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Introduction: Social anxiety is characterized by excessive fear of negative
evaluation and avoidance in social situations. While its neural processing
patterns are well-documented, the millisecond-level temporal dynamics of brain
functional networks remain poorly understood. This study used EEG microstate
analysis to explore the dynamic neural mechanisms underlying social anxiety.

Methods: Eyes-closed resting-state EEG data were collected from 41
participants, divided into high social anxiety (n = 23) and low social anxiety
(n = 18) groups based on their Liebowitz Social Anxiety Scale (LSAS) scores.
EEG microstate parameters, including duration, occurrence frequency, time
coverage, and transition probabilities, were analyzed. Correlation analyses were
conducted between LSAS scores and microstate dynamics.

Results: The high social anxiety group exhibited significantly increased duration
and coverage of microstate C (associated with processing personally significant
information and self-reflection) and decreased duration and coverage of
microstate D (associated with executive functioning). Transition probabilities
involving microstate C (A <& C, B « C) were significantly higher, while those
involving microstate D (A < D) were significantly lower in the high social anxiety
group. In the low social anxiety group, B « C transition probability showed
significant negative correlations with LSAS total and avoidance subscale scores.

Discussion: These findings reveal distinct neural dynamics in social anxiety,
characterized by heightened self-referential processing (microstate C) and
impaired executive functioning (microstate D). The altered transition patterns
suggest a predisposition for excessive self-focus and reduced coordination
with executive control networks in high social anxiety individuals. These results
provide new insights into the neural mechanisms of social anxiety and offer
potential directions for clinical interventions and early detection.
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1 Introduction

Social anxiety is a common psychological trait characterized by excessive fear of negative
evaluation and avoidance tendencies in social situations (Leary, 1983; Rapee and Spence,
2004). A recent meta-analysis by Tang et al. (2022) revealed a 23.5% prevalence of social
anxiety symptoms in China, with substantial impacts on academic, social, and professional
functioning. Examining the dynamic characteristics of brain functional networks in
individuals with high social anxiety traits may provide novel temporal evidence for
understanding the underlying neural mechanisms.

Social anxiety demonstrates distinct characteristics from other anxiety types, such as
generalized anxiety. Specifically, social anxiety is characterized by fear and avoidance of social
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situations, with its core features being excessive attention to social
evaluation and negative anticipation, manifesting as intense fear of both
negative and positive evaluation (Clark and Wells, 1995; Morrison et al.,
2024). In contrast, generalized anxiety manifests as excessive and
persistent worry across multiple life domains (Baik and Newman, 2025).
Individuals with social anxiety exhibit significant attentional bias in
processing self-relevant information and external social cues, showing
preferential allocation of attentional resources to self-relevant information
(Hou et al,, 2024) and atypical multisensory integration patterns when
processing social cues such as face-voice combinations (Gan and Li,
2023). These cognitive processing characteristics reinforce their fear and
avoidance tendencies in social situations.

Resting-state functional magnetic resonance imaging (fMRI)
studies have revealed specific neural circuit alterations in social
anxiety. Research has identified functional abnormalities in multiple
large-scale brain networks in individuals with high social anxiety
traits, primarily manifesting as altered functional connectivity among
the default mode network (DMN), subcortical network, and
perceptual systems (sensorimotor, auditory, and visual networks)
(Zhang et al., 2023). Notably, during resting state, reduced functional
connectivity between the DMN and attention and perception
networks has been observed (Zhang et al, 2024). In contrast,
individuals with generalized anxiety disorder primarily exhibit
amygdala hyperactivity and abnormal amygdala-frontal cortex
functional connectivity (Qiao et al, 2017), reflecting general
alterations in threat monitoring and emotion regulation. These
differences in neural mechanisms suggest unique brain network
dynamics in social anxiety. However, the temporal resolution
limitations of fMRI preclude the detection of millisecond-level neural
activity changes, making it impossible to reveal rapid brain functional
network state transitions in individuals with high social anxiety traits.

To address the temporal resolution limitations of fMRI, researchers
have turned to electroencephalography (EEG) microstate analysis. This
method captures stable patterns of brain electrical activity within tens to
hundreds of milliseconds, precisely characterizing rapid brain state
transitions (Valt et al., 2024). Research has demonstrated that different
microstate classes correspond to specific cognitive functions and neural
processes: Microstate A is associated with both auditory and visual
processing and relates to arousal levels, Microstate B is linked to self-
related visual processing and autobiographical memory, while Microstates
Cand D correspond to self-referential processing/personally significant
information processing and executive functioning, respectively (Tarailis
et al, 2024). Recent systematic reviews have further clarified that
additional microstates (E-G) may represent other functional networks,
such as the salience network (E), aspects of the default mode network (F),
and the somatosensory network (G) (Tarailis et al., 2024). This functional
mapping, while not strictly one-to-one (Britz et al., 2010; Musso et al.,
2010), provides crucial evidence for understanding the temporal dynamics
of cognitive processes. EEG microstate analysis offers a unique perspective
by assessing both temporal characteristics (frequency, duration, and
coverage) and transition patterns between different microstates.

Using this analytical approach, research on emotional disorders
has accumulated several important findings. Regarding temporal
characteristics, patients with generalized anxiety disorder show
reduced functionality in D-class microstates, manifested as decreased
duration, occurrence, and coverage, along with reduced transition
probabilities from other states to microstate D and increased
transitions between states C and E (Hao et al., 2025). Research on
depressive symptoms found that while there were no between-group
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differences in temporal characteristics, symptom severity positively
correlated with the occurrence of microstate A (Damborska et al.,
2019). Recent research has revealed that anxiety symptoms were
significantly correlated with microstate E parameters (coverage and
occurrence) and transitions from microstate B to E, with these
parameters showing superior predictive power for anxiety symptoms
(Xue et al., 2024). However, the specific microstate characteristics of
social anxiety, a common but distinct form of anxiety disorder, remain
largely unexplored. Given its unique features of fear and avoidance in
social situations, investigating the microstate patterns in social anxiety
could provide valuable insights into its neural mechanisms.

Compared to temporal characteristics, research on microstate
transition patterns has opened new perspectives for understanding
anxiety’s neural mechanisms. Specifically, the microstate transition
probability matrix reflects preferential patterns of transitions between
different functional states, serving as a crucial indicator of brain
information processing flexibility (KChanna et al, 2015). Studies of
emotional disorders have found that participants show decreased B <> D
transition probabilities, while A — D and B — C transition probabilities
increase (Al Zoubi et al., 2019), suggesting abnormal dynamic switching
of brain functional networks in emotional disorders. Similarly, Xue et al.
(2024) reported that anxiety symptoms were associated with specific
transition patterns, particularly transitions from microstate B to E
(B — E), further supporting the importance of examining network
transition dynamics in understanding anxiety symptoms.

