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Recent studies have suggested a relationship between abnormal neurophysiological functions and
generalized anxiety disorder (GAD). However, studies on its electrophysiological characteristics, such
as its power spectrum and functional connectivity are relatively few and scattered than those on other
mental disorders (e.g., depression, ADHD, etc.). The present study aims to reveal the multidimensional
electrophysiological characteristics of GAD via comparative analysis of electroencephalogram

(EEG) data between GAD patients and healthy controls. Specifically, resting-state EEG, with a
duration of 10 min, was recorded from 98 GAD patients and 92 healthy control participants. The
electrophysiological characteristics, including the power spectrum, alpha asymmetry, and functional
connectivity, were extracted and compared between the two groups. The results revealed significantly
increased beta-band activity; decreased ipsilateral fronto-temporal and parieto-temporal functional
connectivities in the lower frequency bands (theta-beta band); as well as decreased frontal-parietal
and frontal-occipital connectivities in the higher frequency bands (beta—gamma band) in GAD patients.
Additionally, alpha asymmetry analysis revealed a significantly greater rightward temporal alpha
asymmetry in GAD patients. These findings suggest the existence of significant EEG characteristics in
patients with GAD, supporting previous conclusions regarding abnormal neurophysiological functions
in psychiatric disorders and potentially leading to the identification of biomarkers for clinical diagnosis.

Keywords Generalized anxiety disorder (GAD), Electroencephalogram (EEG), Power spectrum, Functional
connectivity (FC), Alpha asymmetry

Generalized anxiety disorder (GAD) is a subtype of anxiety disorder characterized by frequent and excessive
anxiety and uncontrollable worry about a variety of topics!?. These symptoms often lead to overmuch worry
about real-life problems and increased painful feelings for patients’, impairing their quality of daily life and
associated with improved risk for future issues*. With the development of modern society, the incidence rate
of GAD is increasing. According to previous studies, the prevalence of GAD is 3.1% per year or 5.7% over a
lifetime in the United States of America®, whereas the prevalence is 5.3% in urban China® and 6% in the United
Kingdom’. While many advancements have been made in understanding the physiological and psychological
mechanisms of GAD through previous studies, research on the resting-state EEG characteristics of GAD is
relatively limited compared with that of other psychiatric disorders (e.g., schizophrenia, depression, ADHD,
etc.). To provide more supportive evidence for establishing unified EEG features of GAD and determining
biological markers to assist in clinical diagnosis, the present study aims to reveal the EEG characteristics of GAD
via three analytic methods: power spectrum, alpha asymmetry, and functional connectivity analyses.

EEG is an important electrophysiological measurement technique that records brain electrical activity
through electrodes placed on the participant’s scalp. Owing to its noninvasiveness, low cost, ease of use, and
high temporal resolution, EEG has been widely used to reveal the neurophysiological features of various mental
disorders®. Power spectral analysis is one of the most commonly used methods for analyzing EEG data, which
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can reveal the energy distributions of various frequency components in brain electrophysiological activity®.
In studies of anxiety disorders, the EEG power spectrum analysis has revealed distinct abnormal activities
in patients compared with healthy controls. For example, Shadli et al.!° reported that patients with anxiety
disorders presented significantly increased theta rhythms in the right frontal area during anxiety evoked by a
stop-signal task. Other resting-state studies have suggested that the increased power of the beta rhythm is related
to a high level of anxiety in healthy participants'!"!? and patients with social anxiety'’. In recent years, some
studies have reported resting-state EEG power spectrum features of GAD, including increased beta-band activity
and decreased alpha-band activity'%, as well as increased beta and gamma-band activity in frontal channels'.
Combining the above findings, we assumed that the electrophysiological activity of GAD patients should be
greater than that of healthy controls, especially in the beta band. As most of the studies obtained those findings
via machine learning methods based on relatively small sample sets'*~16, the present study aims to support and
explore the findings in this area with a relatively larger dataset.

On the basis of the EEG power spectrum, alpha asymmetry is commonly used to investigate brain
lateralization. Alpha asymmetry refers to different hemispheric distributions of electrophysiological activity
across cortical areas of the brain and it is conceptualized as the relative hemispheric difference in alpha power
(8-13 Hz)'. Resting-state alpha power asymmetry in frontal or parietal areas has been reported in various
studies of anxiety, such as higher right-than-left fronto-lateral alpha power in patients with panic disorder!s,
social anxiety disorder'®, or general anxiety disorder?’. Notably, alpha power is inversely related to cortical
activity?!; thus, higher right-than-left alpha power indicates greater left-than-right activity. According to the
framework of the valence-arousal model??, anxious apprehension (i.e., worry, which is a characteristic of
obsessive-compulsiveness, generalized anxiety states, and trait anxiety) and anxious arousal (physiological
hyperarousal and somatic tension, often caused by panic attacks and high-stress situations) are associated with
different patterns of regional brain activity, with more left frontal brain activity indicating anxious apprehension
and right parieto-temporal brain activity indicating anxious arousal. Expanding on previous findings of the
frontal alpha asymmetry, the present study analyzed the GAD alpha asymmetry features in various brain regions,
including the frontal, parietal, occipital, and temporal regions. In addition to the frontal area, we also expected
to discover rightward alpha asymmetry in other brain regions, which would reveal the asymmetric brain activity
of GAD on a larger spatial scale.

Functional connectivity analysis is another EEG analytical method that has received much attention in
recent years. It aims to reveal the patterns of interaction within and between different brain regions via their
EEG signals. Compared with other widely used imaging techniques such as functional magnetic resonance
imaging (fMRI), EEG recording has high temporal resolution and is thus suitable for describing both spatial and
temporal features of neural activation and connectivity?*. Previous fMRI studies have revealed several functional
connectivity characteristics of GAD patients, such as stronger functional connectivity in the amygdala, insula,
putamen, thalamus, and posterior cingulate cortex but weaker connectivity in the frontal and temporal lobes%;
as well as enhanced resting-state functional connectivity in the inferior frontal gyrus, and reduced functional
connectivity in the superior temporal gyrus®®. However, compared with functional connectivity studies on other
psychiatric disorders (e.g., depression®, social anxiety disorder?’, etc.), EEG studies of functional connectivities
in GAD patients are relatively rare. A previous study using machine-learning analysis suggested that GAD
patients have decreased functional connectivity between frontal lobes and other brain regions'®. The present
study aims to support and expand the understanding of the resting-state EEG functional connectivity features
of GAD patients. We assumed that abnormal functional connectivity between various brain regions should be a
significant characteristic of GAD.

