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Abstract

Background: Schizophrenia (SCZ) is associated with abnormal neural activities and brain connectivity. Electroencephalography (EEG)
microstate is a voltage topographical representation of temporary brain network activations. Most research on EEG microstates in SCZ
has focused on differences between patients and healthy controls (HC). However, changes in EEGmicrostates among SCZ patients across
various stages of physiological and cognitive development have not been thoroughly assessed. Consequently, we stratified patients with
SCZ into four age-specific cohorts (20–29 years (brain maturation), 30–39 years (stabilization), 40–49 years (early aging), and 50–59
years (advanced aging)) to evaluate EEG microstate alterations. Additionally, we assessed changes in EEG microstates in first-episode
psychosis (FEP) before and after an 8-week treatment period. Methods: We acquired 19-channel resting-state EEG from 140 chronic
SCZ patients, aged 20 to 59 years, as well as from 19 FEP and 20 healthy controls. FEP patients underwent an 8-week inpatient follow-
up. After pre-processing, EEG data from different groups were subjected to microstate analysis, and the K-Means clustering algorithm
was applied to classify the data into 4 microstates. Subsequently, templates of these microstates were used to fit EEG signals from
each patient, and the collected microstate parameters were analyzed. Results: Patients with SCZ aged 20 to 29 years demonstrated
an increased time coverage of microstate class D compared to other age cohorts. In individuals aged 30–39 years, the parameters of
microstate class B—specifically time coverage and occurrence—exhibited significant reductions relative to those in the 40–49 and 50–
59 years age groups. Compared to healthy controls, microstates class A parameters were significantly reduced in SCZ patients, while
microstates class C parameters were prolonged; after 8 weeks of treatment, microstates class A parameters increased and microstates
class C parameters decreased. Conclusions: Alterations inmicrostate dynamicswere observed among SCZ patients across developmental
stages, suggesting potential changes in brain activity patterns. Changes in microstates A and C may serve as potential biomarkers for
evaluating treatment efficacy, establishing a foundation for personalized therapeutic approaches.
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1. Introduction

Schizophrenia (SCZ) has been shown by the World
Health Organization to be a critical mental disorder that
affects approximately 24 million individuals worldwide.
SCZ has a multifaceted etiology, with complex patho-
genesis, involving a confluence of factors, including ge-
netic predispositions, environmental influences, and neu-
robiological mechanisms. However, no single or defini-
tive pathogenic factor has been identified to date [1]. Pa-
tients typically present with profound cognitive, affective,
mnemonic, and perceptual impairments, imposing a signif-
icant burden on both the individual and their family. This
poses a formidable challenge to public health and social re-
sources [2]. In recent years, a study have indicated that
the Electroencephalography (EEG) signals of patients with
SCZ may contain the key pathological features of the dis-
ease [3]. EEG effectively captures the functional state of
neurons by recording electrical signals from the cerebral

cortex as a non-invasive method for assessing cerebral ac-
tivity. While the spatial resolution of EEG does not match
that of functional magnetic resonance imaging (fMRI), it
offers ms-level temporal precision, thereby compensating
for the limitations of fMRI in temporal resolution. Conse-
quently, EEG has been extensively used in the diagnosis of
Alzheimer’s disease [4], Parkinson’s [5], SCZ [6], and other
psychiatric disorders [7,8], presenting critical insights for
examining the neurobiological markers associated with the
etiology, diagnosis, and treatment.

EEG microstate analysis increasingly emerged as a
pivotal tool for exploring altered brain activity patterns in
SCZ, which is characterized by its high temporal and ability
to capture transient brain states. It provides insights into the
potential neural dynamics associated with the disorder. Mi-
crostates are defined as brief, stable topographical patterns
of scalp electrical activity that represent the brain’s instan-
taneous functional state. These topographies, derived from
multichannel EEG recordings, remain stable for approxi-
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mately 60 to 120 milliseconds before transitioning into a
new topographical configuration. EEG microstate analy-
sis captures transient brain states by decomposing intricate
EEG signals into a sequence of these spatiotemporal pat-
terns, reflecting distributed neural network activity [9]. At
present, the principal categories of microstates have been
delineated into four predominant classes: A, B, C, and D.
Diverse microstates are linked to distinct neurocognitive
processes. Thus, these states must be analyzed compre-
hensively to elucidate the underlying pathological mecha-
nisms of SCZ [7]. Although a study has suggested func-
tional interpretations of EEG microstates, their exact roles
remain ambiguous. This study proposes [10] that Class
A microstates are associated with visual information pro-
cessing, while Class B microstates may relate to auditory
and language functions. Additionally, Class C microstates
have been hypothesized to reflect processes linked to emo-
tion regulation and internal cognition, while Class D mi-
crostates may be involved in attention and cognitive con-
trol. Patients with SCZ exhibit marked abnormalities in
the dynamic characteristics of these microstates, particu-
larly within classes C and D [11–14]. da Cruz et al. [15]
through their study comprising patients with SCZ and their
unaffected siblings observed that both groups exhibited an
increase in class C microstates with a decrease in class D
microstates. They proposed that the differential temporal
dynamics between classes C and D microstates may serve
as potential endophenotypes for patients with SCZ. Sun et
al. [16] conducted a study on EEG microstates in individu-
als experiencing first-episode psychosis (FEP). Their find-
ings revealed that the mean duration, time coverage, and
occurrence of class C microstates were significantly ele-
vated in patients with FEP compared to healthy controls,
whereas both the time coverage and occurrence of class D
microstates were diminished. These alterations are believed
to be linked to cognitive impairments.

