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Abstract

Purpose The mutations of the glucocerebrosidase (GBA) gene are the greatest genetic risk factor for Parkinson’s disease
(PD). The mechanism underlying the association between GBA mutations and PD has not been fully elucidated.

Methods Using resting-state functional magnetic resonance imaging and graph theory analysis to investigate the disrupted
topological organization in PD patients with GBA mutation (GBA-PD). Eleven GBA-PD patients, 11 noncarriers with PD,
and 18 healthy controls (HCs) with a similar age and sex distribution were recruited. Individual whole-brain functional con-
nectome was constructed, and the global and nodal topological disruptions were calculated among groups. Partial correlation
analyses between the clinical features of patients with PD and topological alterations were performed.

Results The GBA-PD group showed prominently decreased characteristic path length (L)) and increased global efficiency
(E,) compared to HCs at the global level; a significantly increased nodal betweenness centrality in the medial prefrontal
cortex (mPFC) and precuneus within the default mode network, and precentral gyrus within the sensorimotor network, while
a significantly decreased betweenness centrality in nodes within the cingulo-opercular network compared to the noncarrier
group at the regional level. The altered nodal betweenness centrality of mPFC was positively correlated with fatigue sever-
ity scale scores in all patients with PD.

Conclusion The preliminary pilot study found that GBA-PD patients had a higher functional integration at the global level.
The nodal result of the mPFC is congruent with the potential fatigue pathology in PD and is suggestive of a profound effect
of GBA mutations on the clinical fatigue in patients with PD.

Keywords Glucocerebrosidase gene - Parkinson’s disease - Graph theory - Resting-state functional magnetic resonance
imaging - Fatigue
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Introduction

Parkinson’s disease (PD) is the most common neurodegen-
erative movement disorder with a broad range of causes
and clinical presentations [1]. Genetics, environment, and
interactions thereof are major factors related to the causes
of PD. In the past 20 years, more than 27 genes have been
confirmed to be related to parkinsonism, and mutations
in the glucocerebrosidase (GBA) gene that encodes the
lysosomal glucocerebrosidase (GCase) have been found
to constitute the greatest risk factor for sporadic PD [2].
More than 300 mutations in GBA have been reported.
However, to date, the mechanism leading to the increased
risk of PD in GBA mutation carriers is multifaceted (e.g.,
a-synuclein aggregation, endoplasmic reticulum stress,
and disturbances of lysosomal-autophagy [3]) and has not
been fully elucidated.

Numerous studies have revealed the clinical charac-
teristics of PD patients with GBA variants (GBA-PD).
Compared with noncarriers with PD, GBA-PD patients
are associated with an earlier age at onset and an increased
risk of mortality [4]. Despite that GBA-PD does not pre-
sent clinical features that can be distinguished from idi-
opathic PD (iPD), it is recognized that GBA mutation car-
riers have a more aggressive disease course [4], including
several motor features (e.g., more symmetrical symptoms,
the faster progression of motor disability, and higher
prevalence of disabling motor features such as freezing of
gait), and the higher risk for developing some non-motor
symptoms (e.g., dementia, neuropsychiatric disturbances,
autonomic dysfunction, and sleep disturbances). Consider-
ing the potential relevance of GBA to disease prognosis
and new therapeutic approaches, the search for GBA-PD-
related biomarkers has become crucial.

