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Introduction: Autism Spectrum Disorder (ASD) is associated with atypical neural
dynamics, affecting spatial navigation and information integration. EEG
microstates and functional connectivity (FC) are useful tools for investigating
these differences. This study examines alterations in EEG microstates and theta-
band FC during map-reading tasks in children with ASD (n = 12) compared to
typically developing (TD) peers (n = 12), aiming to uncover neural mechanisms
underlying spatial processing deficits in ASD.

Methods: EEG data were collected from children with ASD (n = 12) and TD
controls (n = 12) aged 6-10 years during a map-reading task. Microstate analysis
quantified the temporal dynamics of four canonical microstates (A, B, C, and D).
Theta-band (4-8 Hz) FC was analyzed to assess interregional neural
communication during the task. Statistical tests identified group differences in
microstate metrics and FC patterns.

Results: Children with ASD showed significant differences in EEG microstate
dynamics compared to TD controls. The ASD group showed reduced
occurrence, but longer duration and greater coverage in microstate A,
indicating abnormal temporal and spatial brain activity. For microstate B, the
ASD group displayed shorter durations and lower coverage, suggesting
impairments in cognitive control. In microstate C, the ASD group exhibited
reduced duration, coverage, and steady-state distribution, pointing to
disruptions in spatial attention. Conversely, microstate D showed increased
occurrence and greater coverage in the ASD group, reflecting atypical spatial
attention allocation. Theta-band FC analysis revealed significantly reduced
connectivity in key brain networks involved in spatial navigation, particularly
between fronto-parietal and occipito-temporal regions. This suggests disrupted
integration of spatial and cognitive processes in children with ASD.
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Discussion: The alterations in EEG microstate patterns and theta-band FC
highlight differences in the neural mechanisms underlying spatial navigation
and cognitive integration in ASD. These findings suggest that microstate and
FC analyses could serve as biomarkers for understanding visual spatial navigation
in ASD, related to perceptual abnormalities. This research provides a basis for
individualized rehabilitation plans for children with ASD, using qEEG biomarkers
to guide neuromodulation techniques, such as transcranial direct current
stimulation (tDCS). Future studies should investigate longitudinal changes and
intervention effects on these neural dynamics.

autism spectrum disorder, microstates, functional connectivity, cognition, navigation

Introduction

The brain’s instantaneous global functional state can be
reflected in its electric field configuration. Transient changes in
this configuration, termed EEG microstates, represent descriptions
of the brain’s sequential electric field phenomena. Microstates are
short-lived, quasi-stable topographical segments lasting
approximately 60-120 milliseconds. These segments undergo
rapid transitions between distinct metastable states (1). The
dynamic changes in microstates are crucial mechanisms for
neural information processing and are strongly associated with
cognitive functions as well as various neurological and psychiatric
disorders (2, 3). The temporal dynamics of brain processes
described by microstates align with several theoretical
perspectives. These theories propose that consciousness and
cognition are temporally discontinuous, a notion supported by
numerous electrophysiological and imaging studies (4). The
discrete changes in microstates may be driven by distinct neural
mechanisms. Four primary EEG microstates, labeled A through D,
have been identified. Each microstate is associated with specific
neural activity patterns, reflecting the distinct brain states during
the processing of various types of information (5). This study aims
to investigate differences in EEG microstate characteristics during
map processing tasks between children with Autism Spectrum
Disorder (ASD) and children with typically developing (TD).
Specifically, we compared the coverage and duration of
microstates A, B, C, and D between the two groups. We
hypothesize that during map processing tasks, ASD children will
exhibit distinct microstate activity patterns compared to TD
children. These differences may reflect unique neural mechanisms
underlying the visual spatial and navigation processing in children
with ASD. Understanding the neural correlates of map processing
in ASD children holds significant implications for assessing their
cognitive processing capacities and spatial navigation abilities.
Furthermore, this study may give a new perspective for detecting
the reason that people with ASD are overly sensitive to environment
and space changes We proposed that the special mechanisms of
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spatial cognition reflected by the map processing tasks the current
study applied may cause the stereotyped behaviors of ASD related
with the physical and social environments changes. And help to
reveal the cognitive mechanisms underlying the integration of
perceptual and conceptual information during map processing
tasks with ASD. In summary, this research aims to provide
valuable insights into the neural basis of map processing in ASD
children and its potential impact on spatial information processing
abilities. <The findings could inform the development of targeted
interventions to enhance map cognition and navigation skills in the
ASD population and could further give some implications of new
methods for disordered perceptual and behavioral rehabilitations
and estimation with ASD>.

Microstates are increasingly recognized as fundamental
components of cognition, serving as potential neural correlates of
human thought processes (2, 6). These transient, quasi-stable brain
electric field topographies, lasting approximately 60-120 ms, have
been described as the “atoms of thought” and are modulated by the
content of an individual’s cognitive states (6, 7). As such,
microstates are considered the basic building blocks of human
cognition and consciousness, with their characteristics reflecting
the dynamic interplay of mental states. Lehmann et al. (6) first
observed that microstates can be influenced by the content of
spontaneous thoughts during resting-state EEG recordings.
Participants were asked to report their thoughts after auditory
cues, and the results indicated significant differences in microstate
topographies corresponding to distinct categories of thought,
demonstrating that microstates are indeed shaped by mental
states. Furthermore, the temporal dynamics of microstates are
consistent with the subsecond time scales associated with the
large-scale synchronization of neural networks (8). Extensive
studies have also linked microstates to various neuropsychiatric
and neurological disorders that lead to cognitive impairments (9,
10). Research has highlighted the relationship between microstates
and cognitive functions, suggesting that they serve as an important
index for cognitive processing. For example, Britz et al. (11)
combined EEG with functional magnetic resonance imaging
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(fMRI) to explore the neural correlates of four primary microstates
(A, B, C, and D). These microstates correspond to specific
functional brain networks identified in resting-state fMRI studies:
Microstate A is linked to the auditory network, Microstate B to the
visual network, Microstate C to cognitive control and partially to
the default mode network (DMN), and Microstate D to the dorsal
attention network (12). Microstates B and C, in particular, are
crucial for visual processing and cognitive control, respectively, and
have been shown to be highly sensitive to changes in external
sensory input. Seitzman et al. (5) found that increased visual input
significantly alters the temporal characteristics of Microstate B,
manifesting as an increase in its coverage and occurrence,
supporting the hypothesis that Microstate B is closely related to
visual processing. Moreover, Microstate C has been associated with
self-referential processing, a characteristic of the anterior default
mode network, and plays a key role in the cognitive control. Britz
et al. (11) linked Microstate C to the salience network, including
regions such as the anterior cingulate cortex and insula, which are
crucial for task execution and attentional control (13). Additionally,
research has shown that microstates can ofter valuable insights into
emotional processing. Microstate C exhibits increased coverage and
duration during the neutral emotional states, while Microstate B is
predominantly linked to the negative emotions (14). This suggests
that microstates are modulated not only by cognitive processes but
also by emotional states, highlighting their role as a comprehensive
brain dynamic representing of human cognition and emotion.
Based on these insights, the current study aims to explore the
differences in microstate dynamics between two groups with
distinct cognitive profiles: TD children and children with ASD.
Previous research suggests that individuals with ASD may display
atypical neural processing during cognitive tasks, as evidenced by
altered microstate patterns compared with typically development
individuals. Specifically, Microstates B and C, which are related to
visual processing and cognitive control, are expected to play critical
roles in spatial navigation and information integration. In this
context, the current study investigates how these microstates are
modulated during the map-based navigation tasks, examining
differences in coverage, occurrence, and duration of Microstates
A, B, C, and D between TD and ASD groups.

