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Abstract.
Background: Parkinson’s disease (PD) is a common neurodegenerative disorder that is predominantly known for its motor
symptoms but is also accompanied by non-motor symptoms, including anxiety.
Objective: The underlying neurobiological substrates and brain network changes associated with comorbid anxiety in PD
require further exploration.
Methods: An analysis of oscillation-specific nodal properties in patients with and without anxiety was conducted using
resting-state functional magnetic resonance imaging (rs-fMRI) and graph theory. We used a band-pass filtering approach to
differentiate oscillatory frequency bands for subsequent functional connectivity (FC) and graph analyses.
Results: The study included 68 non-anxiety PD (naPD) patients, 62 anxiety PD (aPD) patients, and 64 healthy controls
(NC). Analyses of nodal betweenness centrality (BC), degree centrality (DC), and efficiency were conducted across multiple
frequency bands. The findings indicated no significant differences in BC among naPD, aPD, and NC within the 0.01–0.08 Hz
frequency range. However, we observed a specific reduction in BC at narrower frequency ranges in aPD patients, as well
as differing patterns of change in DC and efficiency, which are believed to reflect the neurophysiological bases of anxiety
symptoms in PD.
Conclusions: Differential oscillation-specific nodal characteristics have been identified in PD patients with anxiety, suggest-
ing potential dysregulations in brain network dynamics. These findings emphasize the complexity of brain network alterations
in anxiety-associated PD and identify oscillatory frequencies as potential biomarkers. The study highlights the importance
of considering oscillatory frequency bands in the analysis of brain network changes.
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INTRODUCTION

Parkinson’s disease (PD) is a progressive neurode-
generative disease that occurs in the elderly, with a
higher incidence in males than in females [1]. Com-
mon motor symptoms amongst most PD patients
include resting tremor, bradykinesia, and rigidity. In
addition to motor symptoms, PD also causes non-
motor symptoms (NMS) such as mood disorders,
cognitive impairments, sleep disturbances, and auto-
nomic dysfunction. Anxiety is among these NMS [2].
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It has been shown to be a common exacerbating factor
of PD, with a prevalence rate of 31% [3].

In PD with anxiety, resting-state functional mag-
netic resonance imaging (rs-fMRI) has become an
active research field. Studies regarding brain net-
works have shown that compared to PD patients
without anxiety, those with anxiety are character-
ized by changes in specific brain networks [4]. The
commonly involved brain regions include the default
mode network, salience network, and the frontal-
striatal circuits, all of which are implicated in emo-
tional processing and regulation [5]. Additionally,
studies suggest that the degree of functional connec-
tivity changes in certain brain regions in PD patients is
correlated with the severity of anxiety symptoms. The
limbic system plays a key role in mood regulation,
and disruptions in that system can lead to anxiety [6].
Furthermore, interventional studies using rs-fMRI
have started to explore how non-pharmacological
interventions such as deep brain stimulation affect the
functional connectivity patterns in patients with PD
and anxiety [7]. Despite these advancements, chal-
lenges still persist in the field.

Several frequencies will resonate and oscillate
simultaneously within neurons and networks due to
their complex dynamics. Information can be carried
across different dimensions by these different oscilla-
tions in brain networks [8, 9]. A wide range of power
spectrums can be used by rs-fMRI to study dynamic
brain networks, but oscillatory coupling is typically
detected within a single frequency band [10]. Some
studies have decomposed the fMRI oscillations into
different frequency bands [11, 12]. Measurement
of local spontaneous brain activity in patients with
PD, however, revealed oscillation-specific functional
abnormalities. In order to fully understand the under-
lying pathogenesis of PD, local measurements cannot
fully capture the complexity of the human brain
[13, 14]. Therefore, reverting the human brain to
a large-scale network with multiple oscillatory fre-
quencies may help to better understand PD, especially
its comorbid psychiatric symptoms. Graph theory
analysis models the human brain as a complex, large-
scale network and provides a powerful mathematical
framework for characterizing the topological struc-
ture of brain networks [15]. Some studies using this
approach have found that the global network topology
of patients with PD is disrupted in terms of integration
and segregation [16]. Nevertheless, these studies only
analyzed oscillations of the BOLD signal within a sin-
gle frequency band while elucidating the pathogenic
mechanisms of PD from the network perspective,

and they neglected the unique information provided
by multiple frequency bands [17, 18]. Consequently,
nodal properties that may be affected by progressive
oscillations in PD patients with anxiety have not yet
been explored, suggesting that this may explain why
some patients with PD experience anxiety in addition
to their PD symptoms.