SCZ has a multifaceted etiology, with the clinical
manifestations exhibiting considerable variability among
patients. A significant but frequently underexplored fac-
tor is the role of age-related physiological development in
influencing the pathophysiological characteristics and pro-
gression of the disease. Research has demonstrated that
SCZ involves both abnormalities in brain circuitry dur-
ing early stages of the disorder and an accelerated brain
aging mechanism, evidenced by estimated neural age ex-
ceeding chronological age [17,18]. Aging exerts a signifi-
cant impact both on the connectivity within functional net-
works and that between the distinct functional networks in
the brain [19–21]. These findings suggest that age-related
factors may influence both the symptoms and underlying
neurophysiological characteristics of the disorder. Conse-
quently, based on the physiological development stage, pa-
tients with SCZ must be grouped to disentangle the inter-
action between disease progression and age-related neural
changes. Javed et al. [22] used empirical mode decompo-

sition among healthy individuals to determine microstate
alterations at diverse developmental stages and indicated
that age-related disparities exist in resting-state EEG mi-
crostates, further emphasizing the dynamic modulation of
brain function with age [23]. Sable and Jeste [24] found that
older individuals with SCZ demonstrated more pronounced
negative symptoms and milder positive symptoms com-
pared with their younger counterparts. Furthermore, Lin
et al. [25] identified significant differences in microstate
parameters between elderly patients with SCZ and healthy
controls. Although these findings imply age-related alter-
ations in the function of the brain in SCZ disorders, these
studies fail to adequately discriminate between the distinct
developmental stages of patients with SCZ, restricting a
comprehensive comprehension of how physiological devel-
opment interacts with disease pathology. Therefore, based
on physiological and cognitive developmental stages, age
groups were defined in this study [26]: 20–29 years (brain
maturation stage), 30–39 years (stabilization stage), 40–49
years (early aging stage), and 50–59 years (advanced ag-
ing stage). This classification is in accordance with devel-
opmental neuroscience literature [27–29], emphasizing key
transitions in brain function and structure across the lifes-
pan. Thus, we aim to elucidate the relationship between
age-related neural changes and SCZ’s pathophysiology, of-
fering novel insights into its progression by adopting this
framework.

Concurrently, pharmacological interventions may si-
multaneously exert a substantial impact on the EEG mi-
crostate parameters in patients with SCZ. Mackintosh et al.
[30], in their study of patients with first-episode SCZ, com-
pared medicated individuals experiencing FEP (mFEP) to
medication-naive individuals with FEP (uFEP), revealing
an increase in the time coverage of class C microstates and
a decrease in the mean duration of class B microstates. An-
dreou et al. [31] further demonstrated that antipsychotic
medications diminish the occurrence of class A microstates
while enhancing the occurrence of class Bmicrostates in pa-
tients experiencing their first episode of SCZ. Additionally,
antipsychotic agents such as Perospirone and Haloperidol
can extend the mean duration of microstates [32] and alle-
viate abnormal alterations in microstate dynamics among
patients with SCZ [12]. Consequently, when examining
EEG microstate variations in SCZ, the impact of pharma-
cological treatment is a critical factor to consider. Never-
theless, most existing studies primarily focus on compar-
ing patients experiencing first-episode SCZ with and with-
out medication, lacking longitudinal comparative analyses
of those before and after treatment. To address this gap,
the present study aimed to systematically investigate the
alterations in EEG microstates among the patients experi-
encing first-episode SCZ undergoing continuous pharma-
cotherapy. This study will offer a novel perspective enrich-
ing current literature and elucidating the specific dynamics
of microstate changes in these patients.
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Fig. 1. Proposed methodology for microstate analysis in schizophrenia (SCZ). EEG, electroencephalography; GFP, global field
power.

This study employed resting state EEG microstate
analysis to systematically investigate the alterations in
EEG microstates among SCZ patients across different age
groups, and the changes observed before and after pharma-
cological treatment. The specific contributions of this re-
search are delineated in four key areas:

l Differences in EEG microstates between first-
episode SCZ patients and healthy individuals were assessed
to elucidate the manifestation of microstate characteristics
during the disorder’s early stages.

l Changes in EEGmicrostates in chronic schizophre-
nia patients across different physiological developmental
stages, focusing on distinctions among mature, stable, mild
decline, and pronounced decline stages.

l Differences in EEG microstates between drug-
treated SCZ patients and healthy individuals were com-
pared to further analyze the impact of pharmacological
treatment on microstate characteristics.

l EEGmicrostate changes in SCZ patients before and
after antipsychotic treatment were explored to reveal the ef-
fects of pharmacological intervention onmicrostate dynam-
ics.