In addition to examining EEG microstates, functional
connectivity (FC) analysis provides the important perspectives on
the interactions between brain regions during cognitive tasks. FC
reflects the temporal correlations between brain activity across
distant cortex areas, offering insights into the integration of
information across large-scale neural networks (15). Theta waves
(4-8 Hz) are particularly relevant in this context, as they are
associated with cognitive functions such as memory, attention,
and spatial navigation (16, 17). The hippocampus, a region
integral to spatial memory, exhibits strong theta oscillations
during tasks involving spatial navigation, such as map processing
(18). Previous studies have shown that theta waves support the
integration of information between brain regions involved in spatial
cognitive processing, such as the hippocampus, parietal cortex, and
prefrontal cortex (19, 20). In individuals with ASD, there is evidence
of altered theta activities, particularly in regions involved in set-
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shifting and working memory for spatial information (21, 22).
These altered connectivity patterns may underlie difficulties in
cognitive tasks, such as spatial navigation, that require the
integration of lots of information. Research suggests that reduced
theta connectivity in regions such as the hippocampus and visual
cortex may impair the ability to integrate spatial and visual
information (23), contributing to the challenges in map
processing observed in children with ASD. Therefore, theta FC
analysis is a critical component of understanding the neural
mechanisms underlying the spatial processing deficits in ASD.
The focus on the theta oscillation functional connectivity in this
study is grounded in its role in coordinating brain networks during
tasks requiring spatial memory and navigation. We hypothesize
that children with ASD will exhibit disrupted or reduced theta-band
connectivity between key brain regions during the map processing
tasks, such as the hippocampus, visual cortical areas, and regions
associated with the cognitive control compared with the normal
groups (23). This connectivity analysis of theta oscillation will be
the fine complements for the microstate dynamics examination,
providing a comprehensive view of how brain networks interact
during map-based tasks and how these dynamics may differ
between children with ASD and TD. By investigating theta
connectivity alongside microstates, we aim to further elucidate the
functional integration deficits observed in ASD and their impact on
spatial information processing. Microstates share a high degree of
similarity with several cognitive theories of consciousness. The
concept of perceptual frames was introduced by Efron to describe
the dynamic changes in brain activity over time, which reflect the
brain’s information processing. Perceptual frames suggest that the
temporal dynamic of the brain activities involves a sequence of
processes, including the segmentation, the encoding, the
structuring, and the decoding, that transform and modulate the
input information.

In perceiving and understanding external information, the
brain operates according to this temporal-dynamic framework,
where cognitive processes are organized and adjusted across
different stages to handle and reassemble the afferent information.
This description emphasizes the importance of time sequence
during cognitive process and reveals the details of how the brain
organizes and interprets the afferent information over time, leading
to external perception and understanding. Microstates can be
divided into different segments of stable topographies, with each
segment lasting a certain period of time, while the transitions
between stable states occur rapidly. This aligns well with the
temporal dynamics described in the perceptual frame theory (1,
4). Dehaene and Changeux’s (24) neural workspace model provides
a theoretical framework for understanding brain consciousness.
This model divides the neural workspace into different regions, each
representing distinct states of consciousness. When important
information is processed in some local brain areas, it is
transmitted to the global workspace and widely distributed across
it, involving competition and selection of conscious content.
Microstates, as the “atoms of thought,” represent the basic
components of consciousness and exhibit random variations (25-
27). By observing changes in microstate activity, we can attempt to
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understand the differences and transitions between various states of
consciousness. Studies related to navigation tasks have shown that
specific neurophysiological signals are influenced by cognitive
control. Research indicates that theta oscillations play the
important role in combining the separated events over long time
scales in navigation and especially in memory retrieval and other
information processing (28). Watrous et al. (29) used EEG and
brain imaging techniques to investigate neural activity during
navigation tasks, indicating that enhanced network connectivity
in specific frequency band was closely related to accurate spatial
memory retrieval. Jacobs et al. (30) found that gamma oscillations
in the right neocortex play a unique role in human spatial
navigation. Kaplan et al. (31) demonstrated that theta-gamma
phase coupling is crucial for human spatial memory, with
oscillations in these two frequency bands being closely associated
with the spatio-temporal characteristics of navigation behavior.
Existing research has demonstrated that subjects with more prior
knowledge related with navigation showed higher accuracy in the
process of route planning with stronger functional connectivity
between the frontal and temporal lobes in EEG signals compared to
the subjects without any navigation related knowledge during the
map navigation experiment (32). EEG activity provides specific
indicators for processing and executing navigation information.
Therefore, based on these findings, we hypothesize that children
with TD and children with ASD may exhibit differences in EEG
function when processing map information. As an instantaneous
reflection of global brain function, microstates offer a unique
perspective on the brain’s information processing mechanisms.
Specifically, microstates B and C are closely associated with visual
and autonomous processing, respectively. The current study aims to
investigate the specific characters represented by EEG functional
states of children with ASD compared with typical development
controls during map information processing tasks. <Based on
previous studies, there are significant differences in brain
functional connectivity during map information processing (32),
and we hypothesize that similar differences will also be observed in
ASD participants when processing map information. The current
study intend to focus on exploring EEG microstates during visual
map information processing, particularly the cognitive functions of
microstates A, B, C, and D in visual and autonomous processing.
These microstates are believed to reflect the transient functional
configuration of large-scale neural networks, providing important
insights into underlying cognitive processes.

Method
Participants

A total of 24 children participated in this study, aged between 6
and 10 years (M = 7.2, SD = 1.61). Twelve children with high-
functioning autism spectrum disorder (ASD) were clinically recruited
from pediatric developmental or psychiatric departments, with
diagnoses confirmed by experienced clinicians. All ASD
participants met the following inclusion criteria: no comorbid
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neurological disorders (e.g., epilepsy), intellectual disability, visual
impairment, or hearing impairment, and had an IQ greater than 70.
These high-functioning children with ASD were also recommended
by experienced speech-language pathologists and demonstrated good
cognitive executive functioning in their regular interventions.

Additionally, 12 typically developing (TD) children, matched with
the ASD group by age and gender, were recruited for comparison. All
TD participants had normal vision and hearing, no history of
psychiatric disorders, and an IQ greater than 70. Informed consent
was obtained from the legal guardians of all participants, who also
received appropriate compensation for their participation. This study
was approved by the Ethics Committee of Beijing Language and
Culture University (Approval Number: 2024BYLL25).

Task

In this experiment, participants were required to complete a
route-planning task followed by passive observation of a map. At
the beginning of the task, a starting point (A), an endpoint (B), and
a pre-planned route were marked on the map. Participants were
instructed to trace the specified route from point A to point B using
a pen, navigating based on the provided transportation network.
The task emphasized selecting the quickest and shortest path,
requiring participants to identify and trace the most efficient
route. Due to individual differences in the time taken to complete
the task, each trial typically lasted between 30 seconds and 1 minute.
After completing each trial, participants would begin another task
of finding the optimal path again to meet the required time for data
collection. This was done until the total EEG data collection time
reached a minimum of three minutes. The entire procedure was
uninterrupted, ensuring that the EEG data duration was consistent
across all participants.

EEG recording

Participants were seated comfortably in a chair and presented
with a map of Beijing measuring 1.1 meters by 0.8 meters.
Electroencephalogram (EEG) data were collected during a three-
minute session using the Electrical Geodesics Inc. (EGI) EEG
system. The system included a geodesic sensor net, a Net Amps
amplifier, and Net Station software for data acquisition and
analysis. A 65-channel EEG cap was utilized, with a data
sampling rate of 1000 Hz and analog bandpass filtering set
between 0.1 and 200 Hz. All electrode impedances were
maintained below 50 KQ before initiating data collection. Real-
time EEG signals were monitored using the Net Station acquisition
software provided by EGI.

Data analysis

To investigate the FC between brain regions, we performed a
correlation-based analysis of the theta rhythm (4-8 Hz) in the EEG
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data. EEG signals were preprocessed to isolate the theta rhythm
using a bandpass filter. Specifically, the data were filtered between 4
and 8 Hz using a finite impulse response (FIR) filter, a standard
method for isolating theta activity. This frequency band is
commonly associated with cognitive functions such as attention
and memory. The filtered data were then averaged across trials to
minimize variability from different experimental conditions and
focus on the general neural response. For each subject, we calculated
the correlation coefficient matrix between the EEG signals from all
pairs of channels. This matrix captures the degree to which the
activity of one brain region (represented by a channel) correlates
with that of another, providing insights into the functional
relationships between brain regions. Specifically, the correlation
matrix was computed by calculating Pearson’s correlation
coefficients for the averaged theta rhythm signals from each
channel. To focus on meaningful connections, we retained only
those pairs of channels with a correlation coefficient greater than
0.7, reflecting a moderate to strong functional relationship between
regions. This threshold was chosen based on prior research
suggesting that correlations above 0.7 are typically indicative of
significant functional interactions in EEG studies (33). Additionally,
connections with a correlation coefficient greater than 0.9 were
highlighted to emphasize the strongest relationships between brain
regions. To calculate the global functional connectivity mean
(FC_mean) for each subject, we used the following formula:

1
FCrean = Nzry

Where:

* g represents the correlation coefficient for each pair of
channels in the correlation matrix.

