities of DC in the
functional brain network among three groups, namely, PD
FOG+, PD FOG–, and healthy controls (HCs). For this, the
GRaph thEoreTical Network Analysis (GRETNA) toolbox was
used to construct the entire functional brain network, and
graph theory analysis (GTA) method was used to analyze the
abnormalities of DC attributes. The DC values of disrupted brain
regions in PD FOG+ were correlated to the FOG Questionnaire
(FOGQ) score. Receiver operating characteristic (ROC) curve
analysis was performed to evaluate the discriminative capability
of related DC among the three groups.
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MATERIALS AND METHODS

Participants
In this study, we enlisted 61 right-handed PD patients. All
patients met the diagnostic criteria of the UK Brain Bank for
PD. Patients were excluded if the following conditions were met:
(1) Severe tremor, severe brain injury, musculoskeletal disease,
history of stroke; (2) Serious impact on gait stability: visual
impairment diseases, bone and joint diseases, musculoskeletal
diseases; (3) Significant cognitive dysfunction [Mini-Mental State
Examination (MMSE) score < 24]; and (4) Unsuitable for MRI
because of claustrophobia or having metal implants. The criteria
for patients deemed to have PD FOG+ were as follows: (1)
The patients’ FOGQ scores were >1; and (2) After a series of
exercise tests, two or more experienced neurologists determined
that patients have FOG.

We recruited 22 right-handed healthy controls from the
community through poster advertisements, including 13 female
and 9 male. The exclusive criteria of HCs are given as follows:
(1) MMSE score is <24; (2) Any (other) major systemic, mental
or neurological diseases (i.e., depression, dementia) is available;
(3) Focal or diffuse brain injury as determined by conventional
MRI, including defects and extensive cerebrovascular diseases,
is available.

Finally, 83 participants are included in this study, including
24 PD FOG+ patients, 37 PD FOG– patients, and 22 healthy
controls matched by age, sex, and education level. This study
was approved by the Ethics Committee of Guangzhou First
People’s Hospital and was conducted in adherence with the
1964 Declaration of Helsinki and its subsequent amendments or
similar ethical standards. All subjects signed an informed consent
form before participating in this study.

Clinical Assessment
We evaluated all PD patients with respect to motor and
cognitive abilities, including general cognition and executive
functions in particular. The Unified Parkinson’s Disease Rating
Scale (UPDRS-III) (40) and the Hoehn and Yahr (H&Y) scale
were used to assess the severity of motor symptoms (41). The
Timed Up and Go (TUG) test was used to evaluate patients’
functional walking ability (42). The FOGQ score was employed
to evaluate the severity of FOG. Both MMSE and Montreal
Cognitive Assessment (MoCA) were used to assess intellectual
status and cognitive function. The Frontal Assessment Battery
(FAB) (43) test was used to assess executive functions related to
the frontal lobes. Both Hamilton Anxiety Rating Scale (HARS)
and Hamilton Depression Rating Scale (HDRS) were used to
assess depression and anxiety levels.

MRI Data Acquisition
A 3.0T MAGNETOM Verio whole body MRI system (Siemens,
Munich, Germany) equipped with an eight-channel phased-
array head coil was used for MRI scanning. To eliminate the
effect of drugs on neural activity, all PD patients were in the
“off” state for image acquisition (i.e., patients were asked to
stop taking anti-Parkinson’s drugs for at least 12 h). Further,
to reduce the subjects’ head movement and noise as much as

possible, tight foam padding and noise-reducing earplugs were
used. All participants were guided to keep still, stay awake,
close their eyes, and avoid thinking about anything as much
as possible.

Three-dimensional (3D) anatomical images were acquired
with T1-weighted sequence. The repetition time (TR) was
1,900ms; echo time (TE), 102ms; flip angle, 9◦; thickness,
1.0mm; number of slices, 160; field of view (FOV), 250 × 250
mm2; dimension of matrix, 256 × 256; and voxel size, 1.0 × 1.0
× 1.0 mm3. The rs-fMRI images were obtained by using echo-
planar imaging (EPI) sequence (TR was 2,000ms; TE, 21ms; flip
angle, 78◦; FOV, 192 × 192 mm2; dimension of matrix, 64 × 64;
time points, 220; slice thickness, 3.0mm; and voxel size, 3 × 3
× 3 mm3). The flip angle of 78◦ is based on the comprehensive
consideration of the signal-to-noise ratio and contrast of the
scanned image. The larger the flip angle, the higher the signal-
to-noise ratio of the image, but the contrast of the image will
decrease. Considering the tradeoff of the signal-to-noise ratio and
contrast, we finally chose a flip angle of 78◦.

Overview of the Study Procedure
There were five main steps in our study procedure (Figure 1):
(1) Image preprocessing was conducted for rs-fMRI and T1-
weighted images. (2) Functional brain network was constructed
and FC matrices were calculated. (3) Two-sample t-test was used
to identify significant differences in DC in all brain regions across
the three groups. (4) Correlation analysis was performed between
the DC value of disrupted brain regions in the PD FOG+ group
and FOGQ score. (5) ROC curve analysis was carried out to
evaluate the discriminative capability of related DC among the
three groups.

Preprocessing of fMRI Data
Data Processing Assistant for Resting-State fMRI (DPARSF)
edition V5.4 was applied to preprocess the rs-fMRI data (44).
Briefly, the preprocessing steps include the following: (1) image
conversion from DICOM format to NIFIT format; (2) removing
the first 10 time points of each subject’s image to eliminate
non-equilibrium effects of magnetization and allowing subjects
to get used to the scanning environment; (3) time correction
between slices to eliminate the difference of image acquisition;
(4) T1-weighted images were co-registered to EPI scans; (5) the
method of “New Segment + Dartel” was used for gray matter,
cerebrospinal fluid (CSF), and white matter (WM) segmentation;
(6) spatial normalization with resampling to a voxel size of 3
× 3 × 3 mm3; (7) spatial smoothing (Gaussian kernel with
6-mm full width at half maximum); (8) temporal bandpass
filtering at low frequency (0.01–0.08Hz); and (9) nuisance
regression (including WM signal, CSF signal, and six head
motion parameters).