Overall, EEG is an important electrophysiological measurement technology that contains rich information
(e.g. power, frequency, and phase) about mental states, and has various potential characteristics for analysis.
In the studies of GAD, some characteristics have been discussed, but no unified conclusion has been reached
(e.g. power spectrum), and some other characteristics have not been extensively studied (e.g. functional
connectivity). Aiming to provide more supporting evidence for establishing a unified EEG characteristics of
GAD, this study analyzed the multidimensional resting-state EEG characteristics of patients with generalized
anxiety disorder. It examines several aspects, including the power spectrum, alpha asymmetry, and functional
connectivity. The power spectrum and alpha asymmetry features were extracted via fast Fourier transform
and comparative analysis between the GAD and HC groups to determine the electrophysiological features of
GAD patients. Functional connectivities were estimated with two measurements: the coherence coefficient and
pairwise phase consistency (PPC). The coherence coeflicient measures the strength of the network interaction
between electrodes or regions by estimating both the amplitude and phase consistency at each frequency bin
via the fast Fourier transform?. The pairwise phase consistency (PPC) is an improved measurement of the
phase-locking value (PLV). It estimates rhythmic synchronization between two neuron signals from separate
sources, and its sample estimator is consistent and not biased by the sample size?. On the basis of the previous
findings of brain overactivation in anxiety patients, we assume that GAD patients should have increased
electrophysiological activity compared with healthy controls, especially in the beta band. Alpha asymmetry
analysis should reveal rightward alpha asymmetry, which means greater left-than-right hemisphere activity in
GAD patients, especially in the frontal or parietal lobes. Additionally, functional connectivity analysis should
reveal the abnormal connectivities between brain regions in GAD patients.

Methods

Participants

Two groups of participants were recruited for this study: patients diagnosed with generalized anxiety disorder
(GAD) and healthy control participants (HCs). 98 patients (29 males and 69 females, with a mean age of
43.4£10.8 years) who met the Diagnostic and Statistical Manual of Mental Disorders 5 (DSM-5) criteria for GAD
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Characteristics GAD (n=98) | HC(n=92) |t X p Value
Age (years) 43.4+10.8 43.5%£12.2 -0.049 | - 0.961
Gender: male/female | 29/69 37/55 - 3.408 0.065
Education (years) 10.6+4.1 10.5+4.9 0.189 - 0.850
HAMA-14 score 19.9+3.8 1.6+1.2 44.408 - <0.001
HAMD-17 score 12.7+2.8 3.1+1.8 28.045 - <0.001

Table 1. The demographic and clinical characteristics of the participants. Age, education, HAMA-14 score,
and HAMD-17 score factors were compared between the GAD and HC groups via t-test. The gender ratio
was compared between groups with a Chi-square test. All the analyses were conducted at the 0.05 level of
significance.

Channel locations (b) Channel locations

Fig. 1. Channel locations of the EEG recording. The channel locations were plotted by (a) channel numbers or
(b) channel names according to the international 10-20 system.

were recruited from Huzhou Third People’s Hospital. These patients completed two questionnaires, the 14-item
Hamilton Rating Scale for Anxiety (HAMA-14) and the 17-item Hamilton Rating Scale for Depression (HAMD-
17), and were required to meet specific criteria: HAMA-14 scores > 14 and HAMD-17 scores < 17. Another 92
healthy participants (37 males and 55 females, with a mean age of 43.5+12.2 years) were recruited from the
local community and were assessed by a psychiatrist via the Structural Clinical Interview for the DSM-5. These
participants also completed the HAMA-14 and HAMD-17 questionnaires and met specific criteria: HAMA-14
scores <7 and HAMD-17 scores < 7. Furthermore, all the participants were required to be right-handed, have no
other mental disorders (except GAD) or physical disorders, have no history of alcohol or substance abuse, and
have no signs of brain damage, as determined by self-reports and medical histories. Additionally, participants
were required not to stay up late, consume alcohol or drugs within one day before the test, and not to smoke or
consume coffee or tea within 8 h before the EEG recording.

The experiment was approved by the Ethics Committee of Huzhou Third Municipal Hospital. All the
experiments were performed in accordance with the relevant guidelines and regulations, and all the participants
provided written informed consent before the test. The sample size was calculated via G*power with a two-tailed
independent t-test. Based on a medium effect size (d=0.5), a=0.05, and 90% power, the minimum sample
size was determined at 86 participants for each group. The demographic and clinical characteristics of the
participants are presented in Table 1.

EEG acquisition and preprocessing

The 16-channel EEG (Fpl, Fp2, F3, F4, C3, C4, P3, P4, O1, O2, F7, F8, T3, T4, T5, and T6, according to the
international 10-20 system, Fig. 1) of the participants were recorded by an EEG apparatus (Nicolet EEG
TS215605), with a sampling rate of 250 Hz. The impedances of all electrodes were kept below 5 kQ. Each
participant was required to close their eyes, be awake, and relax for ten minutes to record their resting-state
EEG. The experiment was conducted in a professional EEG lab at Huzhou Third Municipal Hospital.

The EEG was preprocessed using MATLAB scripts and the EEGLAB toolbox before further analysis. Initially,
the raw data were bandpass filtered from 1 to 60 Hz via a fourth-order Butterworth filter, and notch filtered from
49 to 51 Hz to eliminate line-power interference®. The data were subsequently rereferenced to the average of the
left and right mastoids (A1&A2). Channels with high noise were interpolated by nearby channels, and periods
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with high noise were rejected via the EEGLAB toolbox. Events with a 4-s gap between each other were imported,
and epochs with a length of 4 s were extracted for the stability of functional connectivity measurements®!. After
the epoching, independent component analysis (ICA) was applied to extract 16 principal components, and
artifacts (eye blinks, eye movements, head movements, etc.) were rejected.

EEG analyses and statistics

The analysis of EEG focused on three features: the power spectrum, alpha asymmetry index, and functional
connectivity (FC). EEG analysis and statistics were performed via MATLAB scripts in conjunction with the
FieldTrip toolbox>2.

Power spectrum analysis

The frequency-domain power spectra of the channels in each trial were calculated via fast Fourier transform
(FFT) and averaged across trials, resulting in a multichannel power spectrum (channels x frequency) for each
participant. The frequency resolution of the FFT was set at 1 Hz, the temporal resolution was set at 100 ms,
and the data were tapered via a 1000 ms Hanning window before the FFT?3-*. For statistical analyses, an
independent samples t-test between the GAD and HC groups was conducted. The result was corrected for
multiple comparisons via a cluster-based permutation test, with the significance level of correction set at a=0.05
(two-tailed), the distance for defining electrodes as neighbors set at 50 mm, and the number of permutations set
at 5000%. The cluster-based permutation test is a nonparametric statistical method used to detect significance
and clustered effects in EEG and is less conservative than the false discovery rate (FDR) or Bonferroni correction,
especially when the sample size is large®’.