* Nis the number of off-diagonal elements in the matrix (i.e.,
the number of unique channel pairs). This excludes the
diagonal elements, which represent the correlation of a
channel with itself and are not meaningful for this
analysis. The global functional connectivity mean
provides a single value that summarizes the overall level
of connectivity between brain regions for each subject. This
measure reflects the average strength of functional
interactions across the entire network of brain regions,
capturing both moderate and strong correlations. To
statistically compare functional connectivity between the
ASD and TD groups, we performed a standard t-test or
non-parametric tests (such as the Wilcoxon rank-sum test),
depending on the data distribution. The t-test was applied
to the global functional connectivity means for each group
to identify any significant differences in overall functional
connectivity between the groups. This analysis method is
particularly useful for exploring the complex interactions
between brain regions in a frequency-specific manner. By
focusing on the theta rhythm, which is known for its role in
cognitive processing, particularly in attention and memory
tasks, we aim to investigate how neural networks are
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organized and how these patterns may differ in cognitive
states, such as those observed in ASD.

EEG data were preprocessed in MATLAB using the EEGLAB
toolbox. The preprocessing steps involve artifact correction (using
Automagic), band-pass filtering in the 1-30 Hz range (via
pop_filtnew.m), and, if needed, epoch extraction for specific brain
regions (using pop_epoch.m). Data selection and aggregation across
subjects are done by concatenating EEG maps at GFP(Global Field
Power) peaks, using the pop_micro_selectdata.m function. Key
parameters include setting the data type to “Continuous”,
applying average referencing and normalization, defining a
minimum peak distance of 10 ms, a peak count of 1000, a GFP
threshold of 1, and using datasets indexed from 1 to 4. During the
microstate segmentation step, EEG maps are segmented at GFP
peaks into microstates using the pop_micro_segment.m function.
The modified k-means algorithm is applied, with the number of
microstates set between 2 and 4, 50 repetitions, and optimization
enabled. The topographies and fit measures of microstate
prototypes are reviewed and the optimal number of microstates is
selected using MicroPlotTopo.m and pop_micro_selectNmicro.m.
Microstate prototypes are then imported into the datasets for back-
fitting using pop_micro_import_proto.m. Finally, microstates are
back-fitted and temporally smoothed using the pop_micro_fit.m
and pop_micro_smooth.m functions, with smoothing set to “reject
segments” and polarity set to 0. After all steps, microstate statistics
are calculated with pop_micro_stats.m, and the results are exported
for statistical analysis in SPSS. We primarily used the K-means
algorithm, as referenced in studies (34, 35). For detailed procedures
and programming code, please refer to the “Microstate EEGLAB
Toolbox: An Introductory Guide” (35).

Data statistics

The primary statistical analysis focused on the microstate data
for A, B, C, and D. A repeated measures analysis of variance
(ANOVA) was conducted, with the steady-state distribution,
duration, occurrence, and coverage of microstates A, B, C, and D
as the dependent variables. The within-subject factor was
“Microstate Type (A/B/C/D),” while the between-subject factor
was “Group (ASD/TD).” Effect sizes were calculated using partial
eta-squared (n?) to assess the magnitude of the effects. All statistical
analyses were performed using SPSS 26.0 software.

Result

Result of FC

The t-test for global functional connectivity mean revealed a
significant difference, with a t-statistic of t = -5.47 and p = 0.000051.
The functional connectivity in children with ASD was significantly
lower compared to the TD children. The results were visualized in
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two ways: a correlation matrix and a circular connectivity graph.
The matrix provides a clear, numerical representation of the
relationships between channels, where each cell indicates the
strength of correlation between two channels. For the circular
connectivity graph, a polar coordinate system was used to
represent the channels as nodes placed on a circle, with
connections between nodes drawn as lines. These connections
were color-coded and sized according to their correlation values.
Specifically, connections with a correlation coefficient greater than
0.9 were highlighted with thicker black lines, while connections with
a correlation coefficient greater than 0.7 but less than 0.9 were
drawn with thinner light gray lines, as shown in Figures 1, 2.

The FC analysis revealed significant differences between the
autism spectrum disorder (ASD) group and the typically developing
(TD) group. Specifically, individuals with ASD exhibited reduced
functional connectivity among several key electrode sites compared
to the TD group. These electrode sites included O1, O2 (occipital
regions), FP1, FP2 (frontal polar regions), OZ (midline occipital
region), POZ (midline parieto-occipital region), and PO3, PO4
(parieto-occipital regions). The observed reduction in connectivity
suggests potential disruptions in the integration of information
across occipital regions, which are critical for visual processing, and
frontal polar regions, which are associated with high-level cognitive
control. Furthermore, the reduced connectivity in posterior
electrode sites, such as O1, O2, OZ, POZ, PO3, and PO4,
indicates impairments in the visual and parieto-occipital
networks, while the decreased connections in frontal polar sites,
FP1 and FP2, may reflect difficulties in cognitive integration and
executive functioning. These findings support the hypothesis that
altered connectivity in ASD may underlie deficits in sensory
processing, visuospatial integration, and higher-order cognitive
functions. Overall, the results align with prior evidence of atypical
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functional connectivity patterns in ASD, particularly involving
disrupted communication between posterior and anterior brain
regions. This disruption may help explain the observed
impairments in sensory integration, visuospatial processing, and
cognitive regulation in individuals with ASD.

Result of microstate

The results from all of the ANOVAs are detailed in the Table 1.
Figure 3 displays the differences in the template map between the
ASD and TD groups. For microstate A, the TD group exhibited a
significantly higher occurrence (M = 2.56 + 0.07) compared to the
ASD group (M = 1.86 + 0.24, F(1,20) = 19.669, p < 0.001, 1 = 0.376).
Additionally, the ASD group demonstrated a longer duration (M =
110 + 20.09) than the TD group (M = 96 + 10.41, F(1,20) = 4.619,p =
0.041,m* = 0.245). The coverage of microstate A was also significantly
greater in the ASD group (M = 0.17 £ 0.02) compared to the TD
group (M = 0.02 + 0.02, F(1,20) = 18.694, p < 0.001, * = 0.571).
Steady-state distribution for microstate A was substantially higher in
the ASD group (M = 0.21 + 0.02) than the TD group (M = 0.03 +
0.02, F(1,20) = 339.547, p < 0.001, n*> = 0.952).

For microstate B, the ASD group showed a significantly shorter
duration (M = 79.82 + 9.08) compared to the TD group (M = 116.76 +
37.28, F(1,20) = 9.264, p = 0.007, > = 0.353). Coverage of microstate B
was lower in the ASD group (M = 0.30 + 0.07) than in the TD group
(M =0.39 + 0.13, F(1,20) = 4.572, p = 0.047, > = 0.212). The steady-
state distribution of microstate B was significantly reduced in the ASD
group (M = 0.29 + 0.02) compared to the TD group (M = 0.40 + 0.03, F
(1,20) = 83.184, p < 0.001, 12 = 0.830).