Besides the visual inspection, we have themeasures to evaluate
the registration of T1 and EPI scans for all subjects. If the
head motion in the registration is larger than 2mm (translation)
or 2◦ (angular rotation), this subject will be excluded for the
further study. The related contents have been added into the
revised manuscript.
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FIGURE 1 | The study procedure of image preprocessing, functional network construction, DC, correlation, and ROC analysis (rs-fMRI, resting-state functional

magnetic resonance imaging; T1-WI, T1-weighted imaging; FC, functional connectivity; HC, healthy control; PD FOG+, Parkinson’s disease with freezing of gait; PD

FOG−, Parkinson’s disease without freezing of gait; DC, degree centrality; ROC, receiver operating characteristic curve).

Network Construction
The construction of functional brain network was based on the
GRETNA toolbox (https://www.nitrc.org/projects/gretna) (45).
Previous studies on brain network construction and computation
also applied this method (46–49). Using the Human Brainnetome
Atlas, the whole brain was divided into 48 brain regions which
are further divided into 246 subregions (no. 1–246) (50). Each
subregion represents a network node. The Pearson correlation
coefficients were used for calculating the edges of brain network.
Finally, the symmetric functional connectivity matrix with 246×
246 was constructed for further network analysis.

Network Metrics
The GTA method was applied to calculate DC, which is one
of most important topological properties of functional brain
network at the regional level. DC is the most direct measure
to describe the centrality of nodes in network analysis. The
larger the DC of a node, the more important the node is in the
network. In addition, it acts as the hub of network information
transmission in the functional brain network (38).

The area under the curve (AUC) of each matrix was calculated
by using the GRETNA toolbox (45). The AUC could provide
an outline scalar quality for topological properties of functional
brain network, which is independent of signal threshold value
selection. In addition, it is also very sensitive to topological
changes in neurological diseases (46, 51). The matrix of each
subject will be set with a threshold, which will produce a binary

undirected network. The network has different link densities,
ranging from 0 to 100% in increments of 1%.

Statistical Analysis
Demographic and clinical characteristics of all subjects in
different groups were compared and analyzed through Statistical
Product and Service Solutions (SPSS), version 24.0 (52). ANOVA
with post-hoc tests is utilized for comparing variables between
the three groups (HC, PD FOG+, and PD FOG–). The
Mann–Whitney U-test is for comparing variables between two
groups. The gender of participants is compared by using the
chi-squared test.

For each brain region, DC is compared for PD FOG+ vs. HCs,
PD FOG– vs. HCs, and PD FOG+ vs. PD FOG–. Specifically,
in the DC comparison, the age, gender, and disease duration
have been taken into account as the covariates by using a
pairwise two-sample t-test. False discovery rate (FDR) was used
to perform multiple comparison corrections. p < 0.05 indicated
a significant difference.

In both PD FOG+ and PD FOG– groups, the brain regions
that showed significant difference (p < 0.05) were selected as
ROI. Then, the DC values of these abnormal brain regions were
extracted and correlated with the FOGQ scores of PD FOG+
patients to obtain the Pearson correlation coefficient. In addition,
the extracted DC values were also used for ROC analysis (53). In
the ROC analysis, we reported the sensitivity, specificity, correct
classification, and AUC for the cut-off value (54). The choice
of cut-off value was to use the Youden’s index and the shortest
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distance from the coordinate (0, 1) on the ROC curve. The closer
the AUC value was to 1, the stronger the classification ability of
the findings.

RESULTS

Demographic and Clinical Characteristics
Demographic and clinical characteristics of the participants
are summarized in Table 1. As for age, education level, sex,
and MMSE scores, no significant differences have been found
between HC, PD FOG–, and PD FOG+ groups (p > 0.05).
PD FOG+ patients showed significant differences in disease
duration, FOGQ, FAB, and TUG scores (p < 0.05), but there
was no difference in terms of UPDRS-III score, H&Y scale score,
MoCA, HDRS, or HARS scores (p > 0.05) between PD FOG+
and PD FOG– groups.

Difference in DC Among Groups
As shown in Figure 2, significant difference in the nodal DC
was observed in some brain regions among the PD FOG+,
PD FOG–, and HC groups. Compared with HCs, PD FOG+
patients showed decreased DC in the left and right middle
frontal gyrus (MFG), left superior temporal gyrus (STG), left
and right parahippocampal gyrus (PhG), left and right inferior
temporal gyrus (ITG), and right middle temporal gyrus (MTG)
and increased DC in the left and right inferior parietal lobule

TABLE 1 | Demographic and clinical characteristics of participants.

Parameter HC PD FOG+ PD FOG– p-value

(n = 22) (n = 24) (n = 37)

Age, years 62.5 ± 3.8 65.5 ± 6.1 64.1 ± 8.2 0.298a

Education,

years

10.98 ± 2.34 9.35 ± 3.42 10.65 ± 4.25 0.36a

Sex,

female/male

13/9 11/13 18/19 0.452b

Disease

duration,

years

NA 6.00 ± 5.25 3.01 ± 3.21 0.0083c

UPDRS-III NA 22.4 ± 6.72 21.34 ± 10.30 0.18c

H and Y scale NA 2.49 ± 0.51 2.07 ± 0.49 0.17c

FOGQ NA 9.25 ± 5.87 1.54 ± 1.67 <0.001c*

MMSE 26.58 ± 1.62 25.27 ± 4.01 25.71 ± 4.25 0.582a

MoCA NA 21.08 ± 4.77 21.89 ± 5.66 0.372c

FAB NA 13.8 ± 2.6 15.7 ± 1.5 <0.001c*

TUG NA 12.5 ± 1.6 1.9 ± 0.7 <0.001c*

HDRS NA 7.82 ± 6.35 9.67 ± 6.23 0.37c

HARS NA 11.32 ± 6.74 10.56 ± 7.56 0.69c

Data are shown as mean ± standard deviation. *p < 0.05; aone-way analysis of variance;
bchi-squared test; cMann–Whitney U-test.