Alpha asymmetry analysis

For the alpha asymmetry analysis, the averaged alpha-band EEG power was extracted from the channels of each
participant with the same FFT as above, except the frequency band was set at 8-13 Hz. Because the frequency
resolution was set at 1 Hz, the result is equivalent to the alpha band power density. Four pairs of channels in
the contralateral brain regions were selected to estimate the right-versus-left alpha asymmetries, that is: F4-F3
for the frontal area, P4-P3 for the parietal area, O2-O1 for the occipital area, and (T4 +T6) — (T3 +T5), which
refer to the difference between the average alpha power of channels T4 and T6 versus to the average alpha
power of channels T3 and T5 for the temporal area. Repeated-measures one-way ANOVA of alpha-band power
densities of these electrode pairs was performed across participants for each group, and post-hoc analyses with
multiple comparisons via the two-stage linear step-up procedure® were conducted between the electrode pairs
to estimate their alpha asymmetries within groups. The hemisphere and location of the electrodes were defined
as within-subject factors. For the comparison between the groups, the alpha asymmetry was estimated with the
laterality coefficient (LC), which indices relative right versus left-sided alpha power via the following formula:

(Pr — P1)
LC = ———-7%, 1
(Pr+ Pr) W
where the Pr is the average alpha power of the electrodes on the right hemisphere and Py is the average alpha
power of the electrodes on the left hemisphere. The LC estimate of alpha asymmetry is highly correlated with the
often-used logarithm difference estimation:

AAI = In(Pr) — n(Py), (2)

and the LC has a more intuitive interpretation as an untransformed variable?>*. The LCs of brain regions,
including the frontal, parietal, occipital, and temporal regions, were calculated for each participant and then
compared between groups with the Kruskal-Wallis rank-sum test. All the analyses were conducted at the 0.05
level of significance, and multiple comparisons were corrected by FDR correction.

Functional connectivity analysis

The functional connectivity across channels was estimated via two algorithms: the coherence coeflicient and
pairwise phase consistency (PPC). The coherence coefficient estimates the linear relationship between two wave
functions as a function of frequency by calculating their cross-power spectral density:

Sy ()
Sza (f) Syy (f)

where Skx(f) and Syy(f) are the power spectral densities of wave functions x(t), y(¢), and where Sxy(f)
denotes the cross-power spectral density between them.

Pairwise phase consistency measures the consistency of phase relationships between neuronal signals within
a specific frequency band by computing the phase differences between each pair of signal samples:

9 N-1 N
WZWZ Z f(0;,0r), (4)

i=1 k=(j+1)

COHy (f) = 3)
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where the function f represents the phase differences by computing the dot product between two unit vectors,
expressed as:

f(@,w) = cos(@)cos(w) + sin(¢)sin(w). (5)

This method addresses the issue of overestimating population statistics for sample sizes in phase locking value
or spectral coherence methods that may introduce bias when comparing conditions that differ in the number
of trials®.

The coherence coeflicient and PPC values between channels were calculated for each participant in each
1-Hz-length frequency bin and then compared between the GAD and HC groups via an independent samples
t-test. The results underwent multiple comparisons corrected with the FDR correction, with the significance
level set at a=0.05 (two-tailed). The results were divided into four frequency bands, including theta (4-7 Hz),
alpha (8-13 Hz), beta (14-30 Hz), and gamma (31-60 Hz) bands. The numbers of frequency bins with significant
differences between groups were calculated for the functional connectivity between each pair of channels and
normalized in each frequency band with the following formula:

N
)
Nrnax

(6)

Nnormalized =

where IV is the number of frequency bins with significant differences between groups of functional connectivity
between a specific pair of channels, and Nmax is the largest number of frequency bins with significant differences
between groups of functional connectivities between all the pairs of channels in the frequency band. The results
were presented via the BrainNet toolbox*’.

Results

Power spectrum analysis

As the first step of power spectrum analysis, the spatial-frequency domain EEG power spectra of the GAD
and healthy control groups were calculated (Fig. 2). The power spectra and topographies revealed posterior
dominant rhythms (8-13 Hz) in both groups, which is a significant characteristic of resting-state EEG.

A t-test comparing the power spectra of the two groups revealed significant differences in electrophysiological
activity between GAD patients and healthy participants. In the beta band (13-27 Hz), GAD patients had
significantly higher EEG power than healthy controls (p =0.012, after cluster-based permutation test), indicating
excessive brain activity among GAD patients (Fig. 3a). This heightened activity was widely distributed throughout
the central axis in the low-beta band and shifted toward the posterior region as the frequency increased (Fig. 3b).

Additionally, the alpha asymmetry analysis with repeat-measures one-way ANOVA revealed significantly
different alpha-band power through channels in both the GAD (F=34.00, p <0.001, R>=0.260) and HC (F=32.17,
£<0.001, R?=0.261) groups. Post-hoc analyses with multiple comparisons revealed significant rightward frontal
alpha asymmetry in both the HC (q<0.001, p <0.001; Fig. 4a) and GAD (q=0.006, p=0.006; Fig. 4b) groups,
as well as significant rightward temporal alpha asymmetry in GAD patients (q=0.002, p=0.001). When the
alpha asymmetry indices of the two groups were compared, the GAD patients presented significantly greater
rightward temporal alpha asymmetry (p=0.004, Fig. 4c).

Functional connectivity analysis

The functional connectivity analysis employed two kinds of algorithms: the coherence coefficient and pairwise-
phase consistency (PPC). The results of the coherence coeflicient algorithm revealed significantly decreased
functional connectivity in GAD patients compared with HCs (p <0.05), especially in the alpha and beta bands
(Fig. 5a). Specifically, decreased connectivities were observed between the right hemisphere parietal and temporal
lobes in the theta (4-7 Hz, Fig. 5b), alpha (8-13 Hz, Fig. 5¢), and beta (14-30 Hz, Fig. 5d) bands; between the
frontal and temporal lobes in the alpha and beta bands; and between the frontal and occipital lobes in the beta
band; as well as between the frontal and parietal lobes in the beta and gamma (31-60 Hz, Fig. 5e) bands.

The results of the pairwise phase consistency (PPC) algorithm also revealed significant differences between
the two groups (p <0.05, Fig. 6a). The results are similar to those of the coherence coefficient method, including
decreased connectivities between the right-hemisphere parietal and temporal lobes in the theta (4-7 Hz, Fig. 6b),
alpha (8-13 Hz, Fig. 6¢), beta (14-30 Hz, Fig. 6d) and gamma (31-60 Hz, Fig. 6e) bands; between the frontal and
temporal lobes in the alpha and beta bands; and between the frontal and occipital lobes in the beta band; as well
as between the frontal and parietal lobes in the beta and gamma bands.