While these studies have revealed general characteristics of
anxiety, current microstate research has primarily focused on
generalized anxiety or mixed anxiety samples, with relatively few
studies examining EEG microstate transition characteristics in social
anxiety. Given that individuals with social anxiety exhibit specific
cognitive processing biases and emotion regulation difficulties in
social situations, particularly considering their unique cognitive
processing features such as excessive self-focus and social threat
monitoring (Rapee and Heimberg, 1997; Clark and Wells, 1995), their
microstate dynamic characteristics may present specific patterns. This
may be particularly evident in brain network states involving
personally significant information processing and self-referential
internal mentation (Microstate C) and executive functioning
(Microstate D), potentially showing dynamic characteristics distinct
from other types of anxiety. Therefore, investigating millisecond-level
neural dynamics and transition efficiency holds unique value for
understanding the cognitive neural basis of social anxiety and may
provide new insights into its neural mechanisms.

In addition, existing studies suggest that there may be a direct
correlation between brain network dynamic features and the severity
of clinical symptoms (Damborska et al., 2019; Xue et al., 2024). For
example, in depression, the activity of microstate A was positively
correlated with the severity of depressive symptoms (Damborska et al.,
2019), whereas anxiety symptoms were significantly correlated with
the coverage of microstate E (Xue et al., 2024). These findings suggest
that correlation analyses combining behavioral indicators (e.g., Social
Anxiety Scale scores) with neurodynamic parameters may provide
important clues to understanding individual differences in social
anxiety. Therefore, the present study will further explore the
association between the severity of social anxiety symptoms and
microstate dynamic features (e.g., duration, coverage).

While brain functional network dynamics are closely related to the
development of social anxiety traits, current understanding of its neural
mechanisms remains largely limited to static functional connectivity. The
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present study collected resting-state EEG data and employed microstate
analysis to examine differences in microstate temporal characteristics and
transition patterns between high and low social anxiety groups. Based on
previous findings of cognitive biases in social anxiety (Hou et al., 2024;
Gan and Li, 2023) and abnormal microstate dynamics in emotional
disorders (Al Zoubi et al,, 2019), we hypothesize that:(1) The high social
anxiety trait group will show altered temporal characteristics (e.g.,
duration, frequency) in Microstate C (associated with processing
personally significant information and self-referential internal mentation)
and Microstate D (associated with executive functioning) compared to
the low social anxiety group; (2) The high social anxiety trait group will
exhibit different transition probabilities involving Microstate C and
Microstate D compared to the low social anxiety group. (3) The temporal
characteristics and transition patterns of Microstates C and D will
be significantly correlated with social anxiety symptom severity scores. By
examining the dynamic characteristics of brain functional networks in
individuals with high social anxiety traits, this study provides temporal
dynamic evidence for the neural mechanisms of social anxiety while
offering objective neurophysiological indicators for clinical assessment
and early intervention.

2 Methodology
2.1 Participants

A total of 1858 social anxiety questionnaires were distributed via
the Naodao platform (Chen et al., 2023) and social media, yielding
1,445 valid responses (78% validity, with a median of 62). Initially, 45
college students were recruited, of which 4 participants were excluded
due to excessive head movement or excessive EEG artifacts, resulting
in a final sample of 41 valid participants. Based on the scores of the
Liebowitz Social Anxiety Scale (LSAS).We divided the high and low
social anxiety groups by a median of 62 calculated from a large sample
(Carol et al., 1982), the participants were divided into a high social
anxiety group (n =23, 19 females) and a low social anxiety group
(n =18, 13 females). Independent samples t-tests showed significant
differences between the two groups in LSAS total score [t = 13.791,
P <0.001, Cohen’s d = 4.338], fear dimension [t = 11.804, p < 0.001,
Cohen’s d = 3.716], and avoidance dimension [t = 8.750, p < 0.001,
Cohen’s d = 2.756], indicating effective grouping (see Table 1).

TABLE 1 Participant demographics information.

Variant  High social Low social = x?/t(39)
anxiety anxiety
(M + SD) (M + SD)
Sex (Male/
4/19 5/13 0.425 /

Female)
Age 19.870 + 1.324 19.280 + 1.018 0.125 0.493
LSAS 82.170 £ 12.702 27.830 £ 12.282 13.791%%* <0.001
LSAS-Fear/

41.610 + 8.419 13.110 + 6.579 11.804%%% | <0.001
Anxiety
LSAS-

40570 +9.811 14.720 + 8.804 8,750 <0.001
Avoidance

LSAS = Liebowitz Social Anxiety Scale; M: mean; SD: standard deviation.*p < 0.05,
*Ep < 0.01, #*¥#p < 0.001.
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All participants were right-handed, had normal or corrected-to-
normal vision, and self-reported no history of mental illness. All
participants signed a written informed consent form before
participating in the experiment and received monetary compensation.
This study was approved by the Ethics Committee of Sichuan Normal
University (approval number: SCNU-211120, approval date:
November 20, 2021), and the experimental process strictly followed
the Declaration of Helsinki. In this study, the Cronbach’s a coefficient
for the LSAS scale (containing 24 social situations, each requiring a
rating of fear and avoidance on a scale of 0-3) was 0.954, with 0.961
for the fear/anxiety subscale and 0.973 for the avoidance subscale,
indicating good internal consistency of the scale (Licbowitz, 1987; He
and Zhang, 2004).

2.2 Experimental procedure

This study employed a resting-state EEG paradigm. The
experiment was divided into three stages: preparation, data
acquisition, and conclusion. During the preparation stage, participants
first completed a demographic information survey and the Chinese
version of the LSAS scale through the Questionnaire Star platform.

The experiment was conducted in a soundproof and softly lit EEG
laboratory. EEG data were collected using a 64-channel EEG amplifier
system (Brain Products, Germany) with a sampling rate of 1000Hz
and a bandpass filter of 0.1-100Hz. The reference electrodes were
placed on bilateral mastoids, and the ground electrode was placed on
the forehead. The impedance of all electrodes was maintained below
5kQ. Resting-state EEG data were recorded with a quick cap carrying
64 Ag/AgCl electrodes placed at standard locations covering the whole
scalp (the extended international 10-20 system) (Li et al., 2022).
Participants maintained a distance of 60 cm from the monitor and
performed two task conditions: 5 min of eyes-closed resting state and
5 min of eyes-open resting state (fixating on a central fixation point
“+” on the screen). Before each task, standardized instructions were
presented to the participants, requiring them to remain relaxed but
alert and to avoid thinking about specific issues. A rest period of no
less than 2 min was set between the two task conditions. During the
experiment, the experimenter monitored the participants’ status in
real-time through a monitor and, when necessary, reminded them to
stay awake through an intercom system.

After the experiment, participants rested for a moment, removed
the electrode cap, and had their scalp appropriately cleaned. Consistent
with previous works, only data collected under an eyes-closed state
were analyzed.