For microstate C, the ASD group had a significantly shorter
duration (M = 98.82 + 22.87) compared to the TD group (M =
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FIGURE 1

Circular connectivity graph illustrating functional connectivity patterns in the TD (left) and ASD (right) groups. Connections with |r| > 0.7 are shown,

with stronger connections (Jr| > 0.9)highlighted using thicker lines.
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FIGURE 2

A correlation matrix illustrating functional connectivity patterns in the TD (left) and ASD (right) groups.
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144.63 + 47.25, F(1,20) = 7.487, p = 0.014, n* = 0.306). Coverage of
microstate C was also lower in the ASD group (M = 0.35 + 0.10)
than in the TD group (M = 0.48 + 0.18, F(1,20) = 4.573, p = 0.047,
1* = 0.212). Furthermore, the steady-state distribution of microstate
C was significantly reduced in the ASD group (M = 0.21 + 0.03)

compared to the TD group (M = 0.39 + 0.07, F(1,20) = 53.724, p <
0.001, N = 0.760).

For microstate D, the ASD group displayed a significantly higher
occurrence (M = 2.61 + 0.56) compared to the TD group (M = 1.58 +
0.63, F(1,20) = 14.306, p = 0.001, 1> = 0.457). Coverage of microstate D

TABLE 1 The results of the variance analysis between different class microstates are presented in Table 1.

TD group ASD group Partial 12
occurrence 2.56 +0.07 1.86 + 0.24 19.669 0.00** 0.376
duration 96 + 10.41 110 + 20.09 4.619 0.041* 0.245
coverage 0.02 £ 0.01 0.17 + 0.003 18.694 0.00%* 0.571
Steady-state distribution 0.03 +0.02 0.21 + 0.02 339.547 0.00%* 0.952
B
occurrence 3.38 £ 0.46 3.50 £ 0.32 0.504 0.487 0.029
duration 116.76 + 37.28 79.82 +9.08 9.264 0.007** 0.353
coverage 0.39 £ 0.13 0.30 £ 0.07 4.572 0.047* 0.212
Steady-state distribution 0.40 + 0.03 0.29 £ 0.02 83.184 0.00** 0.830
©
occurrence 3.27 £ 0.65 3.46 + 0.38 0.619 0.442 0.035
duration 144.63 + 47.25 98.82 + 22.87 7.487 0.014* 0.306
coverage 0.48 +0.18 0.35 £ 0.10 4.573 0.047* 0.212
Steady-state distribution 0.39 +0.07 0.21 +0.03 53.724 0.00** 0.760
D
occurrence 1.58 + 0.63 2.61 £ 0.56 14.306 0.001** 0.457
duration 65.79 + 16.09 68.83 + 3.82 0.336 0.569 0.019
coverage 0.11 £ 0.07 0.18 + 0.05 6.655 0.019* 0.281
Steady-state distribution 0.19 + 0.07 0.28 + 0.03 15.375 0.001** 0.475

*p<0.05, **p<0.01.
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The group-level template maps of the four microstate classes. The top shows the ASD group, and the bottom shows the TD group, with the four
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FIGURE 4
Boxplot of the variance in EEG data explained by microstates for the TD and ASD groups.
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was also greater in the ASD group (M = 0.18 + 0.05) than in the TD
group (M = 0.11 % 0.07, F(1,20) = 6.655, p = 0.019, 1)* = 0.281). Lastly,
the steady-state distribution of microstate D was significantly increased
in the ASD group (M = 0.28 + 0.03) compared to the TD group (M =
0.19 + 0.07, F(1,20) = 15.375, p = 0.001, n)* = 0.475).

Explained variance

There was no significant difference in the variance of EEG data
explained by microstates between the TD and ASD groups (63.9% +
10.1% vs. 61.7% + 7.5%; F(1 50y = 0.315, p = 0.582, > = 0.018). The
explained variance of the data ranged from 50% to 85% as shown in
Figure 4.

Discussion

The results of this experiment revealed significant differences in
functional connectivity and EEG microstate dynamics between the
ASD group and the TD group. Specifically, the ASD group exhibited
lower theta-band functional connectivity at several key electrode
sites, such as the occipital, frontal polar, and parieto-occipital
regions, particularly in the occipital and frontal polar regions.
This may reflect impairments in sensory processing, visual
processing, and higher-order cognitive control functions.
Children with ASD showed significant differences in EEG
microstate dynamics compared to TD controls. Specifically, the
ASD group had significantly higher occurrence, coverage, and
steady-state distribution in microstate A, indicating more
frequent and widespread brain activity in this state. This
heightened activity may be linked to overactive or distinct
regulatory mechanisms in information processing. In contrast, the
ASD group exhibited significantly shorter duration, lower coverage,
and reduced steady-state distribution in microstate B, suggesting
more transient and focused brain activity, which could reflect faster
information processing but with limitations or instability. For
microstate C, the ASD group showed reduced duration, coverage,
and steady-state distribution, indicating more concentrated and
brief brain activity, potentially reflecting constraints in sensory or
cognitive processing, particularly in regions related to visual or
spatial cognition. Finally, the ASD group showed significantly
higher occurrence, coverage, and steady-state distribution in
microstate D, suggesting more widespread and stable brain
activity in this state, possibly linked to overactivity in certain
cognitive functions or brain networks, particularly those involved
in executive function, emotional regulation, or self-monitoring.
Additionally, there was no significant difference in the explained
variance between the two groups, indicating that the microstate
models of both the TD and ASD groups had similar capacity in
explaining the EEG data.

In this study, we investigated theta-band FC in individuals with
ASD compared to typically developing TD individuals. Our analysis
revealed significant differences between the two groups, particularly
in regions involved in sensory processing and higher-order
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cognitive functions. Specifically, the ASD group showed reduced
global functional connectivity, particularly in occipital and frontal
polar regions, which are essential for visual processing and cognitive
control. This finding is consistent with previous research that has
identified disrupted communication between posterior and anterior
brain regions in individuals with ASD (36, 37). When compared
with prior studies, our findings align with the broader literature on
ASD connectivity abnormalities. For example, one study found that
ASD is characterized by long-range underconnectivity, particularly
in lower-frequency bands such as theta (1, 38), which may
contribute to deficits in sensory integration and executive
functions. Similarly, our results show reduced connectivity in
regions like the occipital and frontal polar areas, which are
involved in visual processing and cognitive control, suggesting a
specific disruption in long-range communication. This supports the
idea that ASD involves deficits in both global connectivity and the
integration of information across brain regions (39). Moreover, the
observation of disrupted connectivity between posterior and
anterior brain regions in our study is also reflected in findings
from studies on resting-state networks. For instance, ASD has been
associated with decreased functional connectivity within and
between key brain networks, such as the DMN and sensorimotor
network (SMN) (40). The reduced connectivity in our study in
regions such as the occipital lobe and frontal polar cortex further
supports this idea, indicating that ASD may be characterized by an
imbalance in sensory and cognitive processing networks.
Additionally, our findings are consistent with the general trend
observed in other studies, where theta-band abnormalities are often
linked to disruptions in executive functions and social cognition
(21). The reduced theta-band connectivity in our study mirrors
these findings, suggesting that these deficits in connectivity may
underlie some of the cognitive and social difficulties observed in
ASD, particularly in tasks requiring sensory integration and
cognitive control (41). Taken together, these results add to the
growing body of evidence that theta-band connectivity
abnormalities play a critical role in the neurobiological
underpinnings of ASD.