Conventional magnetic resonance imaging (MRI) tech-
niques have been used to support the diagnosis of PD in
clinical practice, and the advanced imaging techniques
(e.g., structural MRI and resting-state functional MRI (rs-
fMRI)) are applied to clarify the pathophysiology of the
disease and provide information on the underlying neuro-
degenerative processes [5]. In the past years, several neu-
roimaging studies have focused on GBA-PD patients to
elucidate the pathophysiology in GBA-PD populations [6].
Compared to iPD and healthy controls (HCs), GBA-PD
patients showed a left-sided prevalent pattern of cortical
thinning involving parietal, temporal, and occipital regions
at baseline, and a greater pattern of cortical thinning of
posterior and frontal regions after 5-year follow-up of
this cohort [7], which supported the hypothesis that GBA
mutations are involved in accelerating the neurodegen-
erative process of PD. Conversely, the other two studies
assessing the pattern of gray matter (GM) atrophy did not
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report any differences in the GM volume between GBA-PD
and iPD patients [8, 9]. Only one rs-fMRI study analyz-
ing the seed-to-voxel functional connectivity of putamen,
caudate, and nucleus accumbens showed that the reduced
connectivity in the parieto-occipital regions in the GBA-
PD group relative to the iPD group [10], which revealed
changes in cortico-subcortical functional networks.

In recent years, graph theory analysis has attracted exten-
sive attention in the neuroimaging analysis fields, which can
be used to investigate the topological organization of brain
networks, and offer important insights into the potential
mechanism of disease. Different from the seed-based analy-
sis, the graph theory analysis that can construct a strong
framework for describing the abnormal brain connectome
has been widely used to explore the pathophysiological
changes in psychiatric and neurological diseases, includ-
ing PD. For instance, one of our previous studies showed a
disruption of whole-brain topological organization in early-
stage drug-naive patients with PD, contributing to the pre-
clinical changes of the cognitive process in patients with PD
[11]. To our knowledge, no graph theory study has separated
GBA-PD patients from those noncarriers with PD.

In the current study, we wished to investigate the topo-
logical organization of whole-brain functional networks in
GBA-PD patients compared with HCs and noncarriers with
PD in order to understand the in vivo topological correlates
of GBA mutations in PD, and whether topological changes
would significantly correlate with the clinical characteristics
of patients with PD.

Patients and methods

Approval was received from the West China Hospital of
Sichuan University Clinical trials and Biomedical ethics
committee, and written informed consent was obtained from
all participants in the study.

Participants

Patients with PD diagnosed according to the UK PD Brain
Bank criteria [12] were recruited at the Department of
Neurology of West China Hospital of Sichuan University.
Patients with PD in the study underwent an extensive study
protocol with the assessment of motor and non-motor symp-
toms, neuroimaging, and genetic analysis. Patients were
excluded if they had (1) left-handedness; (2) moderate to
severe head tremor at rest; (3) PD dementia according to
the Movement Disorder Society (MDS) diagnostic criteria
[13]; (4) a history of cerebrovascular disorders, brain injury,
neurological surgery, and any other neurological conditions;
(5) structural brain defects on T1- or T2 weighted imaging
(i.e., being abnormal on conventional MRI). The presence of
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GBA mutations (rare pathogenic/likely pathogenic variants)
in 11 patients with PD (refer to Supplementary Table S1
for specific mutations and types) and 11 noncarriers with
PD without rare variants in PD genes (e.g., GBA, LRRK?2,
SNCA, PRKN, PARK7, PINKI, VPS35) matched for age,
sex, education, disease duration, levodopa equivalent daily
dose (LEDD), and disease severity were enrolled (Table 1).
In addition, 18 HCs with a similar age and sex distribution
were recruited. These control subjects (1) had no history of
neurologic, psychiatric, or other disorders; (2) were normal
on conventional MRI.

The demographic and clinical data were collected using
a standard questionnaire by an experienced neuropsycholo-
gist who was blinded to GBA status of patients with PD.
The patients were either drug-naive at the initial visit or
in an OFF state (un-medicated for at least 12 h before par-
ticipation). Handedness, age, sex, education, disease dura-
tion, and LEDD [14] were collected. The unified PD rating
scale (UPDRS) was used to evaluate non-motor symptoms