2. Materials and Methods
2.1 Participants

A total of 140 patients with chronic SCZ, aged 20 to
59 years, were recruited for this study from the Department
of Psychiatry, Zigong Mental Health Center. Additionally,

19 patients with FEP who were not receiving any form of
pharmacological, psychological, or physical therapy were
also recruited for this study and subsequently administered
medication for a duration of 8 weeks. All patients were
diagnosed with SCZ by a qualified psychiatrist using the
Structured Clinical Interview for Diagnostic and Statisti-
cal Manual of Mental Disorders, Fourth Edition (DSM-IV)
Disorders (SCID). Medications prescribed for patients with
SCZ include risperidone tablets, amisulpride tablets, cloza-
pine tablets, and quetiapine fumarate tablets, among others.
The physician selects the suitable medication for each in-
dividual with SCZ. The healthy control group, consisting
of individuals with no prior history of mental illness and
abstaining from the use of sedatives, hypnotics, or central
nervous system drugs within onemonth prior to enrollment,
was recruited from both hospitals and the community, total-
ing 20 participants.

Recruited participants (including both patients and
healthy individuals) were aged 18 years or older, right-
handed, native Chinese speakers, and had normal or cor-
rected visual acuity. The inclusion criteria for all subjects
were as follows: (i) a minimum of four years of educa-
tion, (ii) no history of head trauma or serious physical ill-
ness, (iii) no history of substance abuse (e.g., alcoholism),
(iv) absence of significant auditory-visual impairment, and
(v) negative results on female urine pregnancy test to ex-
clude pregnancy or contraindications. Participants who had
a history of other psychiatric disorders were excluded. The
study received ethical approval from the Ethics Committee
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of Zigong Mental Health Center. All of the patients or their
families/legal guardians either provided verbal consent or
signed an informed consent form, and the study adhered to
the guidelines of the Declaration of Helsinki. We collected
sociodemographic information, including age and gender,
from all participants. The severity of the disease and symp-
toms were assessed using the 18-item Brief Psychiatric Rat-
ing Scale (BPRS) scale, with judgments made by two spe-
cialized clinicians. The EEG processing flow is shown in
Fig. 1.

2.2 Electroencephalography Recordings

Resting-state scalp potential informationwas recorded
from all participants using a SOLAR2848B quantitative
digital video electroencephalograph (SOLAR2848B, Solar
Electronic Technologies Co., Ltd., Beijing, China) in this
study. The instrument utilized is a 24-channel, 16-lead sys-
tem with a sampling frequency of 250 Hz. The impedance
of all electrodes is maintained below 20KΩ, adhering to the
international 10–20-system for electrode positioning. Aux-
iliary electrodes were also positioned to assist in localizing
and detecting artifacts, while binaural mastoid electrodes
(T3, T4) were subsequently employed as reference elec-
trodes for data collection intended for offline processing.
EEG data were collected in a soundproofed room with min-
imal interference. Prior to data recording, participants were
informed to ensure cleanliness of their heads, adopt a com-
fortable and relaxed sitting position in a chair, acclimate
themselves to the experimental environment for 5 minutes
to promote mental calmness, and subsequently undergo a
10–20-minute session of resting state EEG data acquisition.
The participants’ eyes were maintained in a closed posi-
tion throughout the recording session, with intermittent eye
opening and closing activities performedmidway to prevent
any instances of snoozing.

2.3 Data Pre-Processing

The offline data underwent preprocessing using the
MATLAB-based software integration package EEGLAB
(version 2023.0, Swartz Center for Computational Neuro-
science, University of California San Diego, La Jolla, CA,
USA) [33] for data preprocessing. The offline data was im-
ported into EEGLAB, and the channel positioning was per-
formed on the data according to the International 10–20 sys-
tem. The redundant electrode channels (including X1, X2,
RespRate, and additional channels) were then eliminated,
leaving a total of 19 remaining channels. This was followed
by band-pass filtering ranging from 0.1 to 40 Hz, manu-
ally identifying corrupted channels, and correcting them us-
ing a spline interpolation algorithm. Visual inspection was
then performed to manually reject segments containing arti-
facts or ambiguous measurements. Independent component
analysis (ICA) was performed to correct eye movement,
blinking, and Electrocardiography (ECG) artifacts. Trials

with unclear data were manually excluded. For subsequent
microstate analysis, a binaural mastoid reference was reap-
plied to the EEG data of all trials.