ASD group exhibited abnormal microstate patterns. For
instance, the ASD group had a significantly higher occurrence
and coverage of microstate A, but a shorter duration and reduced
coverage of microstates B and C, suggesting differences in brain
dynamics and information processing. Microstate A is linked to
speech processing areas in the brain, such as the superior lobe and
middle temporal lobe (42). In our task, the ASD group showed
increased occurrence, coverage, and steady-state distribution in
microstate A, which may reflect heightened or altered cognitive
processing during abstract thinking. Since the task involves path
selection and planning, it’s possible that individuals with ASD rely
more on internal verbal thought processes, leading to more frequent
brain activity in regions associated with microstate A. This suggests
that the ASD group may approach abstract tasks differently, using
language-based strategies to process information. The increased
occurrence and steady-state distribution of microstate D in the ASD
group further highlight the complex alterations in brain activity.
These findings support the hypothesis that individuals with ASD
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exhibit atypical brain network organization, which may contribute
to deficits in sensory integration, cognitive regulation, and
visuospatial processing. This study revealed significant differences
between the TD and ASD groups in the duration and coverage of
microstates B and C, though there was no difference in their
occurrence rates. These findings suggest group-specific differences
in information processing. Microstate B has been primarily linked
to visual processing, with its activation typically associated with
enhanced activity in the visual cortex (6). This indicates that
microstate B plays a key role in the reception, processing, and
interpretation of visual information. In contrast, microstate C is
more closely associated with self-referential processes, including
self-directed cognition and autonomic processing (43). Microstate
C is therefore thought to underpin higher-order cognitive functions,
such as self-awareness and autonomous decision-making. While
microstates B and C are individually associated with visual and self-
referential processing, their interaction and combined effects on
these cognitive processes warrant further exploration. These
interactions may also influence more complex cognitive functions,
such as attention allocation, working memory, and decision-
making, thus impacting the way different groups process and
understand information. The observed differences in microstate
dynamics can be interpreted through the lens of “chunking
dynamics,” which suggests that the brain organizes related
information into larger, more meaningful units known as chunks
(44). This organizational strategy reduces cognitive load and
enhances processing efficiency. According to this framework, the
differences in microstate duration and coverage observed in ASD
children may reflect distinct chunking strategies influenced by their
cognitive and experiential background. For instance, while
observing the Beijing map, ASD children may have exhibited
altered chunking dynamics, leading to distinct patterns of
microstate activation. This aligns with cognitive schema theory,
which posits that an individual’s knowledge and experiences shape
their cognitive and information-processing strategies through top-
down or bottom-up mechanisms (45). Differences in cognitive
flexibility between the TD and ASD groups may have led to the
formation of divergent cognitive schemas, as reflected in the
microstate dynamics of B and C.

Recent research has increasingly focused on the application of
EEG microstate analysis in understanding the neurobiological
mechanisms underlying ASD. EEG microstates reflect transient
patterns of brain activity and are considered potential biomarkers
for neurodevelopmental disorders. Several studies have highlighted
atypical microstate patterns in individuals with ASD, suggesting
altered brain network connectivity (3). Specifically, disruptions in
resting-state brain networks, particularly the default mode network,
have been consistently reported (46, 47). The results of our EEG
microstate analysis in children with ASD reveal distinct differences
in the temporal and spatial dynamics of brain activity compared to
TD children. These findings support the notion of atypical brain
network functioning in ASD, particularly in the context of sensory
processing, social cognition, and executive functioning. First, the
increased duration, coverage, and steady-state distribution of
microstate A in ASD children suggest a heightened persistence of
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brain activity in this microstate. This is consistent with previous
studies, which have shown that ASD children often exhibit more
sustained neural activity in certain brain regions, potentially
indicating a stronger engagement with specific cognitive or
sensory networks (48, 49). However, the lower occurrence
frequency observed in our study could reflect a restricted capacity
for dynamic switching between neural networks, which is consistent
with the theory that ASD may involve impairments in the flexibility
of brain network transitions (50). In contrast, microstate B and
microstate C both showed shorter durations, smaller coverage, and
lower steady-state distributions in the ASD group. This suggests
that these microstates, typically associated with attentional
processes and self-referential processing (microstate C), are less
stable in ASD children. These findings are in line with literature
indicating that children with ASD often struggle with attentional
control, leading to less stable brain activity patterns during task
processing (51, 52). The reduction in microstate C’s frequency and
duration, in particular, points to disruptions in the salience
network, which has been linked to difficulties in interoceptive
processing in ASD (50). On the other hand, microstate D
demonstrated a higher occurrence frequency, longer duration,
and stronger steady-state distribution in the ASD group,
suggesting that brain activity in this microstate is more stable and
sustained. This aligns with earlier studies which suggest that certain
brain regions may exhibit more robust activity patterns in ASD,
possibly reflecting compensatory mechanisms or altered regulation
in specific neural circuits (50, 53). This could be linked to enhanced
stability in executive functions, although the specific neural
mechanisms underlying these changes remain unclear.

In this study, we focused on the brain’s microstate dynamics
and theta-band FC during a route-planning task, which adds a
novel perspective to previous research on spatial navigation in ASD.
While earlier studies have explored various aspects of spatial
navigation in ASD, such as allocentric and egocentric learning
(54) and cognitive flexibility in complex environments (55), our
task integrates both active route planning and passive observation,
offering a more ecological approach to studying decision-making in
navigation. By combining these elements with EEG data, we aim to
link specific neural patterns, including microstates and theta-band
FC, to navigational abilities and decision-making processes.
Previous research has highlighted the involvement of theta
oscillations in higher-order cognitive processes, including
memory and attention, which are key components of navigation
tasks (55, 56). Our task, which involves selecting the most efficient
route under time constraints, likely engages these cognitive systems,
providing insight into how individuals with ASD process spatial
information differently. In particular, we observed significant
differences in theta FC between ASD and TD groups, especially in
regions related to sensory processing and higher-order cognitive
functions. These differences in theta oscillations and microstate A
dynamics are consistent with findings from prior research, where
altered connectivity patterns were associated with difficulties in
switching between cognitive states (3). Moreover, by examining
microstate dynamics, our study extends previous work by offering a
more nuanced view of brain activity during the navigation process.
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Microstate A, which is associated with speech processing and
cognitive control (47), showed heightened occurrence and
coverage in the ASD group, possibly indicating more frequent or
distinct processing of navigational information. This finding aligns
with theories suggesting that ASD may involve heightened local
processing or alternative cognitive strategies (1, 2). Our design thus
offers a unique opportunity to link specific microstate dynamics and
theta-band connectivity to the behavioral outcomes observed in
spatial navigation tasks, providing a deeper understanding of the
neural mechanisms underlying ASD’s navigation-related
challenges. In conclusion, the combination of microstate analysis
and theta FC in our route-planning task enhances the
understanding of the neural underpinnings of spatial navigation
in ASD. By integrating both behavioral and neural perspectives, this
approach contributes to the growing body of research on how ASD
individuals process and navigate complex environments, offering
novel insights into the relationship between cognitive flexibility,
attentional control, and neural connectivity. This approach also lays
the groundwork for future studies to explore how these neural
dynamics may relate to real-world navigation and decision-making
in individuals with ASD.

From the perspective of Lehmann’s framework, microstates can
be considered fundamental units of human information processing,
reflecting the interaction between environmental stimuli and the
individual’s prior knowledge and internal states (57). The differences
in the duration and coverage of microstates B and C observed in this
study could be interpreted as outcomes of such interactions.
Specifically, the participants’ cognitive background and internal
states may have influenced their approach to observing and
processing the Beijing map, leading to group-specific patterns in
microstate transitions. Lehmann’s theory underscores the importance
of the interplay between environmental stimuli and individual factors
in shaping information processing and microstate dynamics (6, 58).
These findings suggest that the activated microstates reflect
functional brain states modulated by participants’ knowledge and
experience, potentially impacting their behavior and information-
processing strategies. The heteroclinic channel theory provides an
additional lens to interpret these results. This theory posits that a
system transitions between stable states (attractors) via specific
pathways, referred to as heteroclinic channels (59, 60). In the
context of our study, the microstates A, B, C, and D can be viewed
as distinct attractors, and the differences in their duration and
coverage reflect the properties of these transitions. The lack of
significant differences in occurrence rates suggests that participants
may frequently switch between microstates B and C, leading to
balanced counts but differing durations and coverage. This implies
that the dynamics of microstate transitions, rather than their
frequencies, are critical in differentiating the TD and ASD groups
during visual map processing. Importantly, functional connectivity
(FC) analysis complements these findings. The FC results showed
that, compared to the TD group, ASD children exhibited reduced
connectivity among key electrodes, including O1, O2, FP1, FP2, OZ,
POZ, PO3, and PO4, during the navigation task. These electrodes are
closely linked to visual and frontoparietal networks, suggesting
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disruptions in the coordinated activity required for effective
visuospatial processing and self-referential tasks. The reduced FC in
these regions aligns with the microstate findings, as impairments in
microstate B (associated with visual processing) and C (linked to self-
directed cognition) could reflect and contribute to diminished
functional integration across these networks.

