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Abstract

The analysis of EEG microstates for investigating rapid whole-brain network dynamics during rest and tasks has become a
standard practice in the EEG research community, leading to a substantial increase in publications across various affective,
cognitive, social and clinical neuroscience domains. Recognizing the growing significance of this analytical method, the
authors aim to provide the microstate research community with a comprehensive discussion on methodological standards,
unresolved questions, and the functional relevance of EEG microstates. In August 2022, a conference was hosted in Bern,
Switzerland, which brought together many researchers from 19 countries. During the conference, researchers gave scien-
tific presentations and engaged in roundtable discussions aiming at establishing steps toward standardizing EEG microstate
analysis methods. Encouraged by the conference’s success, a special issue was launched in Brain Topography to compile
the current state-of-the-art in EEG microstate research, encompassing methodological advancements, experimental find-
ings, and clinical applications. The call for submissions for the special issue garnered 48 contributions from researchers
worldwide, spanning reviews, meta-analyses, tutorials, and experimental studies. Following a rigorous peer-review pro-
cess, 33 papers were accepted whose findings we will comprehensively discuss in this Editorial.
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Introduction adaptive segmentation” (Lehmann et al. 1987). This paper

is widely acknowledged as the “birth certificate of EEG

In 1987, Dietrich Lehmann, in collaboration with Hisaki
Ozaki and Ivan Pal, published a seminal paper titled “EEG
Alpha map series: brain micro-states by space-oriented
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microstates”. Notably, as early as 1971, Lehmann had
observed that “the maxima of the EEG alpha fields remain
at one electrode position for a relatively long time compared
to the time spent in transit from one preferred position to
the next” (p. 447) (Lehmann 1971). He also used the term
“microstate” in a book chapter written in German in 1984,
concluding that “as long as the field configuration is the
same, the same functional resting state can persist” (Lehm-
ann 1984)(p.54). The discovery of temporally stable poten-
tial fields in spontaneous EEG and their potential connection
to functional resting states of the brain traces its roots back
over 53 years. Remarkably, this spans half the time since
the initial unveiling of the EEG by Hans Berger (Berger
1929). However, during this early period, spatial analysis
of EEG (commonly referred to as EEG mapping) was not
widely embraced in the EEG community, which favored
time-series-oriented pattern recognition and frequency
analysis of individual channels, proving successful in clini-
cal neurophysiology among other domains. It was not until
the late 1990s that EEG microstate analysis, incorporating

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10548-024-01037-3&domain=pdf&date_stamp=2024-2-10

Brain Topography

the spatial properties of potential fields, gained wider rec-
ognition. Interestingly, during this period, Bharat Biswal
reported correlations between low-frequency fluctuations
in blood oxygenation level depend (BOLD) signals in vari-
ous motor brain regions, measured using fMRI, interpreting
them as a manifestation of functional connectivity at rest.
This phenomenon later became known as the resting-state
networks (RSN) (Biswal et al. 1995).

Despite the inherently slow nature of BOLD signals,
fMRI-based resting-state analysis has emerged as a crucial
tool in the affective, cognitive, social and clinical neurosci-
ences (Uddin et al. 2019). However, the recognition that
functional brain networks need to exhibit fluctuations on a
sub-second time scale to support complex mental activities
and respond effectively to rapidly changing input (Bressler
1995) has underscored the necessity for methods capable
of capturing such rapid dynamics. The EEG microstate
approach proves to be well-suited for this purpose, as EEG
microstates typically endure for 30-120 milliseconds. The
advent of new methods for extracting EEG microstates
(Pascual-Marqui et al. 1995), findings demonstrating the
stability of EEG microstate topographies across different
age groups in extensive datasets (Koenig et al. 2002), and
initial reports highlighting microstate deviations in various
diseases (Strik et al. 1995, 1997; Dierks et al. 1997; Koe-
nig et al. 1999), collectively contributed to the increased
adoption of EEG microstate analytics. This trend saw a
significant surge, particularly following the publication of
our review article in 2018 (Michel and Koenig 2018). While
only five EEG microstate papers were published in 2010, the
landscape has rapidly evolved, with a remarkable increase
to 70 publications in 2022 (see figures in this special issue
by (Kleinert et al. 2023a; Schiller et al. 2023; Tarailis et al.
2023; Zanesco 2023).