Discussion

In this resting-state EEG study, a comparative analysis of the brain activity power spectra and functional
connectivities between GAD patients and healthy controls was conducted. The results demonstrate that the
brain activity power of GAD patients is higher than that of healthy controls in the beta band. Alpha asymmetry
analysis revealed a significantly greater rightward temporal alpha asymmetry in GAD patients. Moreover,
there was significantly decreased functional connectivity between several brain regions of GAD patients These
findings support our hypothesis that there are abnormal EEG features exist in GAD patients and are discussed
in detail below.

The beta rhythm is typically associated with motor control*"*2, brain alertness levels*>*4, and the mediation
of higher cognitive functions in cognitive processes (e.g., endogenous, top-down component of brain
processing)*>6. In pathological research, the exacerbation of beta-band activity is usually associated with
abnormal behavioral and cognitive changes such as Parkinson’s disease?” or social phobia'?. Our finding of

43,44
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Fig. 2. EEG power spectra and topographies of the GAD and healthy control groups. (a) Power spectrum of
the GAD group. Red indicates the higher power of electrophysiological activity. (b) Topography represents
the average spatial distribution of the alpha band (8-13Hz) EEG power of the GAD group. Red indicates the
higher power of electrophysiological activity. (c) Power spectrum of the healthy control group. Red indicates
the higher power of electrophysiological activity. (d) Topography represents the averaged spatial distributions
of the alpha band (8-13 Hz) EEG power of the healthy control group. Red indicates the higher power of
electrophysiological activity.

increased beta-band activity in GAD patients aligns with existing research highlighting the important role of
the beta rhythm in anxiety'!~'%. These studies indicated increased beta-band activity in patients with anxiety
disorders or healthy participants experiencing an induced anxiety state. In conjunction with the results of the
present study, the significantly increased beta-band activity in GAD patients suggests abnormal hyperarousal of
brain alertness.

EEG resting-state alpha asymmetry is one of the most widely investigated forms of brain lateralization®s.
Previous studies have focused mostly on frontal alpha asymmetry. Greater rightward frontal alpha asymmetry
has been revealed in participants with anxious profiles'” and in GAD patients?’. However, although there was
significant rightward frontal alpha asymmetry in GAD patients in the present study, it was not significant
between the GAD and healthy control groups. In fact, the comparison between groups revealed a greater
rightward temporal alpha asymmetry in GAD patients. Temporal lobe alpha asymmetry has been less discussed
in previous studies, and some researchers have suggested that it is associated with anxious arousal as a part of
parietal-temporal activity?>>?. As alpha power is inversely related to cortical activity?!, the greater rightward
temporal alpha asymmetry in the present study reflects higher leftward temporal cortical activity in GAD
patients, which may be one of the physiological characteristics of GAD patients.

In the present study, temporal lobe EEG features of GAD patients, including decreased ipsilateral frontal-
temporal and parietal-temporal functional connectivities in the theta, alpha, and beta bands, were also revealed
by the functional connectivity analysis. The temporal lobe plays an important role in emotional regulation and is
associated with anxiety symptoms. Previous studies have reported that patients with temporal lobe epilepsy are at
high risk of anxiety disorders®!~?, indicating that temporal lobe dysfunction may be a potential cause of anxiety
disorders. Similar to the findings of this study, the decreased functional connectivity between the temporal lobe
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Fig. 3. Power spectrum analysis results comparing the GAD and healthy control groups. (a) T-statistics of
comparing power spectra between the GAD and healthy control groups. The X-axis represents the frequency
bins, and the Y-axis represents the channels (for the locations of the channels, please check Fig. 1). The color
bar denotes the t value, with red indicating higher power and blue indicating lower power in the GAD group
than in the healthy control group. The white lines mark the clusters with significant differences between the
groups after cluster-based permutation testing (p <0.05). (b) Topographic distribution of the t-statistics. The
color bar denotes the t value, with yellow indicating higher power and blue indicating lower power in the GAD

group than in the healthy control group. The white circles highlight the channels in the cluster with significant
differences between the groups (p <0.05).
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(a) HC alpha power of brain regions (b) GAD alpha power of brain regions
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Fig. 4. Alpha asymmetry analysis results for the GAD and healthy control groups. (a) The average alpha
power of the brain regions of HC participants and (b) GAD patients. The X-axis represents the brain regions,
including the frontal, parietal, occipital, and temporal lobes of the left and right hemispheres. The Y-axis
represents the average power density in the alpha band. The error bars represent the 95% confidence intervals.
(c) The alpha asymmetry indices of brain regions in the HC and GAD groups. The X-axis represents the brain
regions and groups. The Y-axis represents the alpha asymmetry index, which was calculated with the laterality
coefficient (LC): (A —B)/(A +B), where A and B are the average alpha power densities of channels on the right
and left hemispheres, respectively. The error bars represent the 95% confidence intervals.

and other brain regions has also been reported in patients with panic disorder®, and in Parkinson’s disease
patients with anxiety®’. The importance of abnormal temporal lobe functions in anxiety disorders could also
be supported by the decreased mean temporal lobe volume in patients with panic disorder®® and the significant
increase in blood flow in the bilateral temporal poles in healthy volunteers during anticipatory anxiety®®.

The analysis also revealed other abnormal functional connectivities in GAD patients, including decreased
frontal-occipital functional connectivities in the beta band and decreased frontal-parietal functional
connectivities in the beta and gamma bands. The functional connectivities were estimated via two methods,
the coherence coefficient and pairwise phase consistency, both of which yielded similar results. These findings
suggest that GAD disrupts the functional connectivity between several brain regions in patients. In particular, the
findings of decreased functional connectivity between the frontal, parietal, and temporal lobes in resting-state
EEG indicate possible dysfunction of a system that plays a major role in regulating resting-state brain activity:
the default mode network (DMN). The DMN is a network of brain regions, including the medial prefrontal
lobe, posterior cingulate cortex, medial temporal lobe, and other brain areas, that are typically suppressed
when an individual is focused on external stimuli and switches to internally focused thought processes in the
absence of attention to external stimuli. It is thought to be involved in several higher-order integrative mental
functions, including self-reference, social cognition, episodic memory, and emotion regulation. The impairment
of the resting-state DMN may be characteristic of a variety of mental disorders, including Alzheimer’s disease,
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(a) GAD versus HC, coherence coefficient across channels
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Fig. 5. Functional connectivity analysis results between the GAD group and healthy control group via the
coherence coefficient algorithm. (a) T-statistics of comparing coherence coefficients across channels between
the GAD group and the healthy control group. The X- and Y-axes represent the channels. The color bar
denotes the t value, with red indicating higher coherence coefficients and blue indicating lower coherence
coefficients in the GAD group than in the healthy control group. The white lines highlight the pairs of channels
with significant differences between groups after FDR correction (p<0.05). (b) The numbers of functional
connectivities with significant differences between groups in the theta (4-7 Hz), (¢) alpha (8-13 Hz), (d) beta
(14-30 Hz), and (e) gamma (31-60 Hz) bands, which were normalized between 0 and 1. The color bar denotes
the normalized counts of significant connectivities, with red (positive value) indicating a higher coherence