2.4 Microstate Analysis
EEG microstate analysis was con-

ducted using the Microstate 1.0 plugins (ver-
sion 1.0, EEGLAB toolbox, available at
https://www.biorxiv.org/content/early/2018/03/27/289850
and MATLAB-based custom scripts) in EEGLAB toolbox
and MATLAB-based custom scripts. Global field power
(GFP) was calculated from the preprocessed EEG data
of all participants. The data of 1000 GFP peaks were
randomly sampled from each subject to form a template,
which was then subjected to microstate clustering using the
K-Means algorithm. Subsequently, the microstates derived
from template clustering were utilized to assign each
time point of individual subjects’ data to their respective
microstate class. EEG microstate clustering was completed
for all subjects. To ensure comparability with the previous
study [14], the number of microstate clusters was set to four
in this investigation. During microstate clustering, polarity
can be disregarded; thus, microstates exhibiting different
polarities (A and -A) can be considered equivalent.

All groups (healthy controls (HC) group, physi-
ological development stage groups (SCZ-Age groups):
Group_1, Group_2, Group_3, Group_4, and admission
baseline (0-week medication group) and 8-week medica-
tion groups) in this study were analyzed using microstates.
The global explained variance (GEV) of each group ranged
from 70% and 84%. The four classes of microstate topogra-
phies clustered from the microstates were labeled as A, B,
C, and D, consistent with previous studies. Class A and B
microstates presented diagonally oriented topographies of
right anterior-left posterior and left anterior-right posterior,
respectively. Microstates class C had an anterior-posterior
oriented topography, while microstates class D exhibited
the topography of anterior-posterior midpoint positions.

For each subject, three index parameters were calcu-
lated for each of the four classes of microstates: mean dura-
tion, time coverage, and occurrences. Mean duration (ms)
presents the average presence time of each type of stable
microstate in the EEG signal; time coverage (%) indicates
the percentage of total time occupied by the presence time
of a given microstate; and occurrences (times/s) presents
the average number of times each microstate occurred per
second over the entire recording duration.

2.5 Statistical Analysis
The statistical analysis was performed using SPSS

(version 26.0, International Business Machines Corpora-
tion, Armonk, NY, USA) and RStudio (version 4.4.1, Pub-
lic Benefit Corporation, Boston, MA, USA). To exam-
ine sociodemographic disparities among groups, distinct
analytical approaches were employed for different vari-
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Table 1. Demographic characteristics of SCZ-Age groups.
SCZ-Age (n = 140)

F/χ2 p
Group_1 (n = 35) Group_2 (n = 35) Group_3 (n = 35) Group_4 (n = 35)

Sex: n (M:F) 24:11 14:21 17:18 17:18 6.18 0.103
Age, years: mean (SD) 24.37 (3.23) 34.51 (2.83) 44.26 (2.83) 53.37 (2.65) 651.81 0.000***
BPRS: mean (SD) 52.71 (1.86) 52.54 (1.73) 52.83 (1.87) 52.71 (1.76) 0.149 0.930
EEG total analysis time:
(seconds) mean (SD)

1179.46 (41.02) 1174.86 (12.93) 1166.22 (40.39) 1182.51 (11.34) 1.955 0.124

EEG explained variance
(%): mean (SD)

72.22 (2.43) 71.13 (2.01) 71.38 (1.75) 70.96 (1.92) 2.601 0.055

SCZ-Age, physiological development stage groups of schizophrenia patients; Group_1 (20–29 years), Group_2 (30–39 years), Group_3
(40–49 years), and Group_4 (50–59 years); BPRS, Brief Psychiatric Rating Scale; EEG, electroencephalography; SD, Standard Devi-
ation. The F-value is the statistical value of the one-way ANOVA test while the χ2-value is the statistical value of the chi-square. The
significance criteria p-value is set at 0.05. Statistically significant differences are indicated in bold. ***p < 0.001.

ables, encompassing chi-squared tests for categorical vari-
ables, independent samples t-tests for continuous variables,
and one-way ANOVA to compare multiple groups. The
Scheirer-Ray-Hare test was employed to compare groups
based on physiological developmental stages, while a sim-
ple effects analysis was conducted for microstate param-
eters exhibiting significant interaction effects between the
Group and microstate class. In instances where the main ef-
fect of the group was found to be significant, the Kruskal-
Wallis test was subsequently utilized to assess intergroup
differences. For post hoc pairwise comparisons, Dunn’s
test with Bonferroni correction was applied to address mul-
tiple testing concerns. The non-parametric paired-samples
Wilcoxon signed-rank test was used to analyze the differ-
ences in EEG microstate dynamics between the baseline
at admission and the 8-week medication groups in patients
with FEP. The healthy control group was compared to the
admission baseline group and the 8-week medication group
using the Mann-Whitney U test for non-parametric inde-
pendent samples. The statistical analyses were conducted
using two-tailed tests, with a significance level set at 0.05.