PD patients with and without anxiety were mea-
sured based on graph theory analysis within each
oscillation frequency. In addition, the effect of differ-
ent oscillation frequencies on the node characteristics
is also investigated.

METHODS

Subjects

An informed consent form was signed by all PD
patients and healthy control (HC), and all procedures
were conducted in accordance with the Declaration of
Helsinki and the ethical standards of the Institutional
Research Board. In accordance with British Parkin-
son’s Disease Society criteria, senior neurosurgeons
diagnosed PD [19]. Information regarding patient
demographics (including age, sex, and education) and
clinical assessments, such as Hoehn-Yahr stage (H-
Y), duration of disease, levodopa and equivalent dose
(LED). Hamilton Depression Rating Scale (HAMD)
were employed to assess the patients’ depression
state. The severity of anxiety is measured by 14
Hamilton Anxiety Assessment Scales (HAMA-14).
In the control group, the above demographic and clin-
ical information were collected. Clinical information
and fMRI data were collected overnight (at least 12
hours) after medication discontinuation in patients
with PD taking antiparkinsonian drugs. HAMA-14
scores were used to categorize PD patients into an
anxiety group (aPD) and a non-anxiety group (naPD).
Patients were divided into aPD group if their HAMA-
14 score was more than 14, and naPD group if their
HAMA-14 score was less than 14. Exclusion cri-
teria were as follows: (1) schizophrenia, n = 1; (2)
metal artifacts on MRI scans, n = 3; (3) underlying
cognitive impairment according to MMSE scores
(MMSE scores < 27), n = 1; (4) excessive head move-
ment (>2 mm at transition, 2◦ rotation), n = 3; and (5)
removal of more than 1/3 of the bad time points after
scrubbing, n = 3.

The study was reviewed and approved by Ethics
Committee of The First Affiliated Hospital of USTC
(2022-RE-154).
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MRI scanning

In the study, an eight-channel phased array head
coil was used with a 3.0 T MRI scanner (GE Health-
care, Chicago, IL, USA) for patients with PD and
neuropathy. 3D T1-weighted images were acquired
using a sagittal fast gradient echo sequence. We
acquired functional MRI images using the follow-
ing SE-EPI sequence. Scanning parameters were as
in the previous study [20].

fMRI data preprocessing

Data pre-processing was conducted with Resting-
State fMRI Data Analysis Toolkit plus V1.27
(RESTplus V1.27, http://restfmri.net/forum/index.
php), which is based on Statistical Parametric Map-
ping (SPM; https://www.fil.ion.ucl.ac.uk/spm/) [21].
Image data preprocessing was performed as in our
previous study [20]. We used band-pass filtering
as a tool for reducing non-neuronal contributions
to BOLD fluctuations at the following frequencies:
0.01–0.08 Hz, 0.01–0.01 Hz, and 0.027–0.073 Hz,
respectively.

Functional connectivity analysis

Functional connectivity (FC) analysis was per-
formed using RESTplus v1.27 (http://www.restfmri.
net/forum/restplus). We selected 58 regions of inter-
est (ROIs) associated with the default mode network
(DMN) from the Power 264 atlas to calculate ROI-
level FC [22]. Pearson’s correlation analysis was
used to calculate the FC values for the 58 regions
of interest. Correlation coefficients were converted
to z-scores using Fisher’s transformation of r-to-z
coefficients. A 58 × 58 matrix was generated for each
participant. The zFC matrices of the naPD, aPD, and
HC groups were compared by a two-sample t-test.
Bonferroni correction (p < 0.05) was applied when
FC comparisons were made among the naPD, aPD,
and HC groups. A table of DMN-related ROIs in
the Power264 template against the AAL template is
included in Supplementary Table 1.