FAB, Frontal Assessment Battery; FOGQ, Freezing of Gait Questionnaire; H and Y, Hoehn

and Yahr; HARS, Hamilton Anxiety Rating Scale; HDRS, Hamilton Depression Rating

Scale; HC, healthy control; MMSE, Mini-mental State Examination; MoCA, Montreal

Cognitive Assessment; NA, not applicable; PD FOG+, Parkinson’s disease with freezing

of gait; PD FOG–, Parkinson’s disease without freezing of gait; TUG, Timed Up and Go;

UPDRS, Unified Parkinson’s Disease Rating Scale.

(IPL) (Figures 2A,D). Compared with HCs, PD FOG– patients
showed decreased DC in the left MFG, left STG, right PhG,
and left and right ITG regions (Figures 2B,E). Compared to PD
FOG– patients, PD FOG+ patients showed decreased DC in the
right ITG and left MFG (Figures 2C,F).

In the comparison of PD FOG+ vs. HCs and PD FOG–
vs. HCs, there were five common regions with decreased DC,
comprising left MFG, left STG, right PhG, and left and right ITG.
More regions including the right MFG, right MTG, and left PhG
with decreased DC were observed in PD FOG+ vs. HCs than in
PD FOG– vs. HCs.

Correlation Between DC and FOG Severity
Based on the GTA results, we used Pearson’s correlation analysis
to further investigate the association between FOGQ scores and
DC. As shown in Figure 3, for the two brain regions with
significantly different DC in PD FOG+ vs. PD FOG–, we found
that the DC in the right ITG of PD FOG+ patients was negatively
correlated with their FOGQ scores (p = 0.0135, r = −0.4967)
(FDR corrected). On the contrary, no significant correlation was
noted betweenDC in the left MFG and FOGQ scores (p= 0.1767,
r =−0.2852) (FDR corrected).

For the 10 brain regions with significantly different DC in PD
FOG+ vs. HC, the p-value and r-value of correlation analysis is
given in Table 2. Except for right ITG, DC is not significantly
correlated with FOGQ score for the other nine regions (p> 0.05).

Analysis of ROC Curves
In the pairwise comparison of the three study groups, we found
that the DC value of the right ITG region showed a significant
difference. Therefore, we set the right ITG region identified in
PD FOG+ vs. PD FOG– as ROI and extracted its DC value for
further ROC analysis. The ROC results of right ITG are shown
in Figure 4A. The AUC of right ITG was 0.813 [95% confidence
interval (CI): 0.697–0.929, p < 0.001] when distinguishing PD
FOG+ patients from PD FOG– patients; 0.895 (95% CI: 0.788–1,
p < 0.001) when distinguishing PD FOG+ patients from HCs;
and 0.777 (95% CI: 0.641–0.913, p < 0.001) when distinguishing
PD FOG– from HCs. Further analysis showed that the specificity
for differentiating PD FOG+ from PD FOG– and HCs was
relatively high, up to 91.9% (DC value of cut-off point: 119.5) and
90.9% (DC value of cut-off point: 133.0), respectively (Table 3).

Similarly, we used the DC value of left MFG for further ROC
analyses. As shown in Figure 4B, the AUC of left MFG was 0.524
(95% CI: 0.368–0.679) when differentiating PD FOG+ from
PD FOG–; 0.697 (95% CI: 0.541–0.853) when differentiating
PD FOG+ from HC; and 0.695 (95% CI: 0.540–0.850) when
differentiating PD FOG– from HC. In contrast to right ITG, the
DC value of left MFG did not have a good discriminative ability.
Using the cut-off value of 107.5, 116.0, and 122.5, the specificity
was 64.9, 68.2, and 54.5% for PD FOG+ vs. PD FOG–, PD FOG+
vs. HC, and PD FOG– vs. HC, respectively.

For the 10 brain regions with significantly different DC in PD
FOG+ vs. HC, the AUC value of ROC analysis is given inTable 2.
Except for right ITG, the AUC value is smaller than 0.7 for the
other nine regions. It is noted that AUC ofMFG (L) in PD FOG+
vs. HC (Table 2) is different from that in PD FOG+ vs. PD FOG–
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FIGURE 2 | Brain regions showed significant differences in degree centrality (DC) among three groups (p < 0.05, FDR correction). (A) Brain regions with significant

DC in PD FOG+ vs. HC. (B) Brain regions with significant DC in PD FOG– vs. HC. (C) Brain regions with significant DC in PD FOG+ vs. PD FOG–. (D) DC values of

brain regions showing significant differences in PD FOG+ vs. HC. (E) DC values of brain regions showing significant differences in PD FOG– vs. HC. (F) DC values of

brain regions showing significant differences in PD FOG+ vs. PD FOG–.

(Table 3). The reason is that the two subregions identified in PD
FOG+ vs. HC and PD FOG+ vs. PD FOG– are different, though
both belong toMFG (L). MFG (L) includes seven subregions (no.

15, 17, 19, 21, 23, 25, and 27). Our DC comparison is at the level
of 246 subregions. In PD FOG+ vs. HC, the significant difference
in DC is observed in the subregion of no. 15. However, in PD
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FIGURE 3 | Correlation analysis between DC and FOGQ scores in right inferior temporal gyrus (ITG) and left middle frontal gyrus (MFG). (A) The negative correlation

between DC values and FOGQ scores in right ITG. (B) The negative correlation between DC values and FOGQ scores in left MFG.

TABLE 2 | Correlation and ROC analysis results of 10 brain regions with significantly different DC in PD FOG+ vs. HC.