3. Results
3.1 EEG Microstate Differences in Physiological
Development Stage Groups of Schizophrenic Patients

In this section of the study, patients with schizophre-
nia were categorized into four groups based on physio-
logical development stage, specifically Group_1 (20–29
years), Group_2 (30–39 years), Group_3 (40–49 years),
and Group_4 (50–59 years). To mitigate potential con-
founding factors arising from age-related physiological de-
cline or the presence of cardiovascular and cerebrovascu-
lar diseases, individuals aged 60 years and above were ex-
cluded from this study, with a specific focus on young and
middle-aged participants. The four microstate classes for
the SCZ-Age group are shown in Fig. 2. Aside from age,
no significant differences in sociodemographic characteris-
tics were observed among the four groups (Table 1).

In this study, a total of 140 patients diagnosed with
SCZ were selected and categorized by physiological devel-
opment stage. Each physiological development stage group
comprised 35 subjects. For the four physiological develop-
ment stage groups, the two-way Scheirer-Ray-Hare analy-
sis revealed a significant Group × Microstate Class inter-
action effect. For mean duration (H = 99.348, p < 0.001),
for time coverage (H = 63.743, p < 0.001), for occurrence
(H = 87.963, p < 0.001). These interactions imply that dif-
ferences in microstate class are influenced by the group. To
specifically examine the differences in EEG microstate pa-
rameters across groups at varying physiological develop-
mental stages, we conducted a simple effect analysis among
different groups within the same microstate class (Fig. 3).

To evaluate the impact of the group on mi-
crostate parameters—Mean Duration, Time Coverage, and
Occurrence—a Scheirer-Ray-Hare test was performed. The
Scheirer-Ray-Hare test for the mean duration indicated no
significant main effect of group (χ2 (3) = 5.921, p = 0.116),
suggesting that the mean duration of microstates did not
differ significantly among the four groups. In contrast,
Time coverage exhibited a significant main effect of the
group (χ2 (3) = 11.356, p = 0.00995), indicating that the
microstate time coverage varied significantly among the
groups. The analysis of occurrence revealed a highly sig-
nificant main effect of group (χ2 (3) = 63.643, p < 0.001),
indicating considerable differences in the occurrence of mi-
crostates among the groups. In light of the substantial main
effects observed for time coverage and occurrence, post-
hoc pairwise comparisons employing Bonferroni correction
were performed to elucidate specific group differences.

Post-hoc analysis revealed a statistically significant
difference in time coverage between Group_2 and Group_4
(Z = –3.107, p = 0.0057), as well as between Group_1 and
Group_4 (Z = –2.602, p = 0.0278). Nevertheless, no sta-
tistically significant differences were detected among the
other group comparisons, specifically between Group_1
and Group_2 (Z = 0.226, p = 1.000), Group_1 and Group_3
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Fig. 2. Spatial configuration of the four microstate categories in the SCZ-Age groups. Spatial configuration of four microstate
classes (A, B, C, and D) in four physiological development stage groups of SCZ patients. Group_1 (20–29 years), Group_2 (30–39
years), Group_3 (40–49 years), and Group_4 (50–59 years).

(Z = –1.099, p = 0.814), Group_3 and Group_4 (Z = –1.594,
p = 0.332), as well as between Group_2 and Group_3 (Z =
–1.452, p = 0.439).

For the occurrence, post-hoc analysis indicated signif-
icant differences between Group_1 and Group_2 (Z = 2.72,
p = 0.0195), Group_2 and Group_3 (Z = –4.80, p< 0.001),
as well as between Group_1 and Group_4 (Z = –4.42, p <

0.001). Furthermore, Groups 2 and 4 exhibited the most
significant difference (Z = –7.77, p < 0.001). A statisti-
cally significant distinction was also noted between Groups
3 and 4 (Z = –2.86, p = 0.0127). However, no statistically
significant difference was identified between Groups 1 and
3 (Z = –1.72, p = 0.254).

3.2 Comparison of EEG Microstates in a Follow-up
Medication Study of Patients with SCZ

In this part of the study, a cohort of 19 unmedicated
patients with first-episode SCZ underwent an 8-week med-
ication treatment, during which resting-state EEGs were
recorded upon their initial hospital admission (0-weeks
medication group) and after completion of the 8-week med-
ication regimen (8-weeks medication group). Addition-
ally, a control group comprising eighteen healthy individ-
uals was recruited from both the community and hospital
settings based on demographic and sociological character-
istics (Table 2). The four microstate classes for the three
groups (HC, 0-week medication, and 8-week medication)
are shown in Fig. 4.