Opverall, our findings contribute to the growing body of evidence
that ASD is characterized by unique patterns of brain activity,
especially in the temporal dynamics of EEG microstates. The
results suggest that children with ASD have altered brain network
connectivity, particularly in regions responsible for sensory
processing and executive functions. These alterations are likely to
reflect the broader neurodevelopmental and cognitive challenges
observed in ASD. This study on navigation EEG microstates in
ASD is particularly innovative as it builds upon this foundational
research while addressing key gaps in the literature. Specifically, the
exploration of microstates in the context of navigation—a higher-
order cognitive process—represents an untapped area of
investigation. By extending microstate research to include task-
based EEG rather than just resting-state data, our work has the
potential to elucidate how atypical neural activity manifests in real-
world behaviors, offering novel insights into ASD. This innovation
not only enhances the understanding of ASD-related neural
dysregulation but also opens pathways for applications in
personalized interventions. Based on recent findings regarding
abnormal microstates and weakened theta functional connectivity
in children with ASD, several promising interventions have emerged.
Neurofeedback training, which targets specific EEG patterns such as
theta waves, has shown potential in improving brain connectivity and
social behavior in ASD (61). Cognitive training programs,
particularly those focused on enhancing executive functions, can
also help re-regulate neural dynamics (62). Additionally, virtual
reality (VR) training has been shown to improve social skills and
executive functions in ASD (63), potentially helping to recalibrate
microstate abnormalities and enhance theta connectivity. Finally,
transcranial direct current stimulation (tDCS) has demonstrated its
ability to modulate brain connectivity, offering a targeted intervention
for ASD-related microstate abnormalities (48). Building on the results
of this study, future research could leverage these techniques to
intervene in children with ASD, aiming to enhance theta connectivity
and improve microstate abnormalities. These approaches hold
promise for addressing the neural disruptions underlying ASD.
Together, the findings from microstate and functional connectivity
analyses provide converging evidence that children with ASD exhibit
atypical neural dynamics during complex tasks like visuospatial
navigation. The observed abnormalities in both microstate metrics
and functional connectivity underscore the multifaceted nature of
neural disruptions in ASD. These findings highlight the interplay
between disrupted global connectivity and altered temporal
dynamics, offering new insights into the neurophysiological basis of
cognitive impairments in ASD. Future research that integrates these
modalities may further clarify the relationship between temporal and
spatial brain dynamics in ASD and their impact on
cognitive processing.

frontiersin.org


https://doi.org/10.3389/fpsyt.2025.1552233
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org

Wang et al.

Data availability statement

The raw data supporting the conclusions of this article will be
made available upon reasonable request.

Ethics statement

The studies involving humans were approved by the Ethics
Committee of Beijing Language and Culture University (Approval
Number: 2024BYLL25). The studies were conducted in accordance
with the local legislation and institutional requirements. Written
informed consent for participation in this study was provided by the
participants’ legal guardians/next of kin.

Author contributions

YW: Conceptualization, Funding acquisition, Methodology,
Writing - original draft. JW: Investigation, Supervision, Writing -
review & editing. CL: Data curation, Formal Analysis, Writing -
review & editing.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. This work was supported
by Humanities and Social Sciences Fund Project of the Chinese
Ministry of Education (Grant number 20YJCZH170).

References

1. Fingelkurts AA, Fingelkurts AA. Timing in cognition and EEG brain dynamics:
discreteness versus continuity. Cognit Process. (2006) 7:135-62. doi: 10.1007/s10339-
006-0035-0

2. Khanna A, Pascual-Leone A, Michel CM, Farzan F. Microstates in resting-state
EEG: Current status and future directions. Neurosci Biobehav Rev. (2015) 49:105-13.
doi: 10.1016/j.neubiorev.2014.12.010

3. Das S, Zomorrodi R, Enticott PG, Kirkovski M, Blumberger DM, Rajji TK, et al.
Resting state electroencephalography microstates in autism spectrum disorder: A mini-
review. Front Psychiatry. (2022) 13:988939. doi: 10.3389/fpsyt.2022.988939

4. Grossberg S. The complementary brain: unifying brain dynamics and modularity.
Trends Cogn Sci. (2000) 4:233-46. doi: 10.1016/S1364-6613(00)01464-9

5. Seitzman BA, Abell M, Bartley SC, Erickson MA, Bolbecker AR, Hetrick WP.
Cognitive manipulation of brain electric microstates. NeuroImage. (2017) 146:533-43.
doi: 10.1016/j.neuroimage.2016.10.002

6. Lehmann D, Strik WK, Henggeler B, Koenig T, Koukkou M. Brain electric
microstates and momentary conscious mind states as building blocks of spontaneous
thinking: I. Visual imagery and abstract thoughts. Int J Psychophysiol. (1998) 29:1-11.
doi: 10.1016/S0167-8760(97)00098-6

7. Koukkou M, Lehmann D. An information-processing perspective of
psychophysiological measurements. J Psychophysiol. (1987) 1:109-12.

8. Bressler SL, Menon V. Large-scale brain networks in cognition: emerging methods
and principles. Trends Cogn Sci. (2010) 14:277-90. doi: 10.1016/j.tics.2010.04.004

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

10. Zhao Z, Niu Y, Zhao X, Zhu Y, Shao Z, Wu X, et al. EEG microstate in first-

episode drug-naive adolescents with depression. ] Neural Eng. (2022) 19:056016.
doi: 10.1088/1741-2552/ac88f6

Frontiers in Psychiatry

12

10.3389/fpsyt.2025.1552233

Acknowledgments

We would like to thank the children and their families for
participating in this study. We also thank the pediatric
developmental and psychiatric departments for their assistance
with participant recruitment.

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 author(s) declare that no Generative 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.

11. Britz J, Van De Ville D, Michel CM. BOLD correlates of EEG topography reveal
rapid resting-state network dynamics. Neurolmage. (2010) 52:1162-70. doi: 10.1016/
jneuroimage.2010.02.052

12. Yeo B, Krienen FM, Sepulcre J, Sabuncu M, Lashkari D, Hollinshead MO, et al.
The organization of the human cerebral cortex estimated by intrinsic functional
connectivity(2011). Available online at: https://www.semanticscholar.org/paper/The-
organization-of-the-human-cerebral-cortex-by-Yeo-Krienen/8b9987663e58e844afla6
5a8falc5380485a0692 (Accessed December 9, 2024).

13. Seeley WW, Menon V, Schatzberg AF, Keller J, Glover GH, Kenna H, et al.
Dissociable intrinsic connectivity networks for salience processing and executive
control. ] Neurosci. (2007) 27:2349-56. doi: 10.1523/]NEUROSCI.5587-06.2007

14. LiuJ, Hu X, Shen X, Lv Z, Song S, Zhang D. The EEG microstate representation
of discrete emotions. Int | Psychophysiol. (2023) 186:33-41. doi: 10.1016/
j.ijpsycho.2023.02.002

15. Friston KJ. Functional and effective connectivity in neuroimaging: A synthesis.
Hum Brain Mapp. (1994) 2:56-78. doi: 10.1002/hbm.460020107

16. Mohan UR, Zhang H, Ermentrout B, Jacobs J. The direction of theta and alpha
travelling waves modulates human memory processing. Nat Hum Behav. (2024)
8:1124-35. doi: 10.1038/s41562-024-01838-3

17. Zielinski MC, Tang W, Jadhav SP. The role of replay and theta sequences in
mediating hippocampal-prefrontal interactions for memory and cognition.
Hippocampus. (2020) 30:60-72. doi: 10.1002/hipo.22821

18. YangL, Chen X, Yang L, Li M, Shang Z. Phase-amplitude coupling between theta
rhythm and high-frequency oscillations in the hippocampus of pigeons during
navigation. Anim (Basel). (2024) 14:439. doi: 10.3390/ani14030439