Brain regions Measures of correlation analysis AUC of ROC analysis

p-value r-value PD FOG+ vs. HC PD FOG– vs. HC PD FOG+ vs. PD FOG–

ITG (R) 0.0135 −0.4967 0.859 0.777 0.813

MFG (L) 0.1562 −0.2763 0.682 0.673 0.536

MFG (R) 0.2574 −0.2242 0.637 0.526 0.557

STG (L) 0.1465 −0.3218 0.662 0.647 0.513

ITG (L) 0.3726 −0.1723 0.592 0.527 0.512

PhG (L) 0.2149 −0.2512 0.614 0.572 0.625

PhG (R) 0.1582 −0.3016 0.625 0.582 0.533

IPL (L) 0.3236 0.1718 0.542 0.579 0.549

IPL (R) 0.2874 0.2453 0.583 0.573 0.525

MTG (R) 0.3563 −0.1813 0.571 0.531 0.546

FOG+ vs. PD FOG–, the significant difference in DC is observed
in the subregion of no. 23.

DISCUSSION

In this study, we constructed a functional brain network and used
GTA to perform statistical analysis on DC in the PD FOG+, PD
FOG–, and HC groups. The major finding of our study is that
the DC among the three groups showed significant differences.
Correlation analysis found that the DC of right ITG and FOGQ
were negatively correlated, which indicates that the information
communication ability of right ITG became poor with increasing
FOG severity. The ROC results showed that the DC of the right
ITG could well-distinguish PD FOG+ from the PD FOG– and
HC groups. This may indicate that the right ITG region plays an
important role in the physiological mechanism of PD FOG.

The ITG exhibited a lower nodal centrality in PD FOG+
patients than in PD FOG– and HCs. Nodal centrality is a
powerful measure to assess the relative importance of a node
in functional brain network and has been used to evaluate the

information integration ability of a single region within brain
networks (28). Our results showed significant differences in the
information transmission and communication of the ITG region
in the functional brain network.

These results are consistent with previous studies about
FOG. Wang et al. found that compared with HCs and
PD FOG– patients, PD FOG+ patients showed abnormal
pedunculopontine nucleus functional connectivity, mainly in the
visual temporal gyrus (right MTG and right ITG) (22). More
recently, Jung et al. (55) showed that the connectivity between
the left ITG and right fusiform gyrus is inversely proportional to
FOG latency. Moreover, the study by Hu et al. demonstrated that
PD FOG+ patients exhibited a higher amplitude of low frequency
fluctuations (ALFF) (56) in the left ITG and lower ALFF in right
MFG than both the PD FOG– and HC groups.

FOG often occurs when starting, turning, or passing through
narrow aisles or doors. It takes a long time for the patient to move
slowly to adapt before starting to walk again. Especially during
turning, the actual movement of the two legs is different, which
requires bilateral coordination and the brain to have good control
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FIGURE 4 | Receiver operating characteristic (ROC) curve for classifying three groups by using the DC value in the right inferior temporal gyrus (ITG) and left middle

frontal gyrus (MFG). (A) The ROC curve of right ITG. (B) The ROC curve of left MFG.

TABLE 3 | ROC analyses for differentiating groups.

Brain regions Categories AUC Cut-off point Sensitivity Specificity p Value 95% CI

ITG (R) PD FOG+ vs. PD FOG– 0.813 119.5a 58.3% (14/24) 91.9% (34/37) <0.001 0.697–0.929

PD FOG+ vs. HC 0.895 133.0 87.5% (21/24) 90.9% (20/22) <0.001 0.788–1.000

PD FOG– vs. HC 0.777 151.5 76.7% (16/22) 72.7% (16/22) <0.001 0.641–0.913

MFG (L) PD FOG+ vs. PD FOG– 0.524 107.5 50.0% (12/24) 64.9% (25/37) 0.043 0.368–0.679

PD FOG+ vs. HC 0.697 116.0 66.7% (16/24) 68.2% (15/22) 0.022 0.541–0.853

PD FOG– vs. HC 0.695 122.5 86.5% (32/37) 54.5% (12/22) 0.013 0.540–0.850

AUC, area under the curve; HC, healthy control; PD FOG+, Parkinson’s disease with freezing of gait; PD FOG–, Parkinson’s disease without freezing of gait; ITG, inferior temporal gyrus;

MFG, middle frontal gyrus; CI, confidence interval.
aUsing this cut-off point, the DC value of ITG could correctly identify 14 of 24 PD FOG+ patients and 34 of 37 PD FOG– patients, resulting in a sensitivity and specificity of 58.3 and

91.9%, respectively. The meanings of other cut-off points are similar.
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over the movement of the legs. Right ITG subserves language
and semantic memory processing, observation for motion, visual
perception, and multimodal sensory integration. We found that
decreased DC of the right ITG in PD FOG+ patients indicated
the reduced ability of information integration. The decreased
DC of right ITG may be interpreted as the disruption of these
functions and the potential neural mechanism in PD FOG+. It
has been reported that the regional homogeneity (ReHo) values
of PD FOG– patients has a negative correlation with FOGQ in
the left gyrus rectus and right ITG (57).

We also evaluated the predictive performance of DC in
differentiating the PD FOG+ patients from PD FOG– patients
and HCs. The results of ROC curve analyses indicate that DC
changes in the ITG can be a potential imaging biomarker with
the ability to distinguish PD FOG+ patients from PD FOG–
patients or HCs. The discriminative performance has emphasized
the importance of DC in ITG from another viewpoint. Further
studies may integrate more discriminative features extracted
from functional brain network into a model by using machine
leaning methods to help precisely and objectively diagnose PD
FOG+ and PD FOG– (39, 58, 59).

The behavioral domains of left MFG mainly focus on
cognition, memory, and action inhibition. We did not find
significant correlations between the DC value of left MFG and
FOGQ scores. A significant difference was observed in the DC
value of left MFG between the PD FOG+ and PD FOG– groups.
The ROC results showed that the DC value of left MFG did not
have a good discriminative ability.