(Part I), motor symptoms (Part II), and motor signs (Part
III). The disease stage was defined by the Hoehn and Yahr
(H&Y) stage. The non-motor symptoms were assessed using
the non-motor symptoms scale (NMSS) (9 domains). The
executive function was evaluated using the frontal assess-
ment battery (FAB), and the global cognitive function was
evaluated using the Montreal cognitive assessment (MoCA).
The Hamilton depression rating scale (HDRS) containing 24
items and the Hamilton anxiety rating scale (HARS) were
used to evaluate depression and anxiety symptoms, respec-
tively. The fatigue severity scale containing 9 items was
used to measure the severity of fatigue. Each patient can be
categorized into two groups: the absence of fatigue (fatigue
severity scale total score <36) or the presence of fatigue
(fatigue severity scale total score >36). The PD sleep scale
(PDSS) and rapid eye movement sleep behavior disorder
screening questionnaire (RBDSQ, 13 items) were used to
quantify sleep problems. The PD questionnaire 39 (PDQ-
39) was used to evaluate the quality of life of PD patients.

Table 1 Demographic and clinical characteristics of PD patients and healthy controls

Parameter PD patients, all Healthy controls GBA-PD patients Noncarriers with PD  p-value GBA-PD patients vs.
(ANOVA) noncarriers with PD
Number, n 22 18 11 11 - -
Handedness (r: 1) 22:0 18: 0 11: 0 11: 0 - -
Sex, m/f 12: 10 8: 10 5:6 7:4 0.568 -
Age, years 47.12+7.42 49.87+7.09 46.29+8.16 47.94+6.90 0.442 -
Education, years - - 8.91+2.84 10.55+3.27 - 0.225
Duration of disease, years - - 3.91+2.85 2.55+1.32 - 0.172
LEDD - - 276.14+272.06  281.82+196.56 - 0.789*
UPDRS score - - - - -
Part I - - 2.46+2.42 1.00+1.10 - 0.145*
Part 11 - - 10.18+4.33 7.27+3.61 - 0.102
Part 11 - - 31.09+11.61 27.36+10.21 - 0.357*
H & Y stage - - 2.05+0.27 2.00+0.00 - 0.545%
NMSS score - - 24.91+32.81 18.73+6.54 - 0.717*
FAB score - - 17.09+1.45 16.55+1.44 - 0.223*
MoCA score - - 26.46+4.48 27.18+2.18 - 0.815*
HDRS score - - 9.91+9.60 8.55+8.57 - 0.792
HARS score - - 7.55+7.76 6.46+6.35 - 0.722
FSS total score - - 36.64+17.58 22.73+15.28 - 0.062
Fatigue, yes/no - - 5/6 2/9 0.170
PDSS score - - 8.09+7.62 8.46+6.70 - 0.907
RBDSQ score - - 327+2.41 227+1.68 - 0.222%
PDQ-39 score - - 35.55+29.67 22.18+15.73 - 0.202
FD (power) - 0.23+0.12 0.23+0.11 0.17+0.06 0.349 -

ANOVA analysis of variance, F female, FAB frontal assessment battery, F'D frame-wise displacement, FSS fatigue severity scale, GBA glucocer-
ebrosidase gene, H & Y Hoehn & Yahr, HARS Hamilton anxiety rating scale, HDRS Hamilton depression rating scale, L left, LEDD levodopa
equivalent daily dose, M male, MoCA Montreal cognitive assessment, NMS non-motor symptoms, PD Parkinson’s disease PDQ-39 Parkinson’s
disease questionnaire 39, PDSS Parkinson’s disease sleep scale, R right, RBDSQ rapid eye movement sleep behavior disorder screening question-

naire, UPDRS unified Parkinson’s disease rating scale

#Indicates the nonparametric test because of the non-normal distribution
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MRI acquisition and preprocessing

MRI scanning was performed on a 3-Tesla MR scanner (Sie-
mens, Trio Tim, Germany) with an eight-channel phased-
array head coil. Before the scan, the respiration and heart
rate of all participants remained normal. All participants
were asked to remain awake and breathe quietly until the end
of the scan. The rs-fMRI data were obtained through a gradi-
ent-echo echo-planar imaging (GE-EPI) sequence: repetition
time/echo time TR/TE =2000/30 ms, flip-angle FA=90°,
field of view FOV =240x 240 mm?, matrix size = 64 X 64,
voxel size =3.75%3.75 x5 mm°, slice thickness=5.0 mm
(no slice gap). Each brain volume comprised 30 axial slices,
and each functional run contained 240 image volumes.