coeflicient and blue (negative value) indicating a lower coherence coefficient in the GAD group than in the
healthy control group.
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(a) GAD versus HC, PPC across channels
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Fig. 6. Functional connectivity analysis results between the GAD group and the healthy control group via the
pairwise phase consistency (PPC) algorithm. (a) T-statistics of comparing PPC across channels between the
GAD group and the healthy control group. The X- and Y-axes represent the channels. The color bar denotes the
t value, with red indicating a higher PPC value and blue indicating a lower PPC value between channels in the
GAD group than in the healthy control group. The white lines highlight the pairs of channels with significant
differences between groups after Bonferroni correction (p <0.05). (b) The numbers of functional connectivities
with significant differences between groups in the theta (4-7 Hz), (c) alpha (8-13 Hz), (d) beta (14-30 Hz)
and, (e) gamma (31-60 Hz) bands, which were normalized between 0 and 1. The color bar denotes the
normalized numbers of significant connectivities, with red (positive value) indicating a higher PPC and blue
(negative value) indicating a lower PPC in the GAD group than in the healthy control group.
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depression, and schizophrenia®. In particular, the relationship between impaired DMN and anxiety has also
been suggested by previous studies. In participants with trait anxiety, a negative relationship between the resting-
state DMN functional connectivity strength and the degree of trait anxiety was observed in both fMRI*® and
EEG studies®. Resting-state hypoconnectivity within DMN regions has also been reported in patients with
social anxiety disorder via fMRI®. In particular, in previous fMRI studies of GAD patients, patients presented
decreased resting-state functional connectivity between the left amygdala and a bilateral region of the rACC®;
disruptions in the limbic-prefrontal and limbic-default-mode network circuits®’; and increased DMN functional
connectivity in the anterior cingulate cortex (ACC) and bilateral insula, which is correlated with improvements
in anxiety following mindfulness-based cognitive therapy®’. On the basis of the findings of the above studies,
a hypothesis is that the decreased EEG functional connectivity between the frontal, parietal, and temporal
lobes observed in the present study may be features of DMN dysfunction in resting-state GAD patients. This
dysfunction of DMN may also have caused the increased activity we observed in the power spectrum analysis
due to the impairment of its inhibitory function. However, considering the insufficient electrode density in this
study (e.g., the lack of electrodes on Fz and Pz), the above hypotheses still need further verification.

In conclusion, this study reveals various EEG characteristics of GAD patients compared with those of healthy
controls, including increased beta-band activity and greater rightward temporal alpha asymmetry, as well as
decreased ipsilateral fronto-temporal and parieto-temporal functional connectivities in the lower frequency
bands (theta to beta), and decreased frontal-parietal and frontal-occipital connectivities in the higher frequency
bands (beta to gamma). These results demonstrate excessive resting-state electrophysiological activity and
DMN dysfunction in GAD patients, indicating impaired neurological functions, including attention, alertness,
and emotion control. Overall, the electrophysiological findings reported in this study have the potential to
elucidate the neural mechanisms underlying GAD and provide theoretical support for the identification of
electrophysiological biomarkers for GAD diagnosis.

Limitations

While this study yielded some noteworthy findings, some limitations need to be considered. First, owing to
equipment limitations, an EEG system with only 16 electrodes was used in this study. The limited electrode
density may have reduced the breadth of the results and limited further analysis. Future research should consider
using an EEG system with higher electrode density. Second, this study was solely based on resting-state EEG.
Given the significance of the observed results in cognitive processes and the importance of cognitive impairment
in anxiety symptoms, further research is planned to focus on cognitive function-related performance and apply
task-related EEG (e.g., event-related potentials) in GAD patients. Third, although the HAMD score of GAD
patients was controlled below the clinical threshold at enrollment (HAMD <17), the HAMD score of GAD
patients was still significantly higher than that of healthy controls (Table 1). Considering some similarities
between the clinical indices of anxiety and depression, the potential confounding effect is difficult to completely
exclude in the present study.

Besides the power spectrum, alpha asymmetry, and functional connectivity analyses that have been reported
in this article, the present study also conducted several other exploratory analyses, including correlation analysis
between the EEG power and HAMA score of GAD patients (Supplementary Fig. S1) and intergroup comparisons
of the alpha maximal peak power (Supplementary Fig. S2) and frequency (Supplementary Fig. S3). All of them
revealed non-significant results and need to be further verified.

Data availability

The data that support the findings of this study are not openly available due to reasons of sensitivity and are
available from the corresponding author upon reasonable request. The data are located in controlled access data
storage at Huzhou Third Municipal Hospital.

Received: 25 September 2024; Accepted: 12 February 2025
Published online: 18 February 2025

References

1. Tyrer, P. & Baldwin, D. Generalised anxiety disorder. Lancet 368, 2156-2166. https://doi.org/10.1016/s0140-6736(06)69865-6
(2006).

2. Goodwin, H., Yiend, J. & Hirsch, C. R. Generalized anxiety disorder, worry and attention to threat: A systematic review. Clin.
Psychol. Rev. 54, 107-122. https://doi.org/10.1016/j.cpr.2017.03.006 (2017).

3. Tempesta, D. et al. Neuropsychological functioning in young subjects with generalized anxiety disorder with and without
pharmacotherapy. Progr. Neuro-Psychopharmacol. Biol. Psychiatry 45, 236-241. https://doi.org/10.1016/j.pnpbp.2013.06.006
(2013).

4. Kessler, R. C. et al. Co-morbid major depression and generalized anxiety disorders in the National Comorbidity Survey follow-up.
Psychol. Med. 38, 365-374. https://doi.org/10.1017/s0033291707002012 (2007).

5. Stein, M. B. & Sareen, J. Generalized anxiety disorder. N. Engl. J. Med. 373, 2059-2068. https://doi.org/10.1056/NEJMcp1502514
(2015).

6. Yu, W. et al. Generalized anxiety disorder in urban China: Prevalence, awareness, and disease burden. J. Affect. Disord. 234, 89-96.
https://doi.org/10.1016/}.jad.2018.02.012 (2018).

7. Saramago, P. et al. Digital interventions for generalized anxiety disorder (GAD): Systematic review and network meta-analysis.
Front. Psychiatry https://doi.org/10.3389/fpsyt.2021.726222 (2021).