PD FOG+ patients have more significantly different
(disrupted) brain regions than PD FOG– patients; these extra
brain regions may provide some explanation for the occurrence
of FOG. The correlation analysis results showed a negative
relationship between the DC of right ITG and FOGQ scores.
This indicates that the information communication ability of
ITG gets poorer with increasing severity of FOG. The different
results for right ITG and left MFG may suggest that the group
two-sample t-test is not equal to the correlation analysis, and
ROC analysis. The left MFG showed significantly different
DC between PD FOG+ and PD FOG–, but its DC did not
significantly correlate with the FOGQ scores. Moreover, the DC
of the left MFG does not present good discriminative capability
among the three groups (specificity,<70.0%). Two-sample test is
an intergroup study of traditional brain mapping, the correlation
analysis is an intragroup study of PD FOG+, and ROC analysis
is a kind of study for predictive modeling (58). Therefore, these
three methods might be different and complementary. The
involvement of the left MFG is not as specific to enable a good
discriminative power. For the DC of the left MFG, the lack
of correlation with FOGQ scores may suggest this structure
is not significantly involved in FOG. Another possible reason
might be that the intragroup evaluation is biased by a reduced
sample size.

Our study has some limitations. First, the sample size
is relatively small, which may have reduced the statistical

power. Second, our study is cross-sectional; therefore, the
dynamic alterations of related regions and measures cannot
be examined during the progression of PD FOG+ from
PD FOG–.

CONCLUSION

Significant differences in nodal DC obtained from rs-fMRI-based
functional brain network were observed in some brain regions in
the PD FOG+, PD FOG–, and HC groups. Compared to the PD
FOG– and HC groups, the PD FOG+ group showed decreased
DC in the right ITG. In PD FOG+ patients, the DC of right
ITG was negatively correlated with the FOGQ scores, suggesting
that reduced ability of information integration may contribute
to the severity of FOG. ROC analysis indicates that DC of right
ITG may be a unique network biomarker for PD FOG+ and
have the extraordinary ability to distinguish PD FOG+ patients
from PD FOG– patients and HCs. The group two-sample t-test,
correlation analysis, and ROC analysis are three complementary
methods that can be utilized together for studies of other
neurological disorders.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed
and approved by The Ethics Committee of Guangzhou
First People’s Hospital. The patients/participants provided
their written informed consent to participate in
this study.

AUTHOR CONTRIBUTIONS

CJ performed experiments and analyzed the data along with SQ.
SQ, YY, and XW conceived the study, presented the results, and
wrote the manuscript along with CJ. XR collected and analyzed
the data. YT and CL supervised the algorithm development
and analyzed the data. All authors read and approved the
final manuscript.

FUNDING

This work was partly supported by the National Natural
Science Foundation of China under Grant (Nos. 82072008
and 81871846), the Fundamental Research Funds for the
Central Universities (N181904003, N172008008, and 2124006-3),
the Science and Technology Planning Project of Guangzhou
(202102010020), the Natural Science Foundation of Guangdong
Province (2021A1515011288), and the National Key Research
and Development Plan of China (2019YFC0118805).

Frontiers in Neurology | www.frontiersin.org 9 October 2021 | Volume 12 | Article 743135

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Jin et al. Degree Centrality in Parkinson’s Disease

REFERENCES

1. Forsaa EB, Larsen JP, Wentzel-Larsen T, Alves G. A 12-year population-based

study of freezing of gait in Parkinson’s disease. Parkinsonism Relat Disord.

(2015) 21:254–8. doi: 10.1016/j.parkreldis.2014.12.020

2. Pietracupa S, Suppa A, Upadhyay N, Giannì C, Grillea G, Leodori G, et al.

Freezing of gait in Parkinson’s disease: gray and white matter abnormalities. J

Neurol. (2018) 265:52–62. doi: 10.1007/s00415-017-8654-1

3. Martin JB. Disorder of Locomotion Associated With Disease of the Basal

Ganglia. Lippincott (1967). Philadelphia.

4. Walton CC, O’Callaghan C, Hall JM, Gilat M, Mowszowski L,

Naismith SL, et al. Antisaccade errors reveal cognitive control

deficits in Parkinson’s disease with freezing of gait. J Neurol. (2015)

262:2745–54. doi: 10.1007/s00415-015-7910-5

5. Snijders AH, Takakusaki K, Debu B, Lozano AM, Krishna V, Fasano

A, et al. Physiology of freezing of gait. Ann Neurol. (2016) 80:644–

59. doi: 10.1002/ana.24778

6. Yang WC, Hsu WL, Wu RM, Lin KH. Immediate effects of clock-

turn strategy on the pattern and performance of narrow turning in

persons with Parkinson’s disease. J Neurol Phys Ther. (2016) 40:249–

56. doi: 10.1097/NPT.0000000000000148

7. Zhou Y, Zhao J, Hou Y, Su Y, Chan P, Wang Y. Dopaminergic pathway

and primary visual cortex are involved in the freezing of gait in Parkinson’s

disease: a PET-CT study. Neuropsychiatr Dis Treat. (2019) 15:1905–

14. doi: 10.2147/NDT.S197879

8. Yu K, Ren Z, Guo S, Li J, Li Y. Effects of pedunculopontine nucleus

deep brain stimulation on gait disorders in Parkinson’s disease:

a meta-analysis of the literature. Clin Neurol Neurosurg. (2020)

198:106108. doi: 10.1016/j.clineuro.2020.106108

9. Nutt JG, Bloem BR, Giladi N, Hallett M, Horak FB, Nieuwboer A. Freezing

of gait: moving forward on a mysterious clinical phenomenon. Lancet Neurol.