Rs-fMRI data reprocessing was performed using the
SPM12 (Statistical Parametric Mapping, http://www.fil.
ion.ucl.ac.uk/spm) and DPABI (Data Processing & Analy-
sis for Brain Imaging, http://rfmri.org/DPABI). The steps
included: removing the first 10 image volumes of functional
images, slice timing corrections, spatial realignment, spa-
tial normalization into the standard Montreal neurological
institute (MNI) space, resampling into 3 x 3 X3 mm? vox-
els, detrending, nuisance signal regression (including the
Friston 24-parameters, white matter and cerebrospinal fluid
signals), band-pass filtering (0.01-0.08 Hz), and scrubbing
(frame-wise displacement (FD) threshold=0.5 [15]; before
poor quality frame time point number = 1; after poor quality
frame time point number =2). All participants had less than
1.5 mm maximum displacement in the x-, y-, or z-plane, and
less than 1.5° angular rotation about each axis.

Network construction and topological analysis

A region-based functional connectivity network was con-
structed as described in our previous study [16], and graph
theory analysis was used to analyze the brain network [17].
Briefly, a total of 160 regions of interest (ROIs) were identi-
fied by Dosenbach et al. (Supplementary Table S2) [18]. All
voxels within each ROI were extracted to obtain the average
time series, and the Pearson correlation of the mean time
series between any two ROIs was calculated. Therefore, a
160X 160 correlation matrix was computed for each par-
ticipant. The topological properties of functional networks
were investigated through the toolbox of GRETNA v2.0
(http://www.nitrc.org/projects/gretna/). To exclude the bias
of a single sparse threshold, the correlation matrix for each
participant was thresholded using the same sparsity rang-
ing from 10 to 34% with an interval of 1% as our previous
study [16], and the area under the curve (AUC) over sparsity
ranges was calculated. Both global and regional measures
of network topology were calculated, including (1) small-
world parameters (clustering coefficient (€, characteristic
path length (L), normalized G, ), normalized L, (4), and
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small-worldness (6 =y/1)) and two network efficiency met-
rics (global efficiency (Ey,,) and local efficiency (Ey,.)); (2)
the regional measure (nodal betweenness centrality (BC))
(refer to Supplementary Table S3 for the general descrip-
tions). More specifically, the term “small-world” organiza-
tion commonly reflects an optimal balance of functional
segregation and integration, and the “small-world’” network
should be simultaneously highly segregated and integrated.
The clustering coefficient and local efficiency are commonly
used to measure the functional segregation; the character-
istic path length and global efficiency are commonly used
to measure the functional integration. In addition, nodal
betweenness centrality is a measure of centrality that can
act as the important control of information flow [19].

Statistical analysis

The chi-square test was used to analyze the sex ratios
among the three groups, with the one-way analysis of vari-
ance (ANOVA) used for age and mean FD parameters. The
student’s #-test, chi-square test, or nonparametric test was
used to detect differences of clinical data between two PD
subgroups, as appropriate. To assess the significant differ-
ences in the topological properties, ANOVA was performed
to compare the AUC value of each network metric among
the three groups, and a pairwise post hoc test via the least-
significant difference (LSD) method was subsequently used
to identify significant inter-group differences. Furthermore,
partial correlation analyses were used to assess the cor-
relations between the above significant inter-group differ-
ences and clinical parameters in PD groups, with age, sex,
education, LEDD, and mean FD as covariates. Since these
analyses were exploratory in nature, P <0.05 was considered
significant.