2.3 EEG preprocessing

EEG data were pre-processed using EEGLAB 13 (Delorme and
Malkeig, 2004), an open source toolbox running in the MATLAB
2013b environment, and in-house MATLAB functions. First, the data
were bandpass filtered at 0.5-80 Hz and notch filtered at 50 Hz to
remove high-frequency noise and power line interference. Then the
raw data were segmented into continuous 2 s epochs. When there
were artifacts in a channel, the spherical interpolation method was
used for interpolation, and <6 channels for each subject were
replaced. When the signal quality of a segment was poor (the voltages
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of more than 10 channels exceed 80 pV), it would be excluded. After
that, each subject retained at least 3 min EEG signals. Eye artifact
correction was performed using independent component analysis
(Jung et al., 2000). Specifically, we corrected EEG signal segments
contaminated by eye movements, blinks, electromyographic (EMG)
(ECG)
non-physiological noises by means of the Infomax independent

disturbances, electrocardiographic artifacts, or
component analysis (ICA) algorithm. Second, independent
components associated with artifacts were manually identified
according to the morphological criteria developed by Chaumon et al.
(2015). Data were then re-referenced to the average reference. During
EEG data preprocessing, for the high social anxiety group, the
numbers of interpolated channels and deleted epochs (mean + SD)
were 4.2 + 1.3 and 7.8 + 4.7 respectively, with 142.5 + 5.2 remaining
epochs. For the low social anxiety group, the numbers were 4.4 + 1.5
and 8.2+5.0 for interpolated channels and deleted epochs
respectively, with 141.5 + 4.5 remaining epochs.

2.4 Microstate analysis

Consistent with recent work (Damborska et al., 2019; Valt et al,
2024), we performed microstate analysis using Cartool software. In to
published studies, 2-20 Hz band filtering was used for digital filtering
(Kim et al, 2021; Li et al., 2022), for this reason we digitally filtered the
EEG data after preprocessing through a 2-20 Hz bandpass filter. Then,
the software first computed the global field power (GFP) to capture the
instantaneous changes in the EEG signal. Since the topographic maps
around GFP peaks are the most stable and representative of instantaneous
activity from a signal-to-noise ratio perspective, voltage topographic maps
at these time points were extracted for subsequent analysis (Pascual-
Marqui et al., 1995). We then estimated the number of clusters at the
individual level according to the criteria implemented in Cartool (i.e.,
Davies and Bouldin, Gamma, Silhouette, Dunn Robust, Point-Biserial,
Krzanowski-Lai index, and cross-validation). Four clusters emerged as the
optimal solution across these criteria. The topographic maps occurring at
the peaks of the GFP curve were entered into a Topographic Atomize and
Agglomerate Hierarchical Clustering (T-AAHC) algorithm to isolate four
microstate clusters within each dataset (Brunet et al,, 2011). This result is
also consistent with the number of microstate classes widely accepted in
traditional classic studies (Michel and Koenig, 2018). The topographic
maps occurring at the peaks of the GFP curve were entered into a
Topographic Atomize and Agglomerate Hierarchical Clustering
(T-AAHC) algorithm to isolate four microstate clusters within each
dataset. Temporal Agglomerative Hierarchical Clustering (T-AAHC)
employs a bottom-up approach, which reduces the number of clusters
gradually from an initial large set compared to the K-means clustering
algorithm, thus significantly reducing the computational effort (Brunet
etal, 2011). Therefore, the T-AAHC method was used in this study. In
addition, previous neuroimaging studies have successfully used T-AAHC
in a similar analytical setting (Jia et al., 2024; Brodbeck et al., 2012). This
result is also consistent with the number of microstate classes widely
accepted in traditional classic studies (Michel and Koenig, 2018). Each
sampling point was assigned to the corresponding microstate class based
on the global map dissimilarity (GMD) metric. To reduce the influence
of noise, a 30 ms time window (Besag factor =10) was used for
smoothing, and microstate segments with durations less than 30 ms
were removed.
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A series of spatiotemporal parameters were calculated for each
microstate to assess its dynamic characteristics. These parameters
included: mean duration (ms), reflecting the average time that each
microstate class remained stable within a unit of time; occurrence
frequency (Hz), indicating the average number of times each
microstate class occurred within a unit of time; time coverage (%),
representing the percentage of total time each microstate class
accounted for within a unit of time; and transition probability, the
percentage of transitions between different microstates within a unit
of time out of the total number of transitions. In addition, global
explained variance was calculated to evaluate the overall explanatory
power of the microstate model for the EEG signal (Koenig et al., 2002;
Michel and Koenig, 2018).

2.5 Statistical analysis

Statistical analyses were performed in SPSS 27.0 (IBM Corp.,
Armonk, NY, United States). First, an independent samples t-test was
conducted on the global explained variance of the microstate
topographic maps to compare the differences between the high and
low social anxiety groups. Second, independent samples t-tests were
performed to compare microstate parameters (duration, occurrence
frequency, time coverage) between high and low social anxiety groups
for each microstate class (A/B/C/D) separately. Third, independent
samples t-tests were conducted to compare transition probabilities
between high and low social anxiety groups for each transition type
(A->B, A-C,A->D,B>A, B—>C, B—>D, C—>A, C—B,
C—-D,D— A,D— B,D — C) separately (Jiang and Zheng, 2024).
Additionally, to address the relationship between social anxiety and
microstate characteristics, Pearson correlation analyses were
conducted between LSAS total scores and subscale scores (fear and
avoidance) and microstate parameters (duration, occurrence
frequency, time coverage, and transition probabilities between
different microstate classes) in both high and low social anxiety groups.

To control for multiple comparisons, Bonferroni correction was
applied. For microstate parameters, p < 0.013 (i.e., 0.05/4, as there
were 4 different types of microstates) was considered statistically
significant. For transition probabilities, p < 0.004 (i.e., 0.05/12, as there
were 12 different types of transitions) was considered statistically
significant. Effect sizes were reported using Cohen’s d.

3 Results

3.1 Microstate topographic map
characteristics

The topographies of the four microstate classes are displayed in
Figure 1, both the high and low social anxiety groups exhibited four
types of microstate topographic maps. Microstates A, B, and D showed
dipole distributions in the left-right, left-right, and anterior-posterior
directions, respectively, while class C showed a maximum value
distribution in the anterior central region. Among these four
microstates, the global explained variance of the high social anxiety
group (67.74 + 5.94%) was significantly higher than that of the low
social anxiety group (58.22 + 7.79%) [t = 4.623, p < 0.001, Cohen’s
d=1.402].
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FIGURE 1

EEG topoplots for the low social anxiety group.

High Social Anxiety Group

Spatial configuration of the four microstate classes. (A) Microstate A; (B) microstate B; (C) microstate C; (D) microstate D. Blue regions are negative and
red are positive relative to average reference. The top row shows the EEG topoplots for the high social anxiety group, and the row under it shows the

3.2 Microstate parameters characteristics

First, for microstate duration, (1) microstate class C was
significantly higher in the high social anxiety group than in the low
social anxiety group [f) = 5.576, p < 0.001, Cohen’s d = 1.721]; (2)
microstate class D was significantly lower in the high social anxiety
group than in the low social anxiety group [#) = —3.189, p = 0.005,
Cohen’s d = —1.087] (Figure 2A). Other effects were not significant (all
p>0.013) (Table 2).

Second, for microstate occurrence rate, microstate class C was
significantly higher in the high social anxiety group than in the low
social anxiety group [ty =6.426, p < 0.001, Cohen’s d=1.913]
(Figure 2B). Other effects were not significant (all p>0.013)
(Table 2).

Finally, for microstate time coverage, (1) microstate class C was
significantly higher in the high social anxiety group than in the low
social anxiety group [ = 6.199, p < 0.001, Cohen’s d = 1.983]; (2)
microstate class D was significantly lower in the high social anxiety
group than in the low social anxiety group [y = —3.152, p = 0.004,
Cohen’s d = —1.028] (Figure 2C). Other effects were not significant (all
p>0.013) (Table 2).