(2011) 10:734–44. doi: 10.1016/S1474-4422(11)70143-0

10. Shine JM, Naismith SL, Lewis SJ. The pathophysiological mechanisms

underlying freezing of gait in Parkinson’s disease. J Clin Neurosci. (2011)

18:1154–7. doi: 10.1016/j.jocn.2011.02.007

11. Ziv I, Avraham M, Dabby R, Zoldan J, Djaldetti R, Melamed E.

Early-occurrence of manual motor blocks in Parkinson’s disease:

a quantitative assessment. Acta Neurol Scand. (1999) 99:106–11.

doi: 10.1111/j.1600-0404.1999.tb00666.x

12. Wu T, Hallett M, Chan P. Motor automaticity in Parkinson’s disease.

Neurobiol Dis. (2015) 82:226–34. doi: 10.1016/j.nbd.2015.06.014

13. Vandenbossche J, Deroost N, Soetens E, Coomans D, Spildooren J, Vercruysse

S, et al. Impaired implicit sequence learning in Parkinson’s disease patients

with freezing of gait. Neuropsychology. (2013) 27:28–36. doi: 10.1037/

0031278

14. Plotnik M, Hausdorff JM. The role of gait rhythmicity and bilateral

coordination of stepping in the pathophysiology of freezing of gait in

Parkinson’s disease.Mov Disord. (2008) 23:S444–S50. doi: 10.1002/mds.21984

15. Stack E, Ashburn A. Dysfunctional turning in Parkinson’s disease. Disabil

Rehabil. (2008) 30:1222–9. doi: 10.1080/09638280701829938

16. Willems AM, Nieuwboer A, Chavret F, Desloovere K, Dom R, Rochester

L, Jones D, Kwakkel G, Van Wegen E. The use of rhythmic auditory cues

to influence gait in patients with Parkinson’s disease, the differential effect

for freezers and non-freezers, an explorative study. Disabil Rehabil (2006)

28:721–8.

17. Bharti K, Suppa A, Tommasin S, Zampogna A, Pietracupa S,

Berardelli A, et al. Neuroimaging advances in Parkinson’s disease

with freezing of gait: a systematic review. Neuroimage Clin. (2019)

24:102059. doi: 10.1016/j.nicl.2019.102059

18. Jin C, Qi S, Teng Y, Li C, Yao Y, Ruan X, et al. Integrating structural and

functional interhemispheric brain connectivity of gait freezing in Parkinson’s

disease. Front Neurol. (2021) 12:609866. doi: 10.3389/fneur.2021.609866

19. Zhang J, Wei L, Hu X, Zhang Y, Zhou D, Li C, et al. Specific frequency band of

amplitude low-frequency fluctuation predicts Parkinson’s disease. Behav Brain

Res. (2013) 252:18–23. doi: 10.1016/j.bbr.2013.05.039

20. Yu R, Liu B,Wang L, Chen J, Liu X. Enhanced functional connectivity between

putamen and supplementary motor area in Parkinson’s disease patients. PLoS

One. (2013) 8:e59717. doi: 10.1371/journal.pone.0059717

21. Disbrow EA, Carmichael O, He J, Lanni KE, Dressler EM, Zhang L, et al.

Resting state functional connectivity is associated with cognitive dysfunction

in non-demented people with Parkinson’s disease. J Parkinsons Dis. (2014)

4:453–65. doi: 10.3233/JPD-130341

22. Wang M, Jiang S, Yuan Y, Zhang L, Ding J, Wang J, et al. Alterations of

functional and structural connectivity of freezing of gait in Parkinson’s disease.

J Neurol. (2016) 263:1583–92. doi: 10.1007/s00415-016-8174-4

23. Tessitore A, Amboni M, Esposito F, Russo A, Picillo M, Marcuccio

L, et al. Resting-state brain connectivity in patients with Parkinson’s

disease and freezing of gait. Parkinsonism Relat Disord. (2012) 18:781–

7. doi: 10.1016/j.parkreldis.2012.03.018

24. Canu E, Agosta F, Sarasso E, Volonte MA, Basaia S, Stojkovic T, et al. Brain

structural and functional connectivity in Parkinson’s disease with freezing of

gait. Hum Brain Mapp. (2015) 36:5064–78. doi: 10.1002/hbm.22994

25. Bullmore E, Sporns O. Complex brain networks: graph theoretical analysis

of structural and functional systems. Nat Rev Neurosci. (2009) 10:186–

98. doi: 10.1038/nrn2575

26. He Y, Evans A. Graph theoretical modeling of brain connectivity. Curr Opin

Neurol. (2010) 23:341–50. doi: 10.1097/WCO.0b013e32833aa567

27. Bullmore ET, Bassett DS. Brain graphs: graphical models of

the human brain connectome. Annu Rev Clin Psychol. (2011)

7:113–40. doi: 10.1146/annurev-clinpsy-040510-143934

28. Liu J, Zhao L, Li G, Xiong S, Nan J, Li J, et al. Hierarchical alteration of brain

structural and functional networks in female migraine sufferers. PLoS One.

(2012) 7:e51250. doi: 10.1371/journal.pone.0051250

29. Liu J, Zhao L, Lei F, Zhang Y, Yuan K, Gong Q, et al. Disrupted resting-state

functional connectivity and its changing trend in migraine suffers.Hum Brain

Mapp. (2015) 36:1892–907. doi: 10.1002/hbm.22744

30. Achard S, Salvador R, Whitcher B, Suckling J, Bullmore E. A

resilient, low-frequency, small-world human brain functional network

with highly connected association cortical hubs. J Neurosci. (2006)

26:63–72. doi: 10.1523/JNEUROSCI.3874-05.2006

31. van den Heuvel MP, Sporns O. Rich-club organization

of the human connectome. J Neurosci. (2011) 31:15775–

86. doi: 10.1523/JNEUROSCI.3539-11.2011

32. Göttlich M, Münte TF, Heldmann M, Kasten M, Hagenah J, Krämer UM.

Altered resting state brain networks in Parkinson’s disease. PLoS One. (2013)