8. Newson, J. J. & Thiagarajan, T. C. EEG frequency bands in psychiatric disorders: A review of resting state studies. Front. Hum.
Neurosci. https://doi.org/10.3389/fnhum.2018.00521 (2019).

9. Zhang, H. et al. The applied principles of EEG analysis methods in neuroscience and clinical neurology. Mil. Med. Res. 10, 67.
https://doi.org/10.1186/s40779-023-00502-7 (2023).

Scientific Reports |

(2025) 15:5991 | https://doi.org/10.1038/s41598-025-90362-z nature portfolio


https://doi.org/10.1016/s0140-6736(06)69865-6
https://doi.org/10.1016/j.cpr.2017.03.006
https://doi.org/10.1016/j.pnpbp.2013.06.006
https://doi.org/10.1017/s0033291707002012
https://doi.org/10.1056/NEJMcp1502514
https://doi.org/10.1016/j.jad.2018.02.012
https://doi.org/10.3389/fpsyt.2021.726222
https://doi.org/10.3389/fnhum.2018.00521
https://doi.org/10.1186/s40779-023-00502-7
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Shadli, S. M. et al. Right frontal anxiolytic-sensitive EEG ‘theta’ rhythm in the stop-signal task is a theory-based anxiety disorder
biomarker. Sci. Rep. https://doi.org/10.1038/s41598-021-99374-x (2021).

Diaz, M. H. et al. EEG Beta band frequency domain evaluation for assessing stress and anxiety in resting, eyes closed, basal
conditions. Procedia Comput. Sci. 162, 974-981. https://doi.org/10.1016/j.procs.2019.12.075 (2019).

Isotani, T. et al. Source localization of EEG activity during hypnotically induced anxiety and relaxation. Int. J. Psychophysiol. 41,
143-153. https://doi.org/10.1016/s0167-8760(00)00197-5 (2001).

Sachs, G., Anderer, P, Dantendorfer, K. & Saletu, B. EEG mapping in patients with social phobia. Psychiatry Res. Neuroimaging
131, 237-247. https://doi.org/10.1016/j.pscychresns.2003.08.007 (2004).

Shen, Z. et al. Aberrated multidimensional EEG characteristics in patients with generalized anxiety disorder: A machine-learning
based analysis framework. Sensors https://doi.org/10.3390/s22145420 (2022).

Liang, C., Ju, Y., Hao, X., Zhang, Y. & Liu, S. Abnormal Oscillations in Beta and Gamma of Generalized Anxiety Disorder Patients
Based on Resting State EEG. In Proceedings of the 2023 10th International Conference on Biomedical and Bioinformatics Engineering
(2023).

Wang, J. et al. Difference analysis of multidimensional electroencephalogram characteristics between young and old patients with
generalized anxiety disorder. Front. Hum. Neurosci. https://doi.org/10.3389/fnhum.2022.1074587 (2022).

Harpfer, K., Spychalski, D., Kathmann, N. & Riesel, A. Diverging patterns of EEG alpha asymmetry in anxious apprehension and
anxious arousal. Biol. Psychol. 162, 108111. https://doi.org/10.1016/j.biopsycho.2021.108111 (2021).

Thoma, L. et al. Fronto-lateral alpha power asymmetry in panic disorder. Int. J. Psychophysiol. 167, 69-76. https://doi.org/10.1016
/j.ijpsycho.2021.06.015 (2021).

Al-Ezzi, A., Selman, N. K., Faye, 1. & Gunaseli, E. Electrocortical brain oscillations and social anxiety disorder: A pilot study of
frontal alpha asymmetry and delta-beta correlation. J. Phys. Conf. Series 1529, 052037. https://doi.org/10.1088/1742-6596/1529/5/
052037 (2020).

Demerdzieva, A. & Pop-Jordanova, N. Relation between frontal alpha asymmetry and anxiety in young patients with generalized
anxiety disorder. Pril (Makedon Akad Nauk Umet Odd Med Nauki) 36, 157-177. https://doi.org/10.1515/prilozi-2015-0064 (2015).
Glier, S., Campbell, A., Corr, R., Pelletier-Baldelli, A. & Belger, A. Individual differences in frontal alpha asymmetry moderate the
relationship between acute stress responsivity and state and trait anxiety in adolescents. Biol. Psychol. 172, 108357. https://doi.org
/10.1016/j.biopsycho.2022.108357 (2022).

Heller, W,, Nitschke, J. B., Etienne, M. A. & Miller, G. A. Patterns of regional brain activity differentiate types of anxiety. J. Abnorm.
Psychol. 106, 376-385. https://doi.org/10.1037/0021-843X.106.3.376 (1997).

Chiarion, G., Sparacino, L., Antonacci, Y., Faes, L. & Mesin, L. Connectivity analysis in EEG Data: A tutorial review of the state of
the art and emerging trends. Bioengineering (Basel) https://doi.org/10.3390/bioengineering10030372 (2023).

Qiao, J. et al. Aberrant functional network connectivity as a biomarker of generalized anxiety disorder. Front. Hum. Neurosci.
https://doi.org/10.3389/fnhum.2017.00626 (2017).

Ma, Z. et al. Frontoparietal network abnormalities of gray matter volume and functional connectivity in patients with generalized
anxiety disorder. Psychiatry Res. Neuroimaging 286, 24-30. https://doi.org/10.1016/j.pscychresns.2019.03.001 (2019).

Kaiser, R. H., Andrews-Hanna, J. R., Wager, T. D. & Pizzagalli, D. A. Large-scale network dysfunction in major depressive disorder:
A meta-analysis of resting-state functional connectivity. JAMA Psychiatry 72, 603-611. https://doi.org/10.1001/jamapsychiatry.20
15.0071 (2015).

Al-Ezzi, A., Kamel, N, Faye, I. & Gunaseli, E. Review of EEG, ERP, and brain connectivity estimators as predictive biomarkers of
social anxiety disorder. Front. Psychol. https://doi.org/10.3389/fpsyg.2020.00730 (2020).

Bowyer, S. M. Coherence a measure of the brain networks: past and present. Neuropsychiatric Electrophysiol. https://doi.org/10.11
86/s40810-015-0015-7 (2016).

Vinck, M., van Wingerden, M., Womelsdorf, T., Fries, P. & Pennartz, C. M. A. The pairwise phase consistency: A bias-free measure
of rhythmic neuronal synchronization. Neurolmage 51, 112-122. https://doi.org/10.1016/j.neuroimage.2010.01.073 (2010).

Klug, M. & Gramann, K. Identifying key factors for improving ICA-based decomposition of EEG data in mobile and stationary
experiments. Eur. J. Neurosci. 54, 8406-8420. https://doi.org/10.1111/ejn.14992 (2021).