Compared to the healthy control group (Fig. 5), signif-
icant differences were observed in the mean duration (Z =
–3.16, p = 0.00158), time coverage (Z = –4.133, p< 0.001),
and occurrences (Z = –4.224, p < 0.001) of microstates
class A in the 0-week medication group of schizophrenic
patients. Additionally, there were notable disparities in the
mean duration (Z = –2.887, p = 0.00389), time coverage
(Z = –2.826, p = 0.00471), and occurrences (Z = –2.583, p
= 0.0098) of microstates class C, while microstates class D
exhibited significant variations in bothmean duration (Z = –
2.644, p = 0.008) and time coverage (Z = –2.34, p = 0.0192).
This is evidenced by a decrease in microstates class A and
an increase in microstates class C, along with changes in
microstates class D.

Compared to healthy controls (Fig. 6), patients with
SCZ who underwent eight weeks of drug treatment exhib-
ited significant differences in mean duration (Z = –2.066,
p = 0.039) and time coverage (Z = –3.434, p < 0.001) in
microstates class A, as well as mean duration (Z = –4.163,
p < 0.001) in microstates class D. The 8-week group ex-
hibited a decrease in microstates class A and an increase in
microstates class D.

In comparison to the 0-week medication group
(Fig. 7), patients with SCZ who received eight weeks of
medication exhibited significantly higher mean duration (Z
= 2.374, p = 0.018), time coverage (Z = 3.582, p < 0.001),
and occurrences (Z = 3.823, p< 0.001) of microstates class
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Fig. 3. Differences in microstate parameters among age groups of patients with SCZ. Group_1 (20–29 years, n = 35) data are
displayed in purple, Group_2 (30–39 years, n = 35) data are displayed in blue, Group_3 (40–49 years, n = 35) data are displayed in green,
and Group_4 (50–59 years, n = 35) data are displayed in orange. Group quartile statistics for temporal microstate parameters: (A) mean
duration, (B) time coverage, and (C) occurrence.

A. Conversely, there was a significant decrease in mean du-
ration (Z = –3.139, p = 0.002), time coverage (Z = –3.340, p
= 0.0011), and occurrences (Z = –3.541, p < 0.001) of mi-
crostates class C observed in these patients with SCZ after
eight weeks of medication administration; however, no sig-
nificant changes were observed in the remaining categories
of microstates.

4. Discussion

This study aimed to investigate physiological devel-
opment stage differences in resting-state EEG microstates
among patients with SCZ and the objective changes that
occur in the EEG microstates of patients before and after
pharmacological intervention. In Section 3.1 of the Results,
patients with chronic SCZ were first classified into age-
specific cohorts, and subsequent analysis was performed on
these groups. In Part 3.2 of the Results, patients exhibiting
FEP receivedmedication 8weeks to examine the changes in
EEG microstates before and after treatment. Furthermore,
this study examines the disparities in EEG microstates be-

tween the healthy control group and patients both pre- and
post-administration of medication.

4.1 Changes in Microstate Dynamics in the Brain
Maturation Stage of Patients with SCZ

This study revealed that patients with SCZ aged 20–29
years demonstrated a shorter time coverage of microstates
class Cwhile demonstrating a significantly higher time cov-
erage of microstates class D than that in those in the remain-
ing three age cohorts. This indicates that patients with SCZ
aged between 20 and 29 years might exhibit distinct brain
function characteristics, related to the early stages of the
disorder. Therefore, increasing age could also be one of the
causes of microstate parameter alteration in SCZ.

The microstate D has been revealed by combined
fMRI studies to predominantly activate brain networks
within the temporal and parietal lobes, integral to functions
such as language processing, auditory perception, emo-
tional regulation, and self-reflection, while also exhibiting
sensitivity to age-related changes [23,34]. The time cover-
age of microstate class D in Group_1 is significantly greater
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Table 2. Sample demographics of HC and m-SCZ groups.

HC (n = 18)
m-SCZ (n = 19)

F(T)/χ2 p
0 week 8 week

Sex: n (M:F) 11:7 9:10 0.703 0.402
Age, years: mean (SD) 22.06 (1.76) 21.95 (0.85) 0.240 0.812
BPRS: mean (SD) - 53.00 (1.75) 47.56 (1.95) 21.229 0.000***
EEG total analysis time: (seconds) mean (SD) 599.19 (11.05) 606.26 (12.14) 601.20 (9.78) 2.033 0.141
EEG explained variance (%): mean (SD) 74.08 (2.92) 73.31 (2.53) 73.71 (2.20) 0.418 0.660
HC, healthy controls; m-SCZ, medicated SCZ patients; 0 week, SCZ patients treated at week 0; 8 weeks, SCZ patients treated
at week 8; The F-value is the statistical value of the one-way ANOVA test while the χ2-value is the statistical value of the
chi-square. The T-values are statistics from paired sample T-tests. The significance criteria p-value is set at 0.05. Statistically
significant differences are indicated in bold. The use of ‘-’ is intended to indicate that the HC group was not assessed with the
BPRS. ***p < 0.001.