8:e77336. doi: 10.1371/journal.pone.0077336

33. Wang S, Zhang Y, Lei J, Guo S. Investigation of sensorimotor dysfunction

in Parkinson’s disease by resting-state fMRI. Neurosci Lett. (2021)

742:135512. doi: 10.1016/j.neulet.2020.135512

34. Mollaei F, Shiller DM, Gracco VL. Sensorimotor adaptation of speech in

Parkinson’s disease.Mov Disord. (2013) 28:1668–74. doi: 10.1002/mds.25588

35. Prajapati R, Emerson IA. Global and regional connectivity analysis of resting-

state functionMRI brain images using graph theory in Parkinson’s disease. Int

J Neurosci. (2021) 131:105–15. doi: 10.1080/00207454.2020.1733559

36. Fathy YY, Hepp DH, de Jong FJ, Geurts JJG, Foncke EMJ, Berendse

HW, et al. Anterior insular network disconnection and cognitive

impairment in Parkinson’s disease. Neuroimage Clin. (2020)

28:102364. doi: 10.1016/j.nicl.2020.102364

37. Yu Q, Allen EA, Sui J, Arbabshirani MR, Pearlson G, Calhoun VD.

Brain connectivity networks in schizophrenia underlying resting state

functionalmagnetic resonance imaging.Curr TopMed Chem. (2012) 12:2415–

25. doi: 10.2174/156802612805289890

38. Telesford QK, Simpson SL, Burdette JH, Hayasaka S, Laurienti PJ. The brain

as a complex system: using network science as a tool for understanding the

brain. Brain Connect. (2011) 1:295–308. doi: 10.1089/brain.2011.0055

39. Zhu Y, Qi S, Zhang B, He D, Teng Y, Hu J, et al. Connectome-based

biomarkers predict subclinical depression and identify abnormal brain

connections with the lateral habenula and thalamus. Front Psychiatry. (2019)

10:371. doi: 10.3389/fpsyt.2019.00371

40. Movement Disorder Society Task Force on Rating Scales for Parkinson’s

Disease. The Unified Parkinson’s Disease Rating Scale (UPDRS): status and

recommendations.Mov Disord. (2003) 18:738–50. doi: 10.1002/mds.10473

41. Diedrichsen J, Maderwald S, Küper M, Thürling M, Rabe

K, Gizewski ER, et al. Imaging the deep cerebellar nuclei: a

probabilistic atlas and normalization procedure. Neuroimage. (2011)

54:1786–94. doi: 10.1016/j.neuroimage.2010.10.035

Frontiers in Neurology | www.frontiersin.org 10 October 2021 | Volume 12 | Article 743135

https://doi.org/10.1016/j.parkreldis.2014.12.020
https://doi.org/10.1007/s00415-017-8654-1
https://doi.org/10.1007/s00415-015-7910-5
https://doi.org/10.1002/ana.24778
https://doi.org/10.1097/NPT.0000000000000148
https://doi.org/10.2147/NDT.S197879
https://doi.org/10.1016/j.clineuro.2020.106108
https://doi.org/10.1016/S1474-4422(11)70143-0
https://doi.org/10.1016/j.jocn.2011.02.007
https://doi.org/10.1111/j.1600-0404.1999.tb00666.x
https://doi.org/10.1016/j.nbd.2015.06.014
https://doi.org/10.1037/a0031278
https://doi.org/10.1002/mds.21984
https://doi.org/10.1080/09638280701829938
https://doi.org/10.1016/j.nicl.2019.102059
https://doi.org/10.3389/fneur.2021.609866
https://doi.org/10.1016/j.bbr.2013.05.039
https://doi.org/10.1371/journal.pone.0059717
https://doi.org/10.3233/JPD-130341
https://doi.org/10.1007/s00415-016-8174-4
https://doi.org/10.1016/j.parkreldis.2012.03.018
https://doi.org/10.1002/hbm.22994
https://doi.org/10.1038/nrn2575
https://doi.org/10.1097/WCO.0b013e32833aa567
https://doi.org/10.1146/annurev-clinpsy-040510-143934
https://doi.org/10.1371/journal.pone.0051250
https://doi.org/10.1002/hbm.22744
https://doi.org/10.1523/JNEUROSCI.3874-05.2006
https://doi.org/10.1523/JNEUROSCI.3539-11.2011
https://doi.org/10.1371/journal.pone.0077336
https://doi.org/10.1016/j.neulet.2020.135512
https://doi.org/10.1002/mds.25588
https://doi.org/10.1080/00207454.2020.1733559
https://doi.org/10.1016/j.nicl.2020.102364
https://doi.org/10.2174/156802612805289890
https://doi.org/10.1089/brain.2011.0055
https://doi.org/10.3389/fpsyt.2019.00371
https://doi.org/10.1002/mds.10473
https://doi.org/10.1016/j.neuroimage.2010.10.035
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Jin et al. Degree Centrality in Parkinson’s Disease

42. Kleiner AFR, Pacifici I, Vagnini A, Camerota F, Celletti C, Stocchi F, et al.

Timed Up and Go evaluation with wearable devices: validation in Parkinson’s

disease. J Bodyw Mov Ther. (2018) 22:390–5. doi: 10.1016/j.jbmt.2017.07.006

43. Datta AK, Das D, Bhattacharyya KB, Bose P, Mishra AK, Das SK. Frontal

assessment battery in Parkinson’s disease: a study on 170 patients. Neurol

India. (2019) 67:433–8. doi: 10.4103/0028-3886.258052

44. Yang C-G, Zang Y-F. DPARSF: a MATLAB Toolbox for “Pipeline”

data analysis of resting-state fMRI. Front Syst Neurosci. (2010) 4:13.

doi: 10.3389/fnsys.2010.00013

45. Wang J, Wang X, Xia M, Liao X, Evans A, He Y. GRETNA: a graph theoretical

network analysis toolbox for imaging connectomics. Front Hum Neurosci.