Graph analysis

Graph analysis was performed using GRETNA
2.0. This study used 58 ROIs associated with the
DMN from the power 264 atlas. Each ROI repre-
sents a node of the network. After extracting each
node’s average time course, the Pearson correlation

between their time courses was calculated to assess
the resting-state functional connectivity between
regions. Analyzing parametric data was improved
using Fisher’s r-to-z transformation. Graph-theory-
based network analysis results were obtained by first
generating network matrices (58 × 58) in three fre-
quency bands (0.01 × 0.08 Hz, 0.01 × 0.027 Hz, and
0.027 × 0.073 Hz) for each subject [23].

For each constructed matrix, a sparsity value was
calculated by dividing the total number of edges by
the maximum number of edges in the network prior to
calculating topological node metrics. A sparsity inter-
val of 5% has been chosen instead of one threshold
since the topological attribute calculation is strongly
influenced by network sparsity.

We calculated topological node metrics for each
subject for the constructed functional networks.
These metrics include node median centrality, node
degree centrality, and node efficiency. To compare
nodal metrics among naPD, aPD, and HC groups,
a two-sample t-test was conducted. The Bonferroni
correction (p < 1/58 = 0.01724) was applied to the p-
value when comparing nodal metrics between groups.

Statistical analysis for demographic and clinical
information

To determine whether the data were normally dis-
tributed, a one-sample Kolmogorov-Smirnov test was
conducted. Differences in age, education, disease
duration, UPDRS motor scores, and H-Y staging
were compared between the full PD group and the
normal control group, between the PD groups, and
between the naPD group, aPD group, and con-
trol group using the independent samples t-test or
ANOVA. Pearson’s chi-square test was used to com-
pare the sex distribution between and among groups.
For comparison of the differences in HAMA-14
scores between two or three groups, the Mann-
Whitney U test or Kruskal-Wallis test was used due
to non-normality in the data distribution. Pearson’s
correlation coefficient was used to analyze the corre-
lation between nodal characteristics and HAMA-14
scores.

RESULTS

Demographic and clinical information

The analysis included 68 patients with naPD, 62
patients with aPD, and 64 HC. There was a signif-
icant difference between the HC and PD groups in

http://restfmri.net/forum/index.php
https://www.fil.ion.ucl.ac.uk/spm/
http://www.restfmri.net/forum/restplus
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Table 1
Demographic and clinical information of the participants

HC naPD aPD p

No. 64 68 62
Age 61.0 ± 6.6 58.7 ± 7.5 59.4 ± 8.4 0.199
Duration (y) – 9.0 ± 3.6 8.3 ± 3.8 0.267
UPDRS-III drug off – 53.5 ± 13.8 56.7 ± 12.6 0.175
UPDRS-III drug on 26.2 ± 11.0 28.9 ± 11.0 0.158
HAMD 16.92 ± 4.32 17.29 ± 4.74 16.28 ± 5.05 0.072
HAMA-14 4.0 ± 2.1 10.7 ± 2.4 22.5 ± 3.7 <0.001
MMSE 28.6 ± 1.1 27.8 ± 0.6 27.3 ± 0.8 0.779
LED 643.8 ± 437.2 669.4 ± 316.6 0.705
Drug improvement rate – 0.5 ± 0.1 0.5 ± 0.1 0.200
Gender 0.644
male 30 (46.9%) 36 (52.9%) 34 (54.8%)
female 34 (53.1%) 32 (47.1%) 28 (45.2%)
H-Y 0.668
2.5 – 14 (22.6%) 11 (16.1%)
3 – 29 (46.8%) 39 (57.4%)
4 – 19 (30.6%) 18 (26.5%)

HAMA-14 scores, which is in line with the results
of many epidemiological studies. With the excep-
tion of HAMA-14 scores, which were significantly
lower in patients with naPD than those with aPD,
other disease-related factors including H-Y stage,
disease duration, and LED did not differ signifi-
cantly between the groups. The specifications listed
in Table 1 show the specified information.