The increasing popularity of the EEG microstate approach
motivated us to organize a dedicated conference focused on
EEG microstates. The “50 Years of Microstates: Present
State and Future Directions” conference took place in Bern,
Switzerland, in August 2022, attracting many participants
who presented their work and engaged in roundtable dis-
cussions. Encouraged by the success of this event, we initi-
ated a call for a special issue on EEG and ERP microstate
research to be featured in Brain Topography. The response
was remarkable, with a total of 48 papers submitted for con-
sideration. Following a comprehensive peer-review process,
33 out of the 48 submitted papers have been accepted for
publication in this 3-part special issue (Table 1). Among
them are 2 review papers, 3 meta-analyses, 2 tutorials, and
26 research articles. These research articles address method-
ological aspects (6 papers), microstates in various states of
consciousness (5 papers), changes in microstates associated
with psychiatric and neurological diseases (10 papers), and
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the influence of cognitive tasks on EEG/ERP microstates
(5 papers). In the subsequent sections, we concisely sum-
marize the primary findings reported in these publications.

Functional Interpretation of Microstate
Maps

The first review, (Tarailis et al. 2023), delves into the func-
tional significance of various EEG microstates. Many EEG
microstate studies interpret their findings by referencing
similar maps from prior publications where functional
interpretations were provided. Notably, this recursive ref-
erencing has resulted in a limited pool of original papers
that aimed to identify the brain networks underlying micro-
state maps, utilizing methods such as simultaneous EEG-
fMRI (Britz et al. 2010) or EEG source imaging (Custo
et al. 2017; Bréchet et al. 2019). In their review, (Tarailis
et al. 2023) aggregated microstate maps from 50 different
studies, categorizing them into seven distinct microstate
maps based on spatial similarities. The authors proceeded
to outline the experimental or pathological conditions that
led to the modulation of each microstate, thus emphasizing
the most influential factors. This review not only aids future
researchers in interpreting their results, but also contributes
to the standardization of microstate map labeling.

Building on the work of (Tarailis et al. 2023), the paper
by (Koenig et al. 2023) introduces a MATLAB-based tool-
box that generates microstate maps derived from various
studies. The toolbox facilitates the calculation of spatial
similarities between one’s maps and the reference ones.
Additionally, it allows for the extraction of EEG meta-
microstates, i.e., microstate maps derived from all studies
in the database, which can then be used as template maps
for fitting to individually recorded data. Presently, the data-
base incorporates microstate maps from 40 studies, and the
authors anticipate its expansion as researchers contribute
their microstate maps.

The methodology paper authored by (Murphy et al. 2023)
reinforces the concept of employing global template maps
for fitting individual data. Through a systematic analysis, the
authors demonstrate that fitting individual subgroup maps
to the data, rather than utilizing global maps derived from
all groups within a study, results in significantly inflated
Type I error rates. This discovery strongly advocates using
uniform template microstate maps when fitting different
experimental groups, whether obtained through global clus-
tering across all study subjects or by employing externally
defined meta-microstates as provided by the toolbox devel-
oped by (Koenig et al. 2023). Nevertheless, (Murphy et al.
2023) also underscore the importance of acknowledging
potential differences in microstate topographies between
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groups. They propose a paired analysis of all subgroup maps
to account for these topographic variations across different
experimental groups.

The Temporal Dynamics of EEG Microstates

The conventional method for extracting the temporal
dynamics of EEG microstates involves fitting template
maps to individual EEG data by calculating the spatial cor-
relation between the template maps and the recorded map at
each time point. Subsequently, a winner-take-all approach
is employed to assign a specific template map to each time
point, revealing microstates by identifying continuous
time periods labeled with a particular template map, typi-
cally lasting 30—120 milliseconds (depending on smoothing
parameters). This fitting procedure enables the extraction
of diverse matrices representing microstates’ presence and
temporal dynamics. Traditionally, these matrices depict the
average duration of each microstate, the occurrence rate,
and the percentage of time coverage.

In a meta-analysis conducted by (Zanesco 2023), the
average of these parameters across studies was examined,
characterizing the heterogeneity attributed to sampling
variability, developmental differences, clinical diagnoses,
or methodological factors. The analysis encompassed an
impressive number of 93 studies, involving a total of 6583
subjects from diverse populations. The findings affirm an
average microstate duration of approximately 30—120 mil-
liseconds, with substantial heterogeneity observed across
study samples and the prevalence of microstate C in all
temporal parameters. This study furnishes robust estimates
of average microstate dynamics, offering crucial guidance
to researchers analyzing their data by providing estimates
of the plausible range of values for microstate temporal
parameters.

An intriguing aspect of the temporal characteristics of
EEG microstates lies