Fig. 4. Tracking the spatial configuration of the four microstate classes of the medication and health group. The spatial configu-
ration of four microstates (A, B, C, and D) was tracked in drug-treated SCZ patients and healthy controls. 0 week, SCZ patients treated
at week 0; 8 weeks, SCZ patients treated at week 8.

than that observed in Groups 2, 3, and 4, as illustrated in
Fig. 3. Conversely, both the time coverage and occurrence
of microstate Class B are notably reduced. This indicates
that SCZ may impair the connectivity of neural networks,
resulting in diminished efficiency in information processing
or abnormal activation of perceptual systems during criti-
cal stages of brain development. Microstates class D are
associated with default mode networks (DMN), as demon-
strated by Custo et al. [35] and Michel and Koenig [36]
through their resting-state brain network studies. Further-
more, Klaassens et al. [37] revealed that the functional

connectivity between the precuneus and posterior cingulate
cortex within the DMN tends to decrease with age. In this
research, the heightened microstate Class D parameters de-
tected in patients with SCZ aged from 20 to 29 years might
signify age-related modifications in functional connectivity
within the DMN.

These younger patients exhibit distinct microstate pa-
rameter changes than older patients, suggesting different
pathophysiological patterns during the early stages of SCZ.
With the progression of SCZ, particularly in older patients,
the boundary between internal and external realities be-
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Fig. 5. Differences in resting-state microstates in HC and 0-week medication groups. The data of healthy controls (HC, n = 18) are
displayed in purple, and the data of SCZ patients treated at week 0 (0 week, n = 19) are displayed in orange. Group quartile statistics for
temporal microstate parameters: (A) mean duration, (B) time coverage, and (C) occurrence.

comesmore difficult to maintain [38], possibly contributing
to age-related disparities in microstate dynamics [22]. The
observed variations in microstate class D parameters might
be linked to the plasticity of the brain and the early devel-
opment of the disease in this age group. Therefore, changes
in microstate class D parameters could serve as neurophys-
iological markers for early diagnosis or monitoring of the
progression of the disease, especially in patients undergo-
ing brain maturation.

4.2 Microstate Dynamics in Patients with SCZ during the
Brain’s Physiological Stabilization Stage

The results depicted in Fig. 3 exhibited that patients
aged 30 to 39 years with SCZ demonstrated significantly
lower time coverage, and occurrences of microstate class
B and D than that both older patient cohorts. The ob-
served decline in microstate class B, which is commonly
linked to sensory integration and external stimuli process-
ing, suggests that patients within this age range may expe-
rience deficits in perceptual processing or responsiveness
to environmental cues, potentially resulting in diminished
efficiency in their interactions with the surroundings. Ad-

ditionally, the temporal dynamics of microstates, includ-
ing class B, demonstrate complex age-related changes, with
notable differences observed during both adolescence and
later stages of life. Microstate class B shows a pattern of
decreased mean duration and occurrence as age progresses
in healthy individuals, consistent with developmental tran-
sitions from adolescence to adulthood [39]. Similarly, in
patients with SCZ aged 30 to 39 years, the time coverage
and occurrence of microstate class B were lower than those
observed in older cohorts, suggesting the critical transition
between the maturation and stabilization phases of neuro-
physiological development.

The time coverage and occurrence of microstate class
B reached their lowest point in patients aged 20 to 29 years,
a finding that deviates from the trends witnessed in healthy
populations, where these parameters are typically stable
from early adulthood. This suggests that microstate class
B parameters in patients with SCZ may be particularly sen-
sitive to disruptions during the transition from the matura-
tion to stabilization phases of neurophysiological develop-
ment. These age-related alterations in microstate dynam-
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Fig. 6. Differences in resting-state microstates in HC and 8-week medication groups. The data of healthy controls (HC, n = 18) are
displayed in purple, and the data of SCZ patients treated at week 8 (8 weeks, n = 19) are displayed in green. Group quartile statistics for
temporal microstate parameters: (A) mean duration, (B) time coverage, and (C) occurrence.

ics might suggest the underlying neurodevelopmental pro-
cesses and continuous adjustments in brain function that
are characteristics of SCZ. The results from the previous
study [40], which showed a lawful evolution of microstate
variables across the lifespan in healthy individuals, sug-
gested that such age-related changes might be biologically
pre-determined processes influencing age-specific cogni-
tive functions and behaviors. However, these processes ap-
pear to be disrupted in SCZ, leading to distinct patterns of
microstate dynamics.

Furthermore, this study demonstrated that individuals
within this age group exhibited significantly lower parame-
ters (time coverage and occurrence) for microstate class D
than other age cohorts. Similar decrements in microstate
class D have been noted in psychosis spectrum patients, ir-
respective of age [41]. In the context of SCZ, the observed
diminution in microstate class D among individuals in this
age group might reflect modifications in the attentional net-
work, which is in line with the findings from the broader
psychosis literature [42]. Therefore, consistency among
different studies reinforces the concept that a decline in mi-
crostate class D is specific to psychosis, potentially func-
tioning as an early biomarker for the onset of psychosis.