Oscillation-specific nodal alterations in PD with
anxiety

For nodal betweenness centrality (BC) analy-
sis (see Fig. 1; Supplementary Table 2), within
the frequency range of 0.01–0.08 Hz, there were
no significant differences identified between the
naPD, aPD, and HC groups. Specifically within
the 0.01–0.027 Hz range, the aPD group showed
a decrease in BC within the right middle occipi-
tal gyrus compared to naPD. Additionally, the aPD
group exhibited a reduced BC in the same right mid-
dle occipital gyrus and the right temporal pole, as
well as an increased BC in the left paracentral lob-
ule in comparison to the HC group. Compared to
naPD patients, an increase in BC was observed in
the left middle temporal gyrus in the frequency range
of 0.027–0.073 Hz. Also, the aPD group presented
with elevated BC in the left paracentral lobule com-
pared with HC, while the naPD and HC groups did
not show significant differences in BC.

Regarding nodal degree centrality (DC) analysis
(see Fig. 2; Supplementary Table 3), the aPD group

had a higher DC in the left middle temporal gyrus
within the 0.01–0.08 Hz frequency band. In compar-
ison to HC, the aPD group had higher DC in the
left middle temporal gyrus, left angular gyrus, right
angular gyrus, and left paracentral lobule, along with
a decreased DC in the right paracentral lobule. The
naPD group exhibited an increased DC in the left
angular gyrus and a decreased DC in the left mid-
dle temporal gyrus compared to HC. There were no
significant DC differences between naPD and aPD
within the 0.01–0.027 Hz band. In contrast to the HC
group, the aPD group demonstrated increased DC
in the left angular gyrus and Crus I of the cerebel-
lar hemisphere. Crus I had an elevated DC in naPD
compared to HC. Within the 0.027–0.073 Hz band, an
increase in DC was noted in the left middle temporal
gyrus for aPD patients in comparison to naPD. The
aPD group showed increased DC in the left middle
temporal gyrus and left paracentral lobule relative to
HC, and naPD participants had increased DC in the
left angular gyrus and right dorsolateral aspect of the
suprafrontal gyrus compared to HC.

As for nodal efficiency (illustrated in Fig. 3;
Supplementary Table 4), within the 0.01–0.08 Hz
frequency range, the aPD group presented with
enhanced efficiency in the left middle temporal gyrus
compared to the naPD group. In comparing the aPD
participants to the HC group, the left middle tem-
poral gyrus, left angular gyrus, and left paracentral
lobule displayed greater efficiency, while the right
paracentral lobule was less efficient. The naPD group
exhibited decreased efficiency in the left middle tem-
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Fig. 1. Oscillation-specific alterations of nodal betweenness centrality in PD with or without anxiety. Red nodes suggest an increase in
betweenness centrality and blue nodes suggest a decrease in betweenness centrality.

poral gyrus in contrast with the HC group. Within
the 0.01–0.027 Hz range, the left middle temporal
gyrus efficiency was higher in the aPD group ver-
sus the naPD group. In comparison to HC, the aPD
group displayed elevated efficiency in the left angular
gyrus, while the naPD group showed lower effi-
ciency in the left middle temporal gyrus. Within the
0.027–0.073 Hz band, the aPD group experienced
higher efficiency in the left middle temporal gyrus
and diminished efficiency in the left anterior cingulate
gyrus compared to the naPD group. The aPD group
also had increased efficiency in the left middle tem-
poral gyrus and left paracentral lobule and decreased
efficiency in the right paracentral lobule when com-
pared to HC. The naPD group had lower efficiency
in the left middle temporal gyrus than the HC group.