Results
Demographic and clinical characteristics

Patients and HCs were similar with respect to their age, sex,
and mean FD values. Patient subgroups were comparable
for all clinical features. Notably, the GBA-PD group had
relatively severer non-motor symptoms than the noncarrier
group, especially in fatigue. Fatigue was found in 5 cases
(45.45%) of the GBA-PD group, and 2 cases (18.18%) of
the noncarrier group (Table 1).

Alterations in the topological properties
Over the sparsity range of 0.10-0.34 (step=0.01), all partic-

ipants showed the small-world properties (y>1, A = 1, and
o> 1) (Fig. 1a). The GBA-PD patients, noncarriers with PD,
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Fig.1 (a) Small-world properties among the three groups (the GBA-
PD group, PD noncarrier group, and healthy controls); (b) Global
topological properties of functional networks among the three groups

over the selected range of the sparsity threshold. Abbreviations: C,

and HCs showed global parameters over the selected range
of the sparsity threshold (Fig. 1b). Statistical comparisons
(ANOVA with LSD post hoc test) were performed to detect
significant differences in global properties among the three
groups. Compared to HCs, the GBA-PD group showed a
significantly decreased characteristic path length (p =0.018)
and a significantly increased global efficiency (p =0.010);
the noncarrier group showed a significantly decreased
clustering coefficient (p =0.004). No significant difference
was found in the local efficiency among the three groups.
Moreover, no significant difference was found in any global
properties between the two PD subgroups, but showing an
interesting trend (L,,: GBA-PD patients <noncarriers with
PD <HCs; E,: GBA-PD patients > PD noncarriers > HCs;

clustering coefficient, E, global efficiency, Ey, local efficiency, GBA
glucocerebrosidase gene, L, characteristic path length, PD Parkin-
son’s disease

C,: noncarriers with PD <GBA-PD patients <HCs)
(Table 2).

Eleven cerebral regions exhibiting significantly altered
nodal betweenness centrality among the three groups were
observed and mainly located in the default mode network
(DMN), cingulo-opercular network, sensorimotor network
(SMN), and occipital network. Using the LSD post hoc
test, the GBA-PD group exhibited significantly increased
nodal betweenness centrality in the medial prefrontal cor-
tex (mPFC) and precuneus within the DMN, and precentral
gyrus within the SMN, while decreased nodal betweenness
centrality in the anterior insular and temporal region within
the cingulo-opercular network compared to the noncarrier
group. Compared to HCs, both PD subgroups exhibited
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Table 2 Group comparisons of AUC values of global network properties

Group G, L, E, E.

Healthy controls 0.146 +0.006 0.472+0.040 0.126 +£0.008 0.184+0.007
GBA-PD patients 0.142+0.006 0.439+0.013 0.134+0.003 0.187+0.003
Noncarriers with PD 0.139+0.007 0.448 +0.040 0.132+0.009 0.184+0.005
p-value (ANOVA) 0.014* 0.042* 0.022* 0.310
p-value (healthy controls vs. GBA-PD patients) 0.110 0.018* 0.010* 0.212
p-value (healthy controls vs. noncarriers with PD) 0.004* 0.085 0.053 0.732
p-value (GBA-PD patients vs. noncarriers with PD) 0.214 0.528 0.519 0.155

ANOVA analysis of variance, AUC area under the curve, Cp clustering coefficient, Eg global efficiency E, . local efficiency GBA glucocerebrosi-

dase gene, L, characteristic path length, PD Parkinson’s disease
*p<0.05 (ANOVA, LSD post hoc test)

significantly decreased nodal betweenness centrality in the
angular gyrus and intraparietal sulcus within the DMN, and
temporal region within the occipital network. In addition, the
GBA-PD group exhibited significantly increased nodal between-
ness centrality in the mPFC, precuneus, and occipital region
within the DMN, and precentral gyrus within the SMN, while
decreased nodal betweenness centrality in the parietal region
within the SMN compared to HCs. The noncarrier group exhib-
ited significantly increased nodal betweenness centrality in the
anterior and middle insular and temporal regions within the
cingulo-opercular network compared to HCs (Table 3, Fig. 2).