3.3 Microstate transition characteristics

The results showed that the high social anxiety group had
significantly higher transition probabilities in A — C [t = 4.958,
P <0.001, Cohen’s d = 1.530], B — C [t39) = 4.774, p < 0.001, Cohen’s
d=1.473], C— A [tz =5.105, p <0.001, Cohens d = 1.575], and
C — B [t39) =4.770, p < 0.001, Cohen’s d = 1.472] compared to the low
social anxiety group, while the low social anxiety group had
significantly higher transition probabilities in A — D [#) = —5.536,
P <0.001, Cohen’s d = —1.708] and D — A [t = —5.267, p < 0.001,
Cohen’s d=—1.625] compared to the high social anxiety group
(Figure 3). Other effects were not significant (all p > 0.004) (Table 3).
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3.4 Correlation between microstate
parameters and transitions with social
anxiety scale

The correlation analysis only revealed significantly negative
correlations between B — C transition probability and both total LSAS
scores (r = —0.572, p = 0.013) and LSAS-Avoidance scores (r = —0.495,
p =0.037) in the low social anxiety group (Figure 4). Detailed
correlation coefficients are provided in Supplementary Tables 54, S5.

4 Discussion

This study explored the dynamic characteristics of brain
functional networks in socially anxious individuals using EEG
microstate analysis. The results showed that the high social anxiety
group had longer duration and larger coverage of networks involved
in processing personally significant information, self-reflection, and
self-referential internal mentation (microstate C), while networks
involved in executive functioning (microstate D) exhibited the
opposite pattern. In terms of transition characteristics, the high social
anxiety group showed significantly increased transition probabilities
between networks associated with auditory/visual processing and
arousal (microstate A) or self-visualization and autobiographical
memory (microstate B) and networks processing personally
significant information (microstate C) (A < C, B « C), and
significantly decreased transition probabilities between auditory/
visual processing networks and executive function networks (A < D).
Interestingly, in the low social anxiety group, the transition probability
from self-visualization to personally significant information
processing networks (B — C) was negatively correlated with both
total social anxiety severity and avoidance symptoms, suggesting that
the flexibility in transitioning between these networks might serve as
a protective mechanism against social anxiety development. These
pattern changes reflect enhanced processing of personally significant
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The four microstates parameters between high and low social anxiety groups (M + SD). (A) Duration, (B) Occurrence, and (C) Coverage for microstates
A-D in the high and low social anxiety groups. High: high social anxiety group; Low: low social anxiety group. **p < 0.01, ***p < 0.001.

TABLE 2 Microstate parameters of high social anxiety group and low social anxiety group.

Microstate

Type and

Index

Duration (ms) 69.410 14.170 69.250 14.430 74.240 16.150 94.080 28.430
High 67.810 11.770 68.500 8.080 83.640 13.560 81.880 12.190
Low 71.450 16.890 70.210 20.080 62.230 10.170 109.670 35.360
f0) -0.812 -0.373 5.576 -3.189

P 0.421 0.711 <0.001 0.005

Cohen's d —0.251 -0.115 1.721 —1.087

Occurrence (/s) 4.890 1.040 4.980 1.020 4.690 1.560 5.710 1.060
High 4.920 0.870 5.280 0.790 5.670 1.010 5.600 0.950
Low 4.850 1.250 4.610 1.180 3.440 1.210 5.840 1.200
tes) 0.226 2.142 6.426 —0.708

P 0.822 0.038 <0.001 0.483

Cohen’s d -0.221 0.129 1.913 ~1.050

Coverage (%) 21.400 8.510 21.550 8.390 22.120 11.340 34.940 15.850
High 20.550 7.010 22.040 5.640 29.100 9.370 28.310 9.240
Low 22.480 10.230 20.920 11.120 13.200 6.230 43.400 18.590
f0) —0.717 0.419 6.199 -3.152

P 0.478 0.678 <0.001 0.004

Cohen's d 0.070 0.661 1.983 -1.028

Duration (ms): duration of microstates; Occurrence (/s): frequency of microstates per unit of time; Coverage (%): proportion of microstates covered; High: high social anxiety group; Low: low

social anxiety group. All data that are statistically significant (p < 0.013) are bolded.

information with increased self-reflection (enhanced microstate C)
and impaired executive functioning (weakened microstate D) in
socially anxious individuals. Moreover, their state transition
characteristics indicate a tendency to rapidly transform sensory and
self-related visual information into personally significant information
processing and self-referential internal mentation, providing new
insights into understanding the neural mechanisms of social anxiety.

4.1 Temporal characteristics of microstates
in social anxiety

The study found significant changes in microstate temporal

characteristics in the high social anxiety group, showing increased
presence of microstate C, which is associated with processing
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personally significant information and self-referential internal
mentation, and decreased presence of microstate D, which is
associated with executive functioning (Tarailis et al., 2024). These
findings are consistent with previous fMRI studies on abnormal
default mode network function in social anxiety. For example, Gentili
et al. (2008) found abnormal default mode network function in
patients with social anxiety disorder using resting-state fMRI.

This study forms a contrast and complement to previous anxiety-
related research. Similar to the functional weakening of microstate D
(reduced duration, occurrence, and coverage) observed in patients
with generalized anxiety disorder (Hao et al., 2025), socially anxious
individuals also exhibit functional weakening of microstate D. This
suggests that different types of anxiety disorders may share certain
characteristics of attentional network dysfunction. However, while
GAD patients showed increased transitions between states C and E
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FIGURE 3

Transition probabilities between the four microstates in the high social anxiety group and low social anxiety group. Red arrows indicate significantly
higher transition probabilities in the high social anxiety group (p < 0.001); blue arrows indicate significantly higher transition probabilities in the low
social anxiety group (p < 0.001). The values in brackets above the arrows represent the mean transition probabilities of the high and low social anxiety
groups, respectively. High: high social anxiety group; Low: low social anxiety group.

TABLE 3 Comparison and means for all transition probabilities in high and low social anxiety groups.

Transition High (n = 23) Low (n = 18) Cohen's d
AtoB 0.080 + 0.015 0.100 + 0.047 —1.805 0.086 —0.617
AtoC 0.079 + 0.028 0.040 £ 0.019 4.958 <0.001 1.530
AtoD 0.071 +0.025 0.115 £ 0.026 —5.536 <0.001 —1.708
Bto A 0.075 +0.018 0.097 + 0.052 —1.740 0.097 ~0.594
BtoC 0.049 + 0.020 0.087 £ 0.035 4.774 <0.001 1473
BtoD 0.087 + 0.035 0.099 + 0.043 —0.955 0.345 —0.295
CtoA 0.079 +0.031 0.037 £ 0.019 5.105 <0.001 1.575
CtoB 0.082 +0.023 0.049 +0.021 4.770 <0.001 1.472
CtoD 0.103 +0.023 0.100 + 0.070 0.183 0.857 0.063
DtoA 0.075 = 0.025 0.121 £ 0.032 —5.267 <0.001 -1.625
DtoB 0.084 % 0.028 0.096 % 0.040 ~1.130 0.265 —0.349
DtoC 0.102 + 0.021 0.096 + 0.065 0346 0.733 0.118

A to B refers to the transition probability from microstate A to microstate B. The same applies to other expressions; All data that are statistically significant (p < 0.004) are bolded.