4.3 Changes in Microstate Dynamics Pre- and
Post-Medication in Individuals with SCZ

In the medication follow-up studies, patients with
first-episode SCZ who were not receiving medication ex-
hibited higher microstate class C parameters (mean dura-
tion, time coverage, and occurrence) and lower time cov-
erage of microstates class D than healthy controls, in ac-
cordance with previous study findings [14,43]. da Cruz et
al. [15] proposed that the dynamics of microstate classes
C and D are a candidate endophenotype for SCZ. Consis-
tently, this study validates the specific alterations witnessed
in EEG microstates among patients with SCZ, suggesting
that abnormalities in microstate classes C and D might be
one of the important features of SCZ.

Previous literature has demonstrated [32,44] that phar-
macological interventions for neuropsychiatric disorders
can induce changes in EEG topography or EEG microstate
parameters. Untreated patients with FEP exhibited signif-
icantly lower microstate class A parameters than healthy
controls, as illustrated in Fig. 5, indicating a potential at-
tenuation of neural activity associated with perception and
the processing of external information. Conversely, mi-
crostate class C parameters were increased, possibly re-
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Fig. 7. Differences in resting-state microstates in 0-week and 8-week medication groups. The data of SCZ patients treated at week 0
(0 week, n = 19) are displayed in orange, and the data of SCZ patients treated at week 8 (8 weeks, n = 19) are displayed in green. Group
quartile statistics for temporal microstate parameters: (A) mean duration, (B) time coverage, and (C) occurrence.

flecting heightened self-awareness or internal thought pro-
cesses, consistent with the symptoms of SCZ. Patients with
SCZ demonstrated significant enhancements in microstate
parameters following an 8-week inpatient treatment period.
Moreover, all parameters of microstate class C and certain
parameters of microstate class A demonstrated no signifi-
cant differences between patients treated for 8 weeks and
healthy controls, suggesting that the microstate dynamics
to levels comparable to those of healthy individuals were
effectively restored by treatment. The findings are further
corroborated by Kikuchi et al. [12], who reported that pa-
tients exhibiting a positive response to antipsychotic med-
ication demonstrated elevated microstate class A parame-
ters post-treatment. This suggests that antipsychotic med-
ications may play a pivotal role in modulating microstate
dynamics in patients with SCZ. The results illustrated in
Fig. 7 highlight these observations, revealing that patients
subjected to an 8-week pharmacological regimen experi-
enced significant alterations in both microstate classes A
and C parameters compared to their pre-treatment baseline.
Thus, these findings provide critical insights into the neu-
rophysiological changes occurring during the treatment of
first-episode SCZ, offering valuable references for clinical
interventions.

4.4 Limitations and Future
This study had some limitations. Firstly, a healthy

controls comprehensive comparison between the mi-
crostates of patients with SCZ across different physiolog-
ical development stages could not be performed owing to
the restricted age range of healthy controls. Secondly, be-
cause of the absence of a specific drug selected by the physi-
cian for treatment among the therapeutic drugs adminis-
tered to the patient, namely risperidone, amisulpride, cloza-
pine, and quetiapine fumarate, it remains uncertain which
drug would exert an impact on the microstate parameters
and consequently yield discernible results. Finally, a recent
study [45] has underscored the robust retest reliability of
microstate analysis, irrespective of the clustering algorithm
used and the number of electrodes utilized for measurement
and recording. However, the outcomes of microstate analy-
sis may be influenced by factors such as EEG preprocessing
techniques and the selection of time-smoothing parameters.
Hence, a standardized protocol for microstate analysis must
be established, and comprehensive details on EEG prepro-
cessing must be provided to ensure the reproducibility of
future studies.
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5. Conclusions
In this paper, for the first time, schizophrenic patients

are divided into four groups based on physiological de-
velopmental stages, and the changes in EEG microstates
are explored. Our results demonstrate significant varia-
tions in resting-state EEG microstates among patients, con-
tingent upon their developmental stage, particularly con-
cerning microstate classes B and D. Specifically, individ-
uals in the brain maturation phase (ages 20 to 29) demon-
strate an increase in class D parameters, thereby reflect-
ing unique neurophysiological patterns characteristic of this
critical stage of brain development. Patients in the stabi-
lization phase (ages 30 to 39) demonstrate reductions in
class B parameters, suggesting that the parameters of pa-
tient microstate class B might be particularly sensitive dur-
ing the transition of neurophysiological development. We
speculated that microstate classes B and D could act as
biomarkers for discriminating differences between patients
at various stages of physiological development, suggest-
ing valuable perceptions for individualized precision treat-
ments. Furthermore, our 8-week follow-up treatment ex-
hibits that EEG microstates, particularly class A and C, can
effectively exemplify heterogeneous differences pre- and
post-treatment. This suggests their potential utility as ob-
jective diagnostic markers to evaluate the efficacy of clini-
cal rehabilitation.
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