Correlation analysis

By performing partial correlation analysis, we found
that the nodal betweenness centrality of mPFC showed a

significantly positive correlation with the fatigue sever-
ity scale scores (r=0.571, p=0.017) in all patients with
PD. In addition, we did not find any significant correlation
between the remaining regional betweenness centralities
and clinical features in patients with PD.

Discussion

The current study is, to our knowledge, the first to apply
the graph theory to observe the disruption of the topologi-
cal organization of functional brain networks in GBA-PD
patients. Our major findings revealed the following: (1) the
GBA-PD group showed prominently decreased character-
istic path length and increased global efficiency compared
to HCs at the global level; (2) although both PD groups

Table 3 Abnormal nodal betweenness centrality among the three groups for functional networks

Betweenness centrality p-value (post hoc)

Networks Regions Healthy controls GBA-PD Noncarriers ~ p-value Healthy controls Healthy controls GBA-PD patients
patients with PD (ANOVA) vs. GBA-PD Vs. noncarriers  Vvs. noncarriers
patients with PD with PD
DMN mPFC 13.30+8.12 30.18+19.97 1591+9.78 0.004 0.001* 0.597 0.013*
DMN precuneus 11.15+7.95 2298+18.92 8.74+5.12 0.012 0.011* 0.588 0.006*
DMN angular 32.51+15.97 16.69+12.72  19.33+12.38 0.010 0.006* 0.021* 0.665
gyrus
DMN IPS 40.06 +28.83 18.56 +8.01 22.39+15.16 0.023 0.013* 0.038%* 0.678
DMN occipital  16.22+12.57  32.66+17.36 23.75+19.94 0.039 0.012* 0.231 0.204
CON antinsula  19.75+10.35 2496 +1544 41.96+23.90 0.004 0411 0.001* 0.020*
CON mid insula 8.30+6.07 13.23+12.01 22.15+22.54 0.044 0.360 0.013* 0.141
CON temporal ~ 21.60+22.87 12.72+8.48 42.14+33.30 0.017 0.333 0.029%* 0.006*
SMN precentral 16.87+13.10  32.47+2234 17.75+13.23 0.038 0.016* 0.888 0.039*
gyrus
SMN parietal 29.67+26.20 11.70+8.25 16.54+9.43  0.040 0.018* 0.078 0.552
Occipital  occipital ~ 53.62+39.90  27.83+23.18 26.57+12.92 0.033 0.033* 0.025%* 0.923

ANOVA analysis of variance, ant antieror, CON cingulo-opercular network, DMN default mode network, GBA glucocerebrosidase gene, IPS
intraparietal sulcus, mid middle, mPFC medial prefrontal cortex, PD Parkinson’s disease, SMN sensorimotor network

“p<0.05 (ANOVA, LSD post hoc test)
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Fig.2 The differences in nodal betweenness centrality of the func- »

tional networks among the three groups (the GBA-PD group, PD
noncarrier group, and healthy controls). The disrupted nodes with
significantly decreased or increased betweenness centrality are shown
in blue or red. Abbreviations: ant anterior, GBA glucocerebrosidase
gene, IPS intraparietal sulcus, mid middle, mPFC medial prefrontal
cortex, PD, Parkinson’s disease

showed a significant decline of betweenness centrality in
nodes within the DMN and occipital network, the GBA-PD
group showed a significantly increased nodal betweenness
centrality in the mPFC, precuneus, and precentral gyrus,
while a significantly decreased betweenness centrality in
nodes within the cingulo-opercular network compared to the
noncarrier group at the regional level; (3) the altered nodal
betweenness centrality of mPFC was significantly correlated
with fatigue severity scale scores of patients with PD, indi-
cating a potential biomarker of fatigue in PD.