Miljevic, A., Bailey, N. W,, Vila-Rodriguez, E, Herring, S. E. & Fitzgerald, P. B. Electroencephalographic connectivity: A
fundamental guide and checklist for optimal study design and evaluation. Biol. Psychiatry Cogn. Neurosci. Neuroimaging 7, 546—
554. https://doi.org/10.1016/j.bpsc.2021.10.017 (2022).

Oostenveld, R., Fries, P., Maris, E. & Schoffelen, J.-M. FieldTrip: open source software for advanced analysis of MEG, EEG, and
invasive electrophysiological data. Comput. Intell. Neurosci. 2011, 156869. https://doi.org/10.1155/2011/156869 (2011).

Celik, S., Yildirim, E. & Giintekin, B. Reduced resting and task-related alpha activity in mine workers: Implications for occupational
health and neurodegenerative risk. Int. J. Psychophysiol. 207, 112466. https://doi.org/10.1016/j.ijpsycho.2024.112466 (2025).

Kim, D.-W. & Im, C.-H. in Computational EEG Analysis: Methods and Applications (ed Chang-Hwan Im) 35-53 (Springer, 2018).

. Bower, I S. et al. Enlarged interior built environment scale modulates high-frequency EEG oscillations. Eneuro 9,

ENEURO.0104-0122.2022. https://doi.org/10.1523/eneuro.0104-22.2022 (2022).

Jaiswal, S., Tsai, S. Y., Juan, C. H., Muggleton, N. G. & Liang, W. K. Low delta and high alpha power are associated with better
conflict control and working memory in high mindfulness, low anxiety individuals. Soc. Cogn. Affect. Neurosci. 14, 645-655.
https://doi.org/10.1093/scan/nsz038 (2019).

Maris, E. & Oostenveld, R. Nonparametric statistical testing of EEG- and MEG-data. J. Neurosci. Methods 164, 177-190. https://d
0i.org/10.1016/j.jneumeth.2007.03.024 (2007).

Benjamini, Y., Krieger, A. M. & Yekutieli, D. Adaptive linear step-up procedures that control the false discovery rate. Biometrika
93, 491-507. https://doi.org/10.1093/biomet/93.3.491 (2006).

Allen, J.J. B., Coan, J. A. & Nazarian, M. Issues and assumptions on the road from raw signals to metrics of frontal EEG asymmetry
in emotion. Biol. Psychol. 67, 183-218. https://doi.org/10.1016/j.biopsycho.2004.03.007 (2004).

Xia, M., Wang, J. & He, Y. BrainNet viewer: A network visualization tool for human brain connectomics. PLOS ONE 8, e68910.
https://doi.org/10.1371/journal.pone.0068910 (2013).

Chakarov, V. et al. Beta-range EEG-EMG coherence with isometric compensation for increasing modulated low-level forces. J.
Neurophysiol. 102, 1115-1120. https://doi.org/10.1152/jn.91095.2008 (2009).

Baker, S. N. Oscillatory interactions between sensorimotor cortex and the periphery. Curr. Opin. Neurobiol. 17, 649-655. https://d
o0i.org/10.1016/j.conb.2008.01.007 (2007).

Li, G. et al. The impact of mental fatigue on brain activity: A comparative study both in resting state and task state using EEG. BMC
Neurosci. https://doi.org/10.1186/s12868-020-00569-1 (2020).

Jap, B. T, Lal, S., Fischer, P. & Bekiaris, E. Using EEG spectral components to assess algorithms for detecting fatigue. Expert Syst.
Appl. 36,2352-2359. https://doi.org/10.1016/j.eswa.2007.12.043 (2009).

Iversen, J. R., Repp, B. H. & Patel, A. D. Top-down control of rhythm perception modulates early auditory responses. Ann. N. Y.
Acad. Sci. 1169, 58-73. https://doi.org/10.1111/j.1749-6632.2009.04579.x (2009).

Okazaki, M., Kaneko, Y., Yumoto, M. & Arima, K. Perceptual change in response to a bistable picture increases neuromagnetic
beta-band activities. Neurosci. Res. 61, 319-328. https://doi.org/10.1016/j.neures.2008.03.010 (2008).

Brown, P. Abnormal oscillatory synchronisation in the motor system leads to impaired movement. Curr. Opin. Neurobiol. 17,
656-664. https://doi.org/10.1016/j.conb.2007.12.001 (2007).

Scientific Reports |

(2025) 15:5991

| https://doi.org/10.1038/s41598-025-90362-z nature portfolio


https://doi.org/10.1038/s41598-021-99374-x
https://doi.org/10.1016/j.procs.2019.12.075
https://doi.org/10.1016/s0167-8760(00)00197-5
https://doi.org/10.1016/j.pscychresns.2003.08.007
https://doi.org/10.3390/s22145420
https://doi.org/10.3389/fnhum.2022.1074587
https://doi.org/10.1016/j.biopsycho.2021.108111
https://doi.org/10.1016/j.ijpsycho.2021.06.015
https://doi.org/10.1016/j.ijpsycho.2021.06.015
https://doi.org/10.1088/1742-6596/1529/5/052037
https://doi.org/10.1088/1742-6596/1529/5/052037
https://doi.org/10.1515/prilozi-2015-0064
https://doi.org/10.1016/j.biopsycho.2022.108357
https://doi.org/10.1016/j.biopsycho.2022.108357
https://doi.org/10.1037/0021-843X.106.3.376
https://doi.org/10.3390/bioengineering10030372
https://doi.org/10.3389/fnhum.2017.00626
https://doi.org/10.1016/j.pscychresns.2019.03.001
https://doi.org/10.1001/jamapsychiatry.2015.0071
https://doi.org/10.1001/jamapsychiatry.2015.0071
https://doi.org/10.3389/fpsyg.2020.00730
https://doi.org/10.1186/s40810-015-0015-7
https://doi.org/10.1186/s40810-015-0015-7
https://doi.org/10.1016/j.neuroimage.2010.01.073
https://doi.org/10.1111/ejn.14992
https://doi.org/10.1016/j.bpsc.2021.10.017
https://doi.org/10.1155/2011/156869
https://doi.org/10.1016/j.ijpsycho.2024.112466
https://doi.org/10.1523/eneuro.0104-22.2022
https://doi.org/10.1093/scan/nsz038
https://doi.org/10.1016/j.jneumeth.2007.03.024
https://doi.org/10.1016/j.jneumeth.2007.03.024
https://doi.org/10.1093/biomet/93.3.491
https://doi.org/10.1016/j.biopsycho.2004.03.007
https://doi.org/10.1371/journal.pone.0068910
https://doi.org/10.1152/jn.91095.2008
https://doi.org/10.1016/j.conb.2008.01.007
https://doi.org/10.1016/j.conb.2008.01.007
https://doi.org/10.1186/s12868-020-00569-1
https://doi.org/10.1016/j.eswa.2007.12.043
https://doi.org/10.1111/j.1749-6632.2009.04579.x
https://doi.org/10.1016/j.neures.2008.03.010
https://doi.org/10.1016/j.conb.2007.12.001
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

48. Metzen, D. et al. Frontal and parietal EEG alpha asymmetry: A large-scale investigation of short-term reliability on distinct EEG
systems. Brain Struct. Funct. 227, 725-740. https://doi.org/10.1007/s00429-021-02399-1 (2022).