Correlation between node characteristics and
anxiety in patients with aPD

We analyzed the characteristics of nodes that
showed significant differences between aPD patients
and naPD patients in relation to the patients’ HAMA-
14 scores. We found that the nodal BC and DC
of the left middle temporal gyrus (DMN83) within
the 0.027–0.073 Hz frequency band are signifi-
cantly negatively correlated with the HAMA-14
scores. Similarly, the DC of DMN83 within the
0.01–0.08 Hz range also shows a significant nega-
tive correlation with HAMA-14 scores. The nodal
efficiency of DMN83 is negatively correlated with
HAMA-14 scores within both the 0.01–0.027 Hz and
0.027–0.073 Hz ranges, but shows no significant cor-
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Fig. 2. Oscillation-specific alterations of nodal degree centrality in PD with or without anxiety. Red nodes suggest an increase in degree
centrality and blue nodes suggest a decrease in degree centrality.

relation within the 0.01–0.08 Hz frequency range.
The nodal efficiency of the left anterior cingulate
gyrus (DMN111) within the 0.027–0.073 Hz range
is significantly positively correlated with HAMA-14
scores (see Fig. 4).

DISCUSSION

Research suggests that there may be specific
oscillation-specific node differences in the brains of
PD patients [24]. A study found increased functional
connectivity between the limbic system (which is
involved in emotion processing) and various corti-
cal regions in anxious PD patients compared to PD
patients without anxiety [25]. Another study using
magnetoencephalography (MEG) found abnormal

oscillatory power and functional connectivity in the
frontal cortex of PD patients [26]. These findings sug-
gest that there may be significant oscillation-specific
node differences in the brains of PD patients with anx-
iety, which may account for the presence and severity
of anxiety symptoms in these individuals.

In this study, we have garnered some interesting
insights from our research into the oscillation-
specific nodal properties of PD patients with anxiety.
Through our analysis, we observed relatively pre-
served nodal properties in naPD patients. In contrast,
more widespread abnormalities were observed in
aPD patients, consistent across all three oscillatory
frequencies and nodal property indicators. Addition-
ally, nodal specificity also exhibited different changes
across various frequency ranges.
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Fig. 3. Oscillation-specific alterations of nodal efficiency in PD with or without anxiety. Red nodes suggest an increase in efficiency and
blue nodes suggest a decrease in efficiency.

Fig. 4. Correlation between node characteristics and anxiety in patients with aPD.
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Our results for BC in differing frequency ranges
(0.01–0.08 Hz, 0.01–0.027 Hz, and 0.027–0.073 Hz)
suggest that both anxiety status in PD and the
analyzed frequency band influence nodal centrality.
Specifically, in the 0.01–0.027 Hz range, the reduc-
tion in BC in the right middle occipital gyrus in
aPD compared to naPD could reflect an interrup-
tion in integration within the visual processing areas,
which is indirectly related to anxiety [27]. Addi-
tionally, BC changes in the right middle occipital
gyrus, right temporal pole, and left paracentral lobule
of the aPD group may be indicative of dysfunc-
tion in multimodal integration and motor planning
regions associated with anxiety [28]. In addition, a
previous graph theory study on PD patients found
that BC of the left paracentral lobule was altered in
PD patients with mild cognitive impairment, which
may also illustrate the coupling association between
anxiety and cognitive impairment, but further anal-
ysis is still needed [29]. In the higher frequency
range (0.027–0.073 Hz), increased BC in the left
middle temporal gyrus in aPD patients compared to
naPD may indicate a reorganization or compensatory
mechanism linked to the emotional and cognitive
aspects of anxiety in PD [30]. The middle tempo-
ral gyrus is involved in multiple cognitive processes,
including memory, language, and socio-emotional
processing. An increase in BC may indicate that these
functional areas are particularly active in process-
ing anxiety-related information, requiring additional
neural resources to handle complex emotional and
cognitive information related to anxiety. The mid-
dle temporal gyrus is involved in multiple cognitive
processes, including memory, language, and socio-
emotional processing [31]. An increase in BC may
indicate that these functional areas are particu-
larly active in processing anxiety-related information,
requiring additional neural resources to handle com-
plex emotional and cognitive information related
to anxiety.

Our DC analysis shows that compared to naPD
and HC, the aPD group had broader changes in cen-
trality, indicating a possible over-connectivity related
to enhanced anxiety-related processing. The reduced
DC in the right paracentral lobule in aPD patients
compared to HC might suggest decreased motor and
sensory integration capability, potentially contribut-
ing to the affective components of anxiety.