The human brain is characterized as a small-world net-
work with a balance between the high clustering coeffi-
cient (functional segregation) and low characteristic path
length (functional integration) [19], which is responsible
for efficient local information processing and efficient
long-distance connectivity. Meantime, high global effi-
ciency as the superior measure of integration may signifi-
cantly contribute to integration in networks. In the present
study, the functional brain networks of GBA-PD patients
exhibited the lower characteristic path length and higher
global efficiency, indicating increased information trans-
fer between long-range connectivity (functional integra-
tion). The functional brain networks of noncarriers with
PD exhibited the lower clustering coefficient, indicating
decreased local information processing (functional seg-
regation), suggesting a shift of the optimal topological
organization of functional networks in patients with PD.
Several rs-fMRI studies also exhibited disrupted topologi-
cal organization of functional networks in patients with
PD when compared to HCs [11, 20, 21]. Luo et al. found
no significant difference in global efficiency but reduced
local efficiency [11]; while Sreenivasan et al. found
reduced global and local efficiency in early-stage drug-
naive patients with PD [20]. Moreover, Suo et al. found
decreased global and local efficiency in patients with PD
with different H&Y stages [21]. The discrepancy in the
disease stage might affect the difference of topological
network organization, and the distinct topological organi-
zation may be a result of different pathophysiology in the
inherently heterogeneous disease.

In addition to the overall network metrics, several nodes
showed significantly altered betweenness centrality charac-
teristics both in GBA-PD patients and noncarriers with PD
in our cohort, which spatially overlapped with the pathologi-
cal process-related specific regions, including initial meso-
cortex, progressing to high-order sensory association and
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prefrontal areas, and eventually affecting premotor as well
as primary sensory/motor fields [22]. A significant decline
of nodal betweenness centrality within the DMN and the
occipital network was found in both PD groups compared to
HCs, which may be compatible with the roles for dysfunc-
tional connectivity of DMN in cognitive decline and of the
occipital network in impaired visual processing in patients
with PD [23, 24].

Of note, in the present study, we found a significantly
increased nodal betweenness centrality in the mPFC and
precuneus in GBA-PD patients compared to noncarriers
with PD. The mPFC, as a crucial cortical region that can
integrate information from cortical/subcortical regions and
converge information to output structures, plays essential
roles in the motivation, cognitive process, regulation of
emotion, and sociability [25]. The precuneus also plays a
central role in a wide spectrum of highly integrated tasks,
including visuo-spatial imagery, episodic memory retrieval,
and self-processing operations [26]. In PD, the mPFC and
precuneus and their connected regions have been reported
to be associated with the pathophysiology of non-motor
symptoms [27]. We thus assumed that the alteration of
functional connections located in these regions might be
closely related to non-motor symptoms of PD. It has only
recently been recognized that fatigue is a common problem
in PD, and the neural bases of fatigue in PD remain uncer-
tain [28]. Fatigue in diseases of the central nervous system
has recently been reported to be associated with dysfunction
of basal ganglia (BG) [29]. Moreover, fatigue was found to
be associated with reduced glucose metabolism in the BG
and frontal cortex in patients with multiple sclerosis [30].
Prior models of fatigue in neurologic diseases proposed the
dysfunction of the BG and medial frontal cortex to gener-
ate fatigue. Deep brain stimulation of subthalamic regions
structurally connected with the frontal cortex was found to
be associated with autonomous effects such as tiredness/
fatigue [31]. Interestingly, we also revealed the altered nodal
betweenness centrality in the mPFC was positively corre-
lated with clinical fatigue severity in patients with PD. The
GBA-PD group even presented significantly enhanced nodal
betweenness centrality in the mPFC, relatively higher fatigue
severity scale scores, and more patients with fatigue com-
pared to the noncarrier group, which lending credence to the
pathophysiologic relevance of fatigue in PD.