(2015) 9:386. doi: 10.3389/fnhum.2015.00386

46. Huang L, Juan Dong H, Wang X, Wang Y, Xiao Z. Duration and

frequency of migraines affect cognitive function: evidence from

neuropsychological tests and event-related potentials. J Headache Pain.

(2017) 18:54. doi: 10.1186/s10194-017-0758-6

47. Chen LT, Fan XL, Li HJ, Nie S, Gong HH, Zhang W, et al. Disrupted

small-world brain functional network topology in male patients with severe

obstructive sleep apnea revealed by resting-state fMRI. Neuropsychiatr Dis

Treat. (2017) 13:1471–82. doi: 10.2147/NDT.S135426

48. Han X, Jin H, Li K, Ning Y, Jiang L, Chen P, et al. Acupuncture

modulates disrupted whole-brain network after ischemic stroke:

evidence based on graph theory analysis. Neural Plast. (2020)

2020:8838498. doi: 10.1155/2020/8838498

49. Xin Z, Chen X, Zhang Q, Wang J, Xi Y, Liu J, et al. Alteration in topological

properties of brain functional network after 2-year high altitude exposure: a

panel study. Brain Behav. (2020) 10:e01656. doi: 10.1002/brb3.1656

50. Fan L, Li H, Zhuo J, Zhang Y, Wang J, Chen L, et al. The human brainnetome

atlas: a new brain atlas based on connectional architecture. Cereb Cortex.

(2016) 26:3508–26. doi: 10.1093/cercor/bhw157

51. Lei D, Li K, Li L, Chen F, Huang X, Lui S, et al. Disrupted functional brain

connectome in patients with posttraumatic stress disorder. Radiology. (2015)

276:818–27. doi: 10.1148/radiol.15141700

52. Link J, Pachaly J. Intranarkotische Infusionstherapie Eine Computer

auswertungmit dem Programmpaket SPSS (Statisticat Package for the Social

Sciences) [Intranarcotic infusion therapy – a computer interpretation using

the program package SPSS (Statistical Package for the Social Sciences)].

Infusionsther Klin Ernahr. (1975) 2:255–9. doi: 10.1159/000219628

53. Swets JA. ROC analysis applied to the evaluation of

medical imaging techniques. Invest Radiol. (1979) 14:109–21.

doi: 10.1097/00004424-197903000-00002

54. Hanley JA, McNeil BJ. The meaning and use of the area under a

receiver operating characteristic (ROC) curve. Radiology. (1982) 143:29–

36. doi: 10.1148/radiology.143.1.7063747

55. Jung JH, Kim BH, Chung SJ, Yoo HS, Lee YH, Baik K, et al. Motor cerebellar

connectivity and future development of freezing of gait in de novo Parkinson’s

disease.Mov Disord. (2020) 35:2240–9. doi: 10.1002/mds.28243

56. Hu H, Chen J, Huang H, Zhou C, Zhang S, Liu X, et al. Common

and specific altered amplitude of low-frequency fluctuations in Parkinson’s

disease patients with and without freezing of gait in different frequency

bands. Brain Imaging Behav. (2020) 14:857–68. doi: 10.1007/s11682-018-

0031-x

57. Liu Y, Li M, Chen H, Wei X, Hu G, Yu S, et al. Alterations of

regional homogeneity in Parkinson’s disease patients with freezing

of gait: a resting-state fMRI study. Front Aging Neurosci. (2019)

11:276. doi: 10.3389/fnagi.2019.00276

58. Woo CW, Chang LJ, Lindquist MA, Wager TD. Building better biomarkers:

brain models in translational neuroimaging. Nat Neurosci. (2017) 20:365–

77. doi: 10.1038/nn.4478

59. Qian H, Qin D, Qi S, Teng Y, Li C, Yao Y, et al. Less is better:

single-digit brain functional connections predict T2DM and

T2DM-induced cognitive impairment. Front Neurosci. (2021)

14:588684. doi: 10.3389/fnins.2020.588684

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2021 Jin, Qi, Teng, Li, Yao, Ruan and Wei. This is an open-access

article distributed under the terms of the Creative Commons Attribution License (CC

BY). The use, distribution or reproduction in other forums is permitted, provided

the original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Neurology | www.frontiersin.org 11 October 2021 | Volume 12 | Article 743135

https://doi.org/10.1016/j.jbmt.2017.07.006
https://doi.org/10.4103/0028-3886.258052
https://doi.org/10.3389/fnsys.2010.00013
https://doi.org/10.3389/fnhum.2015.00386
https://doi.org/10.1186/s10194-017-0758-6
https://doi.org/10.2147/NDT.S135426
https://doi.org/10.1155/2020/8838498
https://doi.org/10.1002/brb3.1656
https://doi.org/10.1093/cercor/bhw157
https://doi.org/10.1148/radiol.15141700
https://doi.org/10.1159/000219628
https://doi.org/10.1097/00004424-197903000-00002
https://doi.org/10.1148/radiology.143.1.7063747
https://doi.org/10.1002/mds.28243
https://doi.org/10.1007/s11682-018-0031-x
https://doi.org/10.3389/fnagi.2019.00276
https://doi.org/10.1038/nn.4478
https://doi.org/10.3389/fnins.2020.588684
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

	Altered Degree Centrality of Brain Networks in Parkinson's Disease With Freezing of Gait: A Resting-State Functional MRI Study
	Introduction
	Materials and Methods
	Participants
	Clinical Assessment
	MRI Data Acquisition
	Overview of the Study Procedure
	Preprocessing of fMRI Data
	Network Construction
	Network Metrics
	Statistical Analysis

	Results
	Demographic and Clinical Characteristics
	Difference in DC Among Groups
	Correlation Between DC and FOG Severity
	Analysis of ROC Curves

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