19. Colgin LL. Oscillations and hippocampal-prefrontal synchrony. Curr Opin
Neurobiol. (2011) 21:467-74. doi: 10.1016/j.conb.2011.04.006

frontiersin.org


https://doi.org/10.1007/s10339-006-0035-0
https://doi.org/10.1007/s10339-006-0035-0
https://doi.org/10.1016/j.neubiorev.2014.12.010
https://doi.org/10.3389/fpsyt.2022.988939
https://doi.org/10.1016/S1364-6613(00)01464-9
https://doi.org/10.1016/j.neuroimage.2016.10.002
https://doi.org/10.1016/S0167-8760(97)00098-6
https://doi.org/10.1016/j.tics.2010.04.004
https://doi.org/10.1371/journal.pone.0251842
https://doi.org/10.1088/1741-2552/ac88f6
https://doi.org/10.1016/j.neuroimage.2010.02.052
https://doi.org/10.1016/j.neuroimage.2010.02.052
https://www.semanticscholar.org/paper/The-organization-of-the-human-cerebral-cortex-by-Yeo-Krienen/8b9987663e58e844af1a65a8fa1c5380485a0692
https://www.semanticscholar.org/paper/The-organization-of-the-human-cerebral-cortex-by-Yeo-Krienen/8b9987663e58e844af1a65a8fa1c5380485a0692
https://www.semanticscholar.org/paper/The-organization-of-the-human-cerebral-cortex-by-Yeo-Krienen/8b9987663e58e844af1a65a8fa1c5380485a0692
https://doi.org/10.1523/JNEUROSCI.5587-06.2007
https://doi.org/10.1016/j.ijpsycho.2023.02.002
https://doi.org/10.1016/j.ijpsycho.2023.02.002
https://doi.org/10.1002/hbm.460020107
https://doi.org/10.1038/s41562-024-01838-3
https://doi.org/10.1002/hipo.22821
https://doi.org/10.3390/ani14030439
https://doi.org/10.1016/j.conb.2011.04.006
https://doi.org/10.3389/fpsyt.2025.1552233
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org

Wang et al.

20. Bland BH, Oddie SD. Theta band oscillation and synchrony in the hippocampal
formation and associated structures: the case for its role in sensorimotor integration.
Behav Brain Res. (2001) 127:119-36. doi: 10.1016/s0166-4328(01)00358-8

21. Doesburg SM, Vidal J, Taylor MJ. Reduced theta connectivity during set-shifting
in children with autism. Front Hum Neurosci. (2013) 7:785. doi: 10.3389/
fnhum.2013.00785

22. Larrain-Valenzuela J, Zamorano F, Soto-Icaza P, Carrasco X, Herrera C, Daiber F,
et al. Theta and Alpha Oscillation Impairments in Autistic Spectrum Disorder Reflect
Working Memory Deficit. Scientific reports. (2017) 7(1):14328. doi: 10.1038/s41598-017-
14744-8

23. Haggerty DC, Ji D. Activities of visual cortical and hippocampal neurons co-fluctuate
in freely moving rats during spatial behavior. eLife. (2015) 4:¢08902. doi: 10.7554/eLife.08902

24. DeHaene S, Changeux J-P. Neural mechanisms for access to consciousness. In:
The Cognitive Neurosciences, 3rd ed. Boston Review, Cambridge, MA, US (2004). p.
1145-57.

25. Dehaene S, Naccache L. Towards a cognitive neuroscience of consciousness:
basic evidence and a workspace framework. Cognition. (2001) 79:1-37. doi: 10.1016/
S0010-0277(00)00123-2

26. Dehaene S, Sergent C, Changeux J-P. A neuronal network model linking
subjective reports and objective physiological data during conscious perception. Proc
Natl Acad Sci. (2003) 100:8520-5. doi: 10.1073/pnas.1332574100

27. Dehaene S, Kerszberg M, Changeux J-P. A neuronal model of a global workspace in
effortful cognitive tasks. Proc Natl Acad Sci. (1998) 95:14529-34. doi: 10.1073/pnas.95.24.14529

28. Buzsaki G, Moser EI. Memory, navigation and theta rhythm in the hippocampal-
entorhinal system. Nat Neurosci. (2013) 16:130-8. doi: 10.1038/nn.3304

29. Watrous AJ, Tandon N, Conner CR, Pieters T, Ekstrom AD. Frequency-specific
network connectivity increases underlie accurate spatiotemporal memory retrieval. Nat
Neurosci. (2013) 16:349-56. doi: 10.1038/nn.3315

30. Jacobs J, Korolev I, Caplan JB, Ekstrom AD, Litt B, Baltuch G, et al. Right-
lateralized brain oscillations in human spatial navigation. J Cogn Neurosci. (2010)
22:824-36. doi: 10.1162/jocn.2009.21240

31. Kaplan R, Bush D, Bonnefond M, Bandettini PA, Barnes GR, Doeller CF, et al.
Medial prefrontal theta phase coupling during spatial memory retrieval. Hippocampus.
(2014) 24:656-65. doi: 10.1002/hipo.22255

32. Wang L, Liu Y, Li Y, Chen R, Liu X, Fu L, et al. Navigation learning assessment
using EEG-based multi-time scale spatiotemporal compound model. IEEE Trans
Neural Syst Rehabil Eng. (2024) 32:537-47. doi: 10.1109/TNSRE.2023.3346766

33. Tomasi D, Volkow ND. Functional connectivity density mapping. Proc Natl
Acad Sci U S A. (2010) 107:9885-90. doi: 10.1073/pnas.1001414107

34. Lloyd S. Least squares quantization in PCM. IEEE Trans Inf Theory. (1982)
28:129-37. doi: 10.1109/TIT.1982.1056489

35. Poulsen AT, Pedroni A, Langer N, Hansen LK. Microstate EEGlab toolbox: An
introductory guide. bioRxiv. (2018) 1-30. doi: 10.1101/289850

36. Weber CF, Kebets V, Benkarim O, Lariviere S, Wang Y, Ngo A, et al. Contracted
functional connectivity profiles in autism. Mol Autism. (2024) 15:38. doi: 10.1186/
513229-024-00616-2

37. Sato J, Safar K, Vogan VM, Taylor MJ. Functional connectivity changes during
working memory in autism spectrum disorder: A two-year longitudinal MEG study.
NeuroImage Clin. (2023) 37:103364. doi: 10.1016/j.nicl.2023.103364

38. O'Reilly C, Lewis JD, Elsabbagh M. Is functional brain connectivity atypical in
autism? A systematic review of EEG and MEG studies. PLoS One. (2017) 12:e0175870.
doi: 10.1371/journal.pone.0175870

39. Geng X, Fan X, Zhong Y, Casanova MF, Sokhadze EM, Li X, et al. Abnormalities
of EEG functional connectivity and effective connectivity in children with autism
spectrum disorder. Brain Sci. (2023) 13:130. doi: 10.3390/brainscil3010130

40. Wantzen P, Clochon P, Doidy F, Wallois F, Mahmoudzadeh M, Desaunay P,
et al. EEG resting-state functional connectivity: evidence for an imbalance of external/
internal information integration in autism. J Neurodev Disord. (2022) 14:47.
doi: 10.1186/s11689-022-09456-8

41. Hill AT, van der Elst ], Bigelow FJ, Lum JAG, Enticott PG. Right anterior theta
connectivity predicts autistic social traits in typically developing children. Biol Psychol.
(2022) 175:108448. doi: 10.1016/j.biopsycho.2022.108448

42. Al Zoubi O, Mayeli A, Misaki M, Tsuchiyagaito A, Zotev V, Refai H, et al.
Canonical EEG microstates transitions reflect switching among BOLD resting state
networks and predict fMRI signal. J Neural Eng. (2022) 18(6):10.1088/1741-2552/
ac4595. doi: 10.1088/1741-2552/ac4595

Frontiers in Psychiatry

13

10.3389/fpsyt.2025.1552233

43. Lehmann D, Michel CM. EEG-defined functional microstates as basic building
blocks of mental processes. Clin Neurophysiol. (2011) 122:1073-4. doi: 10.1016/
j.clinph.2010.11.003

44. Rabinovich MI, Varona P, Tristan I, Afraimovich VS. Chunking dynamics:
heteroclinics in mind. Front Comput Neurosci. (2014) 8:22. doi: 10.3389/
fncom.2014.00022

45. Wang Y-X, Yin B. A new understanding of the cognitive reappraisal technique:
an extension based on the schema theory. Front Behav Neurosci. (2023) 17:1174585.
doi: 10.3389/fnbeh.2023.1174585