49. Heller, W. Neuropsychological mechanisms of individual differences in emotion, personality, and arousal. Neuropsychology 7,
476-489 (1993).

50. Metzger, L. J. et al. PTSD arousal and depression symptoms associated with increased right-sided parietal EEG asymmetry. J.
Abnorm. Psychol. 113, 324-329. https://doi.org/10.1037/0021-843x.113.2.324 (2004).

51. Vinti, V. et al. Temporal lobe epilepsy and psychiatric comorbidity. Front. Neurol. https://doi.org/10.3389/fneur.2021.775781
(2021).

52. Lima, E. M. et al. Anxiety symptoms are the strongest predictor of quality of life in temporal lobe epilepsy. Seizure Eur. J. Epilepsy
88, 78-82. https://doi.org/10.1016/j.seizure.2021.03.021 (2021).

53. Hanaoka, A. et al. EEG coherence analysis in never-medicated patients with panic disorder. Clin. EEG Neurosci. Off. J. EEG Clin.
Neurosci. Soc. 36, 42-48. https://doi.org/10.1177/155005940503600109 (2005).

54. Yassine, S. et al. Electrophysiological signatures of anxiety in Parkinson’s disease. Trans. Psychiatry 14, 66. https://doi.org/10.1038/
$41398-024-02745-x (2024).

55. Vythilingam, M. et al. Temporal lobe volume in panic disorder-A quantitative magnetic resonance imaging study. Psychiatry Res.
99, 75-82. https://doi.org/10.1016/s0925-4927(00)00055-x (2000).

56. Reiman, E. M., Fusselman, M. J., Fox, P. T. & Raichle, M. E. Neuroanatomical correlates of anticipatory anxiety. Science 243,
1071-1074. https://doi.org/10.1126/science.2784226 (1989).

57. Menon, V. 20 years of the default mode network: A review and synthesis. Neuron 111, 2469-2487. https://doi.org/10.1016/j.neuro
n.2023.04.023 (2023).

58. Modi, S., Kumar, M., Kumar, P. & Khushu, S. Aberrant functional connectivity of resting state networks associated with trait
anxiety. Psychiatry Res. Neuroimaging 234, 25-34. https://doi.org/10.1016/j.pscychresns.2015.07.006 (2015).

59. Imperatori, C. et al. Default mode network alterations in individuals with high-trait-anxiety: An EEG functional connectivity
study. J. Affect. Disord. 246, 611-618. https://doi.org/10.1016/j.jad.2018.12.071 (2019).

60. Lucherini Angeletti, L., Scalabrini, A., Ricca, V. & Northoff, G. Topography of the anxious self: Abnormal rest-task modulation in
social anxiety disorder. Neuroscientist 29, 221-244. https://doi.org/10.1177/10738584211030497 (2023).

61. Pace-Schott, E. F. et al. Resting state functional connectivity in primary insomnia, generalized anxiety disorder and controls.
Psychiatry Res. Neuroimaging 265, 26-34. https://doi.org/10.1016/j.pscychresns.2017.05.003 (2017).

62. Zhao, X.-R. et al. Mindfulness-based cognitive therapy is associated with distinct resting-state neural patterns in patients with
generalized anxiety disorder. Asia Pac. Psychiatry 11, e12368. https://doi.org/10.1111/appy.12368 (2019).

Author contributions

Study concept and design: HWW, ZXS, and XHS. Data collection: SQM, XDP, XMZ, SHS, and JFZ. Statistical
analysis of data: HWW. Manuscript preparation: HWW. Critical revision of the manuscript: HWW, ZXS, and
XHS. All the authors contributed to the article and approved the submitted version.

Funding

This study has received funding from the Huzhou Public Welfare Research Project Social Development (Key
Medical and Health) Category (2023GZB07, Zhongxia Shen), Huzhou Public Welfare Research Project Popula-
tion Health Category (2023GY13, Hangwei Wang), and the Medical Health Science and Technology Project of
Zhejiang Provincial Health Commission in 2019 (2024KY1653, Zhongxia Shen).

Declarations

Competing interests
The authors declare no competing interests.

Ethics statement

The studies involving human participants were reviewed and approved by the Ethics Committee of Huzhou
Third Municipal Hospital. The patients/participants provided their written informed consent to participate in
this study. Written informed consent was obtained from the individual(s) for the publication of any potentially
identifiable images or data included in this article.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/1
0.1038/541598-025-90362-z.

Correspondence and requests for materials should be addressed to Z.S.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party material in this article are included in the article’s
Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy
of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

Scientific Reports |

(2025) 15:5991 | https://doi.org/10.1038/541598-025-90362-z nature portfolio


https://doi.org/10.1007/s00429-021-02399-1
https://doi.org/10.1037/0021-843x.113.2.324
https://doi.org/10.3389/fneur.2021.775781
https://doi.org/10.1016/j.seizure.2021.03.021
https://doi.org/10.1177/155005940503600109
https://doi.org/10.1038/s41398-024-02745-x
https://doi.org/10.1038/s41398-024-02745-x
https://doi.org/10.1016/s0925-4927(00)00055-x
https://doi.org/10.1126/science.2784226
https://doi.org/10.1016/j.neuron.2023.04.023
https://doi.org/10.1016/j.neuron.2023.04.023
https://doi.org/10.1016/j.pscychresns.2015.07.006
https://doi.org/10.1016/j.jad.2018.12.071
https://doi.org/10.1177/10738584211030497
https://doi.org/10.1016/j.pscychresns.2017.05.003
https://doi.org/10.1111/appy.12368
https://doi.org/10.1038/s41598-025-90362-z
https://doi.org/10.1038/s41598-025-90362-z
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/scientificreports

	﻿The power spectrum and functional connectivity characteristics of resting-state EEG in patients with generalized anxiety disorder
	﻿Methods
	﻿Participants
	﻿EEG acquisition and preprocessing
	﻿EEG analyses and statistics
	﻿Power spectrum analysis
	﻿Alpha asymmetry analysis
	﻿Functional connectivity analysis


	﻿Results