(Hao et al, 2025), and anxiety symptoms were associated with
microstate E parameters and B to E transitions (Xue et al., 2024), the
socially anxious individuals in this study mainly showed changes in
microstates C and D. Unlike depressive symptoms which were found
to positively correlate with the occurrence of microstate A (Damborska
etal, 2019), our findings highlight distinct patterns in social anxiety.
These differences in microstate characteristics may reflect the unique
neural network dynamics associated with different types of emotional
disorders, suggesting that specific anxiety subtypes may have their
own characteristic patterns of brain network activity.

This study is the first to reveal the dynamic antagonistic relationship
between the default mode network and attention network in social
anxiety through microstate analysis. The discovery of these temporal
dynamic characteristics extends the static functional connectivity
findings of previous fMRI studies, providing a new dimension for
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understanding the neural mechanisms of social anxiety. In particular,
the antagonistic relationship observed between microstates C and D
provides new neurophysiological evidence for the excessive self-focused
attention theory proposed by Clark and Wells (1995). This dynamic
imbalance phenomenon supports Etkin and Wager's (2007) view of
imbalanced attentional resource allocation in social anxiety. According
to the cognitive model of Rapee and Heimberg (1997), this persistent
self-focused state may enhance sensitivity to social threat cues.

4.2 Microstate transition characteristics in
social anxiety

The social anxiety group exhibited a unique microstate transition
pattern, mainly reflected in two aspects: enhanced transitions between
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FIGURE 4
Correlation analysis between B — C transition probability and LSAS total scores (A) and LSAS-Avoidance subscale scores (B) in the low social anxiety
group. Blue and pink lines represent linear regression fits with 95% confidence intervals (shaded areas). *p < 0.05.

sensory processing (microstates A and B) and personally significant
information processing networks (microstate C), and weakened
transitions between sensory processing and executive function
networks (microstate D). These altered transition patterns suggest
differences in the temporal organization of brain activity in individuals
with high social anxiety traits. While these changes in network
dynamics occur in parallel with known cognitive features of social
anxiety, such as heightened self-focus and altered executive control,
the causal relationships between specific transition patterns and
cognitive processes require further investigation.

The study found that the high social anxiety group showed
abnormal transition patterns between the sensory processing
networks and networks involved in personally significant information
processing. Specifically, the transition probabilities from networks
associated with auditory/visual processing and arousal (microstate A)
and self-related visual processing/autobiographical memory
(microstate B) to networks involved in personally significant
information processing and self-referential internal mentation
(microstate C) were significantly increased. This pattern differs from
that observed in GAD, where the primary abnormality involves
increased transitions between personally significant information
processing and interoceptive/emotional information processing
networks (C « E) (Hao et al., 2025), suggesting distinct network
interaction patterns across anxiety subtypes. The increased transitions
from sensory processing to personally significant information
processing networks we observed may represent a neural basis for the
predominant negative self-evaluation in social anxiety, as Dixon et al.
(2022) found that while social anxiety disorder (SAD) patients and
controls showed similar patterns of DMN recruitment, SAD patients
distinctly endorsed significantly fewer positive traits and more
negative traits during self-evaluation tasks. The enhanced transitions
to networks involved in personally significant information processing
are also consistent with the increased connectivity between the DMN
and the amygdala and salience network reported in SAD patients
(Lucherini Angeletti et al., 2023).

Simultaneously, we found that the high social anxiety group showed
significantly weakened transitions related to networks involved in
executive functioning (microstate D). This finding aligns with a broader
pattern in anxiety disorders, as generalized anxiety disorder (GAD)
patients exhibit reduced transition probabilities from all other states to
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microstate D (Hao et al,, 2025), and similar weakened transitions
involving executive function networks have been observed in emotional
disorders more broadly (Al Zoubi et al., 2019). Given that microstate D is
associated with executive functioning, these shared characteristics in
transition patterns may reflect a common deficit in executive control
among anxiety disorders, supporting existing evidence of attentional
control deficits in social anxiety (Eysenck et al., 2007; Amir et al., 2009).
However, our study revealed a distinct pattern specific to social anxiety:
particularly weakened transitions between networks associated with
auditory/visual processing and arousal (microstate A) and executive
function networks (A < D). This differs from both the pattern in GAD,
where transitions to executive function networks are reduced from all
states (Hao etal., 2025), and the pattern reported by Al Zoubi et al. (2019),
where weakened transitions occurred primarily between networks
involved in self-related visual processing and autobiographical memory
(microstate B) and executive function networks (B <> D). This specificity
may reflect the unique characteristics of social anxiety disorder, where
individuals may have particular difficulties in dynamically coordinating
sensory information processing (such as conversations and evaluations
from others) with executive control processes.

Correlation analyses revealed that the transition probability from
self-related visual processing to personally significant information
processing networks (B — C) demonstrated significant negative
correlations with both total LSAS scores and avoidance subscale scores
exclusively in the low social anxiety group. Of particular significance is
the specific association with avoidance symptoms, suggesting that these
network transition patterns may be fundamentally linked to behavioral
manifestations of social anxiety. In individuals with low social anxiety
levels, this preserved flexibility in transitions between self-visual
representation and personally significant information processing may
constitute a neurophysiological protective mechanism, maintaining
essential self-monitoring while preventing maladaptive self-referential
processing. Conversely, the enhanced B — C transitions observed in the
high social anxiety group may represent rigid, dysregulated processing
patterns, aligning with previously documented negative self-evaluation
bias (Dixon et al., 2022) and altered default mode network functioning
(Lucherini Angeletti et al., 2023). These findings provide novel
neurobiological evidence for understanding the protective and
vulnerability factors in social anxiety, particularly regarding the neural
mechanisms underlying avoidance behavior.
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Uniquely, socially anxious individuals exhibit a systemic
imbalance of enhanced transitions between sensory processing and
personally significant information processing networks, and weakened
transitions between sensory processing and executive function
networks. This finding not only extends the existing understanding of
the impact of anxiety on microstate dynamics but also provides a new
perspective for understanding the neural mechanisms of social
anxiety. These microstate dynamic characteristics have important
implications for clinical interventions. First, the feature of enhanced
transitions between sensory processing networks (microstates A and
B) and networks involved in personally significant information
processing (microstate C) indicates that clinical interventions need to
focus on breaking individuals’ automated patterns of excessive self-
focus. This can be achieved through executive control training or
mindfulness interventions to enhance objective awareness of the
external environment and reduce excessive processing of personally
significant information (Wells, 2007). Second, the microstate pattern
changes found in this study provide new ideas for biomarker research
in social anxiety. These objective neural indicators can be used to
assess treatment effects and provide quantitative feedback for clinical
interventions. Furthermore, based on these findings, targeted
neurofeedback training can be developed in the future. Existing
research has shown that real-time regulation of prefrontal
a-asymmetry can effectively reduce negative emotions and anxiety
levels (Mennella et al., 2017), while amygdala neurofeedback training
based on real-time functional magnetic resonance imaging can
improve positive information processing in patients with depression
(Young et al., 2017). This evidence supports the feasibility of improving
symptoms by regulating the dynamic balance of brain networks
through neurofeedback techniques, providing a theoretical basis for
developing new intervention approaches.