In addtion, we found that GBA-PD patients showed sig-
nificantly increased nodal betweenness centrality in the
precentral gyrus compared to noncarriers with PD, and
the nodal betweenness centrality of the latter is similar to
that of HCs. The classic motor impairment of PD might be
in accordance with the decreased nodal centralities in the
sensorimotor cortex [21], but we did not find this change
in our two PD subgroups. Although medication was with-
drawn at least 12 h in treated patients with PD before the
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MRI scanning, the potentially confounding effects of chronic
dopaminergic drugs may not be explicitly ruled out. Possi-
ble explanations of the difference may be the heterogeneity
of patients with PD, and we conjectured that the enhanced
function in the precentral gyrus might be a compensatory
response, which might be more remarkable in GBA-PD
patients. We also revealed that GBA-PD patients showed
significantly decreased nodal betweenness centrality within
the cingulo-opercular network compared to noncarriers with
PD, and the nodal betweenness centrality of the former is
similar to that of HCs. The cingulo-opercular network that
is primarily composed of the anterior insula and dorsal ante-
rior cingulate cortex has generally been equated with the
salience network [32], which is associated with the detec-
tion and integration of emotional and sensory stimuli, and
modulation of the switch of cognition between the DMN and
central executive network. We thus speculated that GBA-PD
patients may lack this compensatory function within the cin-
gulo-opercular network compared to noncarriers with PD.
Future studies in larger patient populations are warranted to
clarify these views.

The mechanism underlying the association between GBA
mutations and PD is still unclear. Although our GBA-PD
patients and noncarriers with PD presented minor clinical
differences, the neuroimaging technique highlighted the
interesting effects of GBA mutations. Here, the altered nodal
betweenness centrality was detected at a low threshold,
because of the small number of GBA-PD patients (n=11).
These preliminary results may provide new clues for which
pathways or networks may be altered in GBA-related PD.
GBA-PD patients displayed altered nodal betweenness cen-
trality mainly within the DMN, corroborating the clinical
findings that patients with PD with GBA mutations carry a
higher risk of non-motor symptoms, especially the cogni-
tive impairment [33]. The notable finding of impaired nodal
betweenness centrality in the mPFC associated with fatigue
in PD may provide evidence in support of a serotonergic
pathway in patients with fatigue [34], and reflect the greater
progression of the GBA-PD group on fatigue, despite the
absence of difference in fatigue severity scale scores with the
noncarrier group. The discovery of this imaging evolution
before prominent clinical manifestations is crucial not only
for its prognosis but also for elucidating the pathophysiology
of the disease.

Several limitations needed to be addressed. First, the
current study had a cross-sectional design and was a pre-
liminary pilot study, as only 11 patients in each PD sub-
group; therefore, our findings did not take into account the
heterogeneity of the GBA mutations, even though these
mutations were defined as pathological/likely pathologi-
cal variations, which should be interpreted with caution.
Second, the topological organization of brain networks
has been proven to be affected by the different parcellation
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strategies [35], although the templates used in this study
have been widely used to construct human brain organi-
zation. Third, although the drug usage was controlled
between the two PD subgroups and withdrawn at least 12 h
in the study, the comparison between patients with PD and
HCs could still be affected by drug usage. Further stud-
ies are warranted to evaluate the effect of the medication
on the topologic properties of brain networks in GBA-PD
patients.

Conclusion

In the current study, graph theory analysis was used to inves-
tigate the altered topological organization in patients with
PD with GBA mutations. GBA-PD patients showed the
higher functional integration at the global level, and altera-
tions of regions within the DMN, cingulo-opercular network,
SMN, and occipital network at the nodal level. The finding
of nodal betweenness centrality in the mPFC is congruent
with the potential fatigue pathology in PD and suggestive of
a profound effect of GBA mutations on the clinical fatigue
in patients with PD. These results may extend the under-
standing of relationships between disruptions of functional
networks and GBA-related pathophysiology in PD.
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