46. Lau WKW, Leung M-K, Lau BWM. Resting-state abnormalities in Autism
Spectrum Disorders: A meta-analysis. Sci Rep. (2019) 9:3892. doi: 10.1038/s41598-019-
40427-7

47. Portnova G, Martynova O. Macro- and microstates of resting-state EEG in
children with low-functioning autism. Adv Neurodev Disord. (2023) 8:559-73.
doi: 10.1007/s41252-023-00374-x

48. Kang J, Fan X, Zhong Y, Casanova MF, Sokhadze EM, Li X, et al. Transcranial
direct current stimulation modulates EEG microstates in low-functioning autism: A
pilot study. Bioengineering (Basel). (2023) 10:98. doi: 10.3390/bioengineering10010098

49. TY,Z A, KB, CL, M Ra, T J. EEG microstates suggest atypical resting-state
network activity in high-functioning children and adolescents with autism spectrum
development. Dev Sci. (2022) 25(4):e13231. doi: 10.1111/desc.13231

50. Nk'S, W Ap, K Ap, B Jw. Children with autism produce a unique pattern of EEG
microstates during an eyes closed resting-state condition. Front Hum Neurosci. (2020)
14:288. doi: 10.3389/fnhum.2020.00288

51. B A, S Hf, R Ta, KN, F M, J Rk, et al. Early alterations of large-scale brain
networks temporal dynamics in young children with autism. Commun Biol. (2021) 4
(1):968. doi: 10.1038/s42003-021-02494-3

52. JH, WX, ZX,GM, Y C, W E. Resting-state EEG microstate features can
quantitatively predict autistic traits in typically developing individuals. Brain
topography. (2024) 37(3):410-419 . doi: 10.1007/s10548-023-01010-6

5. 1A, M A, FV,P-RE, GE, MV, et al. Electroencephalography microstates
imbalance across the spectrum of early psychosis, autism, and mood disorders. Eur
Psychiatry. (2023) 66(1):e41 . doi: 10.1192/j.eurpsy.2023.2414

54. LC,NN, W A, M-T A,RM, BJ, et al. Preserved navigation abilities and spatio-
temporal memory in individuals with autism spectrum disorder. Autism research.
(2023) 16(2):280-93. doi: 10.1002/aur.2865

55. R M, G Sb, de C O, W Jm, B Dm. Spatial navigation from same and different
directions: The role of executive functions, memory and attention in adults with autism
spectrum disorder. Autism research. (2018) 11(5):798-810. doi: 10.1002/aur.1924

56. N Jp, L Kj, P H, A De. Increased variability but intact integration during visual
navigation in Autism Spectrum Disorder. Proc Natl Acad Sci U S A. (2020) 117
(20):11158-11166. doi: 10.1073/pnas.2000216117

57. Lehmann D, Skrandies W. Spatial analysis of evoked potentials in man—a
review. Prog Neurobiol. (1984) 23:227-50. doi: 10.1016/0301-0082(84)90003-0

58. Lehmann D. Brain electric microstates and cognition: the atoms of thought. In:
John ER, Harmony T, Prichep LS, Valdés-Sosa M, Valdés-Sosa PA, editors. Machinery
of the Mind: Data, Theory, and Speculations About Higher Brain Function. Birkhauser,
Boston, MA (1990). p. 209-24. doi: 10.1007/978-1-4757-1083-0_10

59. Rabinovich MI, Huerta R, Varona P, Afraimovich VS. Transient cognitive
dynamics, metastability, and decision making. PLoS Comput Biol. (2008) 4:21000072.
doi: 10.1371/journal.pcbi.1000072

60. Meehan TP, Bressler SL. Neurocognitive networks: Findings, models, and
theory. Neurosci Biobehav Rev. (2012) 36:2232-47. doi: 10.1016/j.neubiorev.
2012.08.002

61. Wang Y, Sokhadze EM, El-Baz AS, Li X, Sears L, Casanova MF, et al. Relative
power of specific EEG bands and their ratios during neurofeedback training in children
with autism spectrum disorder. Front Hum Neurosci. (2015) 9:723. doi: 10.3389/
fnhum.2015.00723

62. Pasqualotto A, Mazzoni N, Bentenuto A, Mulé A, Benso F, Venuti P. Effects of
cognitive training programs on executive function in children and adolescents with
autism spectrum disorder: A systematic review. Brain Sci. (2021) 11:1280. doi: 10.3390/
brainscil1101280

63. Kourtesis P, Kouklari E-C, Roussos P, Mantas V, Papanikolaou K, Skaloumbakas
C, et al. Virtual reality training of social skills in adults with autism spectrum disorder:
an examination of acceptability, usability, user experience, social skills, and executive
functions. Behav Sci (Basel). (2023) 13:336. doi: 10.3390/bs13040336

frontiersin.org


https://doi.org/10.1016/s0166-4328(01)00358-8
https://doi.org/10.3389/fnhum.2013.00785
https://doi.org/10.3389/fnhum.2013.00785
https://doi.org/10.1038/s41598-017-14744-8
https://doi.org/10.1038/s41598-017-14744-8
https://doi.org/10.7554/eLife.08902
https://doi.org/10.1016/S0010-0277(00)00123-2
https://doi.org/10.1016/S0010-0277(00)00123-2
https://doi.org/10.1073/pnas.1332574100
https://doi.org/10.1073/pnas.95.24.14529
https://doi.org/10.1038/nn.3304
https://doi.org/10.1038/nn.3315
https://doi.org/10.1162/jocn.2009.21240
https://doi.org/10.1002/hipo.22255
https://doi.org/10.1109/TNSRE.2023.3346766
https://doi.org/10.1073/pnas.1001414107
https://doi.org/10.1109/TIT.1982.1056489
https://doi.org/10.1101/289850
https://doi.org/10.1186/s13229-024-00616-2
https://doi.org/10.1186/s13229-024-00616-2
https://doi.org/10.1016/j.nicl.2023.103364
https://doi.org/10.1371/journal.pone.0175870
https://doi.org/10.3390/brainsci13010130
https://doi.org/10.1186/s11689-022-09456-8
https://doi.org/10.1016/j.biopsycho.2022.108448
https://doi.org/10.1088/1741-2552/ac4595
https://doi.org/10.1016/j.clinph.2010.11.003
https://doi.org/10.1016/j.clinph.2010.11.003
https://doi.org/10.3389/fncom.2014.00022
https://doi.org/10.3389/fncom.2014.00022
https://doi.org/10.3389/fnbeh.2023.1174585
https://doi.org/10.1038/s41598-019-40427-7
https://doi.org/10.1038/s41598-019-40427-7
https://doi.org/10.1007/s41252-023-00374-x
https://doi.org/10.3390/bioengineering10010098
https://doi.org/10.1111/desc.13231
https://doi.org/10.3389/fnhum.2020.00288
https://doi.org/10.1038/s42003-021-02494-3
https://doi.org/10.1007/s10548-023-01010-6
https://doi.org/10.1192/j.eurpsy.2023.2414
https://doi.org/10.1002/aur.2865
https://doi.org/10.1002/aur.1924
https://doi.org/10.1073/pnas.2000216117
https://doi.org/10.1016/0301-0082(84)90003-0
https://doi.org/10.1007/978-1-4757-1083-0_10
https://doi.org/10.1371/journal.pcbi.1000072
https://doi.org/10.1016/j.neubiorev.2012.08.002
https://doi.org/10.1016/j.neubiorev.2012.08.002
https://doi.org/10.3389/fnhum.2015.00723
https://doi.org/10.3389/fnhum.2015.00723
https://doi.org/10.3390/brainsci11101280
https://doi.org/10.3390/brainsci11101280
https://doi.org/10.3390/bs13040336
https://doi.org/10.3389/fpsyt.2025.1552233
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org

	Neural mechanisms of spatial navigation in ASD and TD children: insights from EEG microstate and functional connectivity analysis
	Introduction
	Method
	Participants
	Task
	EEG recording
	Data analysis
	Data statistics

	Result
	Result of FC
	Result of microstate
	Explained variance

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