4.3 Limitations and future directions

This study has several main limitations. First, we did not adequately
control for common comorbid conditions such as generalized anxiety
disorder, which may confound brain network dynamics (Briihl et al,
2014). Recent meta-analysis indicates that comorbidity indeed affects
microstate patterns, particularly microstate B (Chivu et al., 2023). Future
studies should strengthen the control of comorbid factors to better
distinguish the neural characteristics specific to social anxiety. Second,
we a priori selected four canonical microstate clusters for analysis rather
than employing the more objective meta-criterion method. As Tarailis
etal. (2024) pointed out, pre-setting the number of microstates may lead
to misattribution of functional properties. Future studies could adopt this
data-driven approach to determine the optimal number of microstates for
a more comprehensive characterization of dynamic neural features in
social anxiety. Additionally, the interpretation of microstate results
requires careful consideration, as the relationship between microstates
and functional networks is complex and not one-to-one (Michel and
Koenig, 2018; Tarailis et al., 2024). Future multimodal studies combining
EEG-fMRI and behavioral measures could help better establish the links
between microstate dynamics and cognitive processes in social anxiety.

Despite these limitations, this study provides important insights
into abnormal brain network dynamics in individuals with social
anxiety. Combining microstate analysis with machine learning
methods may identify novel biomarkers (Woo et al, 2017).
Furthermore, developing real-time neurofeedback protocols targeting
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specific microstate parameters, especially those related to executive
functioning (microstate D) and personally significant information
processing (microstate C), could serve as an innovative therapeutic
approach (Diaz Hernandez et al,, 2016). These research directions will
not only advance our understanding of the neural mechanisms
underlying social anxiety but also promote progress in diagnosis and
treatment methods.

5 Conclusion

This study revealed characteristic brain network dynamic
patterns in socially anxious individuals. We found that these
individuals exhibit significant microstate characteristics in the
resting state: enhanced activity in networks related to processing
personally significant information, self-reflection, and self-
referential internal mentation (microstate C) and weakened
executive functioning (microstate D). The study observed specific
network transition patterns: frequent switching between networks
associated with auditory/visual processing and arousal (microstate
A) or self-visualization and autobiographical memory (microstate
B) and networks involved in personally significant information
processing and self-referential internal mentation (microstate C),
accompanied by reduced engagement of executive function
networks (microstate D). Importantly, in the low social anxiety
group, the transition probability from self-related visual
processing to personally significant information processing
networks (B — C) showed significant negative correlations with
social anxiety symptoms, particularly avoidance behaviors,
suggesting that flexible network transitions might serve as a
protective mechanism. This dynamic imbalance pattern reveals a
key feature of social anxiety: even in the resting state, individuals
struggle to break free from the repetitive cycle of transforming
sensory and self-related visual information into personally
significant information processing and self-referential internal
mentation, while showing reduced executive functioning. These
findings provide new insights into the neural mechanisms of
social anxiety from a network dynamics perspective and offer
directions for clinical intervention.

Data availability statement

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

Ethics statement

The studies involving humans were approved by the Ethics
Committee of Sichuan Normal University (approval number:
SCNU-211120, approval date: November 20, 2021), and the
experimental process strictly followed the Declaration of Helsinki.
The studies were conducted in accordance with the local legislation
and institutional requirements. The 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.

frontiersin.org


https://doi.org/10.3389/fpsyg.2025.1581517
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org

Zhang et al.

Author contributions

HZ: Conceptualization, Data curation, Methodology, Writing —
original draft, Writing - review & editing. BP: Software, Visualization,
Writing - original draft, Writing - review & editing. YTL: Formal
Analysis, Methodology, Validation, Writing - original draft, Writing -
review & editing. YX: Formal Analysis, Methodology, Validation,
Writing - original draft, Writing - review & editing. YL: Funding
acquisition, Resources, Supervision, Writing - original draft, Writing -
review & editing.

Funding

The author(s) declare that no financial support was received for
the research and/or publication of this article.

Acknowledgments

We sincerely thank Sichuan Normal University and Shenzhen
University for their support in this research. We would also like
to thank all the people who participated in this research. Special
thanks to Haoran Dou and Qi Wu from Sichuan Normal
University and Wei Yi from Shenzhen University for their help in
writing optimization.

References

Al Zoubi, O., Mayeli, A., Tsuchiyagaito, A., Misaki, M., Zotev, V., Refai, H., et al.
(2019). EEG microstates temporal dynamics differentiate individuals with mood and
anxiety disorders from healthy subjects. Front. Hum. Neurosci. 13:56. doi:
10.3389/fnhum.2019.00056

Amir, N, Beard, C., Burns, M., and Bomyea, J. (2009). Attention modification
program in individuals with generalized anxiety disorder. J. Abnorm. Psychol. 118,
28-33. doi: 10.1037/a0012589

Baik, S. Y., and Newman, M. G. (2025). Why do individuals with generalized anxiety
disorder and depression engage in worry and rumination? A momentary assessment
study of positive contrast enhancement. J. Anxiety Disord. 111:102982. Advance online
publication. doi: 10.1016/j.janxdis.2025.102982

Britz, J., Van De Ville, D., and Michel, C. M. (2010). BOLD correlates of EEG
topography reveal rapid resting-state network dynamics. Neurolmage 52, 1162-1170.
doi: 10.1016/j.neuroimage.2010.02.052

Brodbeck, V., Kuhn, A., von Wegner, ., Morzelewski, A., Tagliazucchi, E., Borisov, S.,
et al. (2012). EEG microstates of wakefulness and NREM sleep. Neurolmage 62,
2129-2139. doi: 10.1016/j.neuroimage.2012.05.060

Briihl, A. B., Delsignore, A., Komossa, K., and Weidt, S. (2014). Neuroimaging in
social anxiety disorder—a meta-analytic review resulting in a new neurofunctional
model. Neurosci. Biobehav. Rev. 47, 260-280. doi: 10.1016/j.neubiorev.2014.08.003

Brunet, D., Murray, M. M., and Michel, C. M. (2011). Spatiotemporal analysis of
multichannel EEG: CARTOOL. Comput. Intell. Neurosci. 2011:813870. doi:
10.1155/2011/813870

Carol, R,, Glass, T. V. M., Biever, J. L., and Larsen, K. H. (1982). Cognitive assessment
of social anxiety: development and validation of a self-statement questionnaire. Cogn.
Ther. Res. 6, 37-55. doi: 10.1007/BF01185725

Chaumon, M., Bishop, D. V,, and Busch, N. A. (2015). A practical guide to the
selection of independent components of the electroencephalogram for artifact
correction. J. Neurosci. Methods 250, 47-63. doi: 10.1016/j.jneumeth.2015.02.025

Chen, G. Q,, Gao, X. X,, Yan, X. Y,, Du, M,, Zang, Y. Y., and Wang, Y. (2023).
Online research in psychology and its future in China. Journal of. Psychol. Sci.
46:1262-1271. doi: 10.16719/j.cnki.1671-6981.20230529

Chivu, A., Pascal, S. A., Damborska, A., and Tomescu, M. L. (2023). EEG microstates
in mood and anxiety disorders: a Meta-analysis. Brain Topogr. 37, 357-368. doi:
10.1007/s10548-023-00999-0

Frontiers in Psychology

10.3389/fpsyg.2025.1581517

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Generative Al statement

The authors declare that no Gen Al was used in the creation of
this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpsyg.2025.1581517/

full#supplementary-material

Clark, D. M., and Wells, A. (1995). A cognitive model of social phobia. In R. G.
Heimberg, M. R. Liebowitz, D. A. Hope and E R. Schneier (Eds.), Social phobia:
Diagnosis, assessment, and treatment (pp. 69-93). The Guilford Press.