The patterns of change in nodal efficiency that
we observed reinforce the evidence that functional
integration and segregation in brain networks have
been altered in PD with comorbid anxiety. Increased

nodal efficiency in regions associated with emo-
tion processing (such as the left middle temporal
gyrus) in aPD compared to naPD could reflect an
adaptive response to anxiety. Based on further cor-
relational analysis, we found that the increase in
nodal efficiency within the left middle temporal
gyrus in the frequency range of 0.0027–0.0073 Hz
is negatively correlated with anxiety scores, then
this change can be considered adaptive. In this case,
the brain network’s adjustment might help individ-
uals to more effectively process emotional stimuli,
reduce feelings of anxiety, and improve quality
of life. An adaptive response means that despite
the presence of neurodegenerative changes due to
the disease, the brain is still able to maintain or
achieve functional balance by enhancing certain neu-
ral pathways. On the other hand, reduced efficiency
in areas like the right paracentral lobule may sug-
gest a decreased functionality in sensorimotor areas,
which could also be related to increased anxiety
symptoms.

The different patterns of nodal centrality and effi-
ciency changes across oscillatory frequencies we
observed indicate that anxiety comorbid with PD
is a multifaceted phenomenon in brain network
dynamics. This raises the possibility that different
aspects of the anxiety symptomatology in PD are
represented differently across oscillatory frequen-
cies, in line with an increasing body of literature
that suggests frequency-specific roles in brain func-
tion and dysfunction. Physiological functions are
dependent on oscillation-specific power distribu-
tions, but the complexity of neuronal properties
and cellular structures contributes to oscillation
power [32]. Node properties in large-scale net-
works facilitate the assessment of large network
integration [33, 34].

Our findings regarding oscillation-specific differ-
ences in PD with anxiety hold potential clinical
significance. Targeted interventions, such as neuro-
modulation, might be optimized by considering the
individual’s unique pattern of brain network changes
across different frequency bands. This specificity
could guide more individualized and effective treat-
ment approaches in the future. Moreover, identifying
connectivity patterns associated with anxiety in PD
could help with early diagnosis and potentially mon-
itor treatment responses.

Of course, our study is not without limita-
tions. Although we have demonstrated associations
between altered nodal properties and comorbid anx-
iety in PD, causality cannot be established due to
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the cross-sectional nature of the study. Longitudi-
nal research would provide a better understanding
of the evolving changes in brain network dynamics
associated with the progression of anxiety symp-
toms in PD. Additionally, our research prompts
further exploration into the molecular and physi-
ological underpinnings of these oscillation-specific
brain network changes. This could involve multi-
modal imaging studies combining rs-fMRI with other
techniques such as PET or EEG, thus offering a
more detailed picture of the interplay between brain
connectivity, neurochemical changes, and clinical
symptoms in PD with anxiety.

In summary, our study enhances the understand-
ing of the neurobiological substrates of anxiety in
PD, presenting oscillatory frequency bands as an
important consideration in the analysis of brain
network alterations. As rs-fMRI becomes increas-
ingly accessible for clinical research, our findings
may have implications for the future of personal-
ized medicine, where the modulation of specific
frequency-dependent network patterns could be a tar-
get for novel therapeutic strategies.

Conclusion

Our study has initiated an exploration into the
oscillation-specific nodal properties associated with
anxiety in PD. We have observed distinct nodal
attribute patterns within various frequency bands,
offering new insights that could pave the way for
understanding and conceptualizing anxiety in PD
from a neurobiological standpoint. Our research
garners evidence for the potential of oscillation
frequencies to serve as biomarkers for the neurophys-
iological changes related to anxiety in PD patients. In
the future, interventions may be optimized by person-
alizing them according to each individual’s specific
brain network alterations, which are delineated by
oscillation patterns. This precision in tailoring could
enhance the effectiveness of therapeutic strategies,
such as neuromodulation. Such an individualized
approach would also facilitate the early detection
of the development of anxiety in PD patients and
improve monitoring of treatment responses, signif-
icantly impacting the quality of life and disease
management for those affected.
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