Damborskd, A., Tomescu, M. I, Honzirkova, E., Bartecek, R., Horinkovd, J.,
Fedorovd, S., et al. (2019). EEG resting-state large-scale brain network dynamics are
related to depressive symptoms. Front. Psych. 10:548. doi: 10.3389/fpsyt.2019.00548

Delorme, A., and Makeig, S. (2004). EEGLAB: an open source toolbox for analysis of
single-trial EEG dynamics including independent component analysis. J. Neurosci.
Methods 134, 9-21. doi: 10.1016/j.jneumeth.2003.10.009

Diaz Hernandez, L., Rieger, K., Baenninger, A., Brandeis, D., and Koenig, T. (2016).
Towards using microstate-neurofeedback for the treatment of psychotic symptoms in
schizophrenia: a feasibility study in healthy participants. Brain Topogr. 29, 308-321. doi:
10.1007/s10548-015-0460-4

Dixon, M. L., Moodie, C. A., Goldin, P. R, Farb, N., Heimberg, R. G., Zhang, J., et al.
(2022). Frontoparietal and default mode network contributions to self-referential
processing in social anxiety disorder. Cogn. Affect. Behav. Neurosci. 22, 187-198. doi:
10.3758/s13415-021-00933-6

Etkin, A., and Wager, T. D. (2007). Functional neuroimaging of anxiety: a meta-
analysis of emotional processing in PTSD, social anxiety disorder, and specific phobia.
Am. ]. Psychiatry 164, 1476-1488. doi: 10.1176/appi.ajp.2007.07030504

Eysenck, M. W,, Derakshan, N., Santos, R., and Calvo, M. G. (2007). Anxiety and
cognitive performance: attentional control theory. Emotion 7, 336-353. doi:
10.1037/1528-3542.7.2.336

Gan, S., and Li, W. (2023). Aberrant neural correlates of multisensory processing of
audiovisual social cues related to social anxiety: an electrophysiological study. Front.
Psych. 14:1020812. doi: 10.3389/fpsyt.2023.1020812

Gentili, C,, Ricciardi, E., Gobbini, M. I, Santarelli, M. E, Haxby, J. V., Pietrini, P, et al. (2008).
Beyond amygdala: default mode network activity differs between patients with social phobia
and healthy controls. Brain Res. Bull. 79, 409-413. doi: 10.1016/j.brainresbull.2009.02.002

Hao, X., Ma, M., Meng, E, Liang, H., Liang, C., Liu, X,, et al. (2025). Diminished
attention network activity and heightened salience-default mode transitions in
generalized anxiety disorder: evidence from resting-state EEG microstate analysis. J.
Affect. Disord. 373, 227-236. doi: 10.1016/j.jad.2024.12.095

He, Y. L., and Zhang, M. Y. (2004). Psychometric investigation of liebowitz social
anxiety scale. J. Diagnostics Concepts Pract. 2, 29-33. doi: 10.16150/j.1671-2870.a2045

frontiersin.org


https://doi.org/10.3389/fpsyg.2025.1581517
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fpsyg.2025.1581517/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpsyg.2025.1581517/full#supplementary-material
https://doi.org/10.3389/fnhum.2019.00056
https://doi.org/10.1037/a0012589
https://doi.org/10.1016/j.janxdis.2025.102982
https://doi.org/10.1016/j.neuroimage.2010.02.052
https://doi.org/10.1016/j.neuroimage.2012.05.060
https://doi.org/10.1016/j.neubiorev.2014.08.003
https://doi.org/10.1155/2011/813870
https://doi.org/10.1007/BF01185725
https://doi.org/10.1016/j.jneumeth.2015.02.025
https://doi.org/10.16719/j.cnki.1671-6981.20230529
https://doi.org/10.1007/s10548-023-00999-0
https://doi.org/10.3389/fpsyt.2019.00548
https://doi.org/10.1016/j.jneumeth.2003.10.009
https://doi.org/10.1007/s10548-015-0460-4
https://doi.org/10.3758/s13415-021-00933-6
https://doi.org/10.1176/appi.ajp.2007.07030504
https://doi.org/10.1037/1528-3542.7.2.336
https://doi.org/10.3389/fpsyt.2023.1020812
https://doi.org/10.1016/j.brainresbull.2009.02.002
https://doi.org/10.1016/j.jad.2024.12.095
https://doi.org/10.16150/j.1671-2870.a2045

Zhang et al.

Hou, Y., Gao, W,, and Guo, X. (2024). Differences in attentional bias between self-
related information and external cues from others in individuals with social anxiety: an
event-related potential study. Brain Res. 1845:149199. doi: 10.1016/j.brainres.2024.149199

Jia, H., Wu, X., Zhang, X., Guo, M., Yang, C., and Wang, E. (2024). Resting-state EEG
microstate features can quantitatively predict autistic traits in typically developing
individuals. Brain Topogr. 37, 410-419. doi: 10.1007/s10548-023-01010-6

Jiang, Y., and Zheng, M. (2024). EEG microstates are associated with music training
experience. Front. Hum. Neurosci. 18:1434110. doi: 10.3389/fnhum.2024.1434110

Jung, T. P, Makeig, S., Humphries, C., Lee, T. W., McKeown, M. J., Iragui, V., et al.
(2000). Removing electroencephalographic artifacts by blind source separation.
Psychophysiology 37, 163-178. doi: 10.1111/1469-8986.3720163

Khanna, A., Pascual-Leone, A., Michel, C. M., and Farzan, F. (2015). Microstates in
resting-state EEG: current status and future directions. Neurosci. Biobehav. Rev. 49,
105-113. doi: 10.1016/j.neubiorev.2014.12.010

Kim, K., Duc, N. T,, Choi, M., and Lee, B. (2021). EEG microstate features for
schizophrenia classification. PLoS One 16:¢0251842. doi: 10.1371/journal.pone.0251842

Koenig, T., Prichep, L., Lehmann, D., Sosa, P. V,, Braeker, E., Kleinlogel, H., et al.
(2002). Millisecond by millisecond, year by year: normative EEG microstates and
developmental stages. Neurolmage 16, 41-48. doi: 10.1006/nimg.2002.1070

Leary, M. R. (1983). Social anxiousness: the construct and its measurement. J. Pers.
Assess. 47, 66-75. doi: 10.1207/s15327752jpa4701_8

Li, Y, Chen, G., Lv, J., Hou, L., Dong, Z., Wang, R., et al. (2022). Abnormalities in

resting-state EEG microstates are a vulnerability marker of migraine. J. Headache Pain
23:45. doi: 10.1186/s10194-022-01414-y

Liebowitz, M. R. (1987). Social phobia. Mod. Probl. Pharmacopsychiatry 22, 141-173.
doi: 10.1159/000414022

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

Mennella, R., Patron, E., and Palomba, D. (2017). Frontal alpha asymmetry
neurofeedback for the reduction of negative affect and anxiety. Behav. Res. Ther. 92,
32-40. doi: 10.1016/j.brat.2017.02.002

Michel, C. M., and Koenig, T. (2018). EEG microstates as a tool for studying the
temporal dynamics of whole-brain neuronal networks: a review. Neurolmage 180,
577-593. doi: 10.1016/j.neuroimage.2017.11.062

Morrison, A. S., Goldin, P. R., and Gross, J. J. (2024). Fear of negative and positive
evaluation as mediators and moderators of treatment outcome in social anxiety disorder.
J. Anxiety Disord. 104:102874. doi: 10.1016/j.janxdis.2024.102874

Musso, E., Brinkmeyer, J., Mobascher, A., Warbrick, T., and Winterer, G. (2010).
Spontaneous brain activity and EEG microstates. A novel EEG/fMRI analysis

Frontiers in Psychology

11

10.3389/fpsyg.2025.1581517

approach to explore resting-state networks. Neurolmage 52, 1149-1161. doi:
10.1016/j.neuroimage.2010.01.093

Pascual-Marqui, R. D., Michel, C. M., and Lehmann, D. (1995). Segmentation of brain
electrical activity into microstates: model estimation and validation. IEEE Trans.
Biomed. Eng. 42, 658-665. doi: 10.1109/10.391164

Qiao, J., Li, A., Cao, C., Wang, Z., Sun, J., and Xu, G. (2017). Aberrant functional
network connectivity as a biomarker of generalized anxiety disorder. Front. Hum.
Neurosci. 11:626. doi: 10.3389/fnhum.2017.00626

Rapee, R. M., and Heimberg, R. G. (1997). A cognitive-behavioral model of anxiety
in social phobia. Behav. Res. Ther. 35, 741-756. doi: 10.1016/S0005-7967(97)00022-3

Rapee, R. M., and Spence, S. H. (2004). The etiology of social phobia: empirical evidence
and an initial model. Clin. Psychol. Rev. 24, 737-767. doi: 10.1016/j.cpr.2004.06.004

Tang, X., Liu, Q. Cai, E, Tian, H., Shi, X, and Tang, S. (2022). Prevalence of social anxiety
disorder and symptoms among Chinese children, adolescents and young adults: a systematic
review and meta-analysis. Front. Psychol. 13:792356. doi: 10.3389/fpsyg.2022.792356

Tarailis, P, Koenig, T., Michel, C. M., and Gri$kova-Bulanova, I. (2024). The functional
aspects of resting EEG microstates: a systematic review. Brain Topogr. 37, 181-217. doi:
10.1007/s10548-023-00958-9

Valt, C,, Tavella, A., Berchio, C., Seebold, D., Sportelli, L., Rampino, A., et al. (2024). MEG
microstates: an investigation of underlying brain sources and potential neurophysiological
processes. Brain Topogr. 37, 993-1009. doi: 10.1007/s10548-024-01073-z

Wells, A. (2007). Cognition about cognition: metacognitive therapy and change in
generalized anxiety disorder and social phobia. Cogn. Behav. Pract. 14, 18-25. doi:
10.1016/j.cbpra.2006.01.005

Woo, C. W, Chang, L. ], Lindquist, M. A., and Wager, T. D. (2017). Building better
biomarkers: brain models in translational neuroimaging. Nat. Neurosci. 20, 365-377.
doi: 10.1038/nn.4478

Xue, S., Shen, X., Zhang, D., Sang, Z., Long, Q., Song, S., et al. (2024). Unveiling
frequency-specific microstate correlates of anxiety and depression symptoms. Brain
Topogr. 38:12. doi: 10.1007/510548-024-01082-y

Young, K. D., Misaki, M., Harmer, C. J., Victor, T,, Zotev, V., Phillips, R., et al. (2017).
Real-time functional magnetic resonance imaging amygdala neurofeedback changes
positive information processing in major depressive disorder. Biol. Psychiatry 82,
578-586. doi: 10.1016/j.biopsych.2017.03.013

Zhang, X., Wu, B, Yang, X., Kemp, G. J., Wang, S., and Gong, Q. (2024). Abnormal
large-scale brain functional network dynamics in social anxiety disorder. CNS Neurosci.
Ther. 30:¢14904. doi: 10.1111/cns.14904

Zhang, X., Yang, X., Wu, B, Pan, N., He, M., Wang, S., et al. (2023). Large-scale brain
functional network abnormalities in social anxiety disorder. Psychol. Med. 53,
6194-6204. doi: 10.1017/50033291722003439

frontiersin.org


https://doi.org/10.3389/fpsyg.2025.1581517
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org
https://doi.org/10.1016/j.brainres.2024.149199
https://doi.org/10.1007/s10548-023-01010-6
https://doi.org/10.3389/fnhum.2024.1434110
https://doi.org/10.1111/1469-8986.3720163
https://doi.org/10.1016/j.neubiorev.2014.12.010
https://doi.org/10.1371/journal.pone.0251842
https://doi.org/10.1006/nimg.2002.1070
https://doi.org/10.1207/s15327752jpa4701_8
https://doi.org/10.1186/s10194-022-01414-y
https://doi.org/10.1159/000414022
https://doi.org/10.1177/10738584211030497
https://doi.org/10.1016/j.brat.2017.02.002
https://doi.org/10.1016/j.neuroimage.2017.11.062
https://doi.org/10.1016/j.janxdis.2024.102874
https://doi.org/10.1016/j.neuroimage.2010.01.093
https://doi.org/10.1109/10.391164
https://doi.org/10.3389/fnhum.2017.00626
https://doi.org/10.1016/S0005-7967(97)00022-3
https://doi.org/10.1016/j.cpr.2004.06.004
https://doi.org/10.3389/fpsyg.2022.792356
https://doi.org/10.1007/s10548-023-00958-9
https://doi.org/10.1007/s10548-024-01073-z
https://doi.org/10.1016/j.cbpra.2006.01.005
https://doi.org/10.1038/nn.4478
https://doi.org/10.1007/s10548-024-01082-y
https://doi.org/10.1016/j.biopsych.2017.03.013
https://doi.org/10.1111/cns.14904
https://doi.org/10.1017/S0033291722003439

	Altered microstate C and D dynamics in high social anxiety: a resting-state EEG study
	1 Introduction
	2 Methodology
	2.1 Participants
	2.2 Experimental procedure
	2.3 EEG preprocessing
	2.4 Microstate analysis
	2.5 Statistical analysis

	3 Results
	3.1 Microstate topographic map characteristics
	3.2 Microstate parameters characteristics
	3.3 Microstate transition characteristics
	3.4 Correlation between microstate parameters and transitions with social anxiety scale

	4 Discussion
	4.1 Temporal characteristics of microstates in social anxiety
	4.2 Microstate transition characteristics in social anxiety
	4.3 Limitations and future directions

	5 Conclusion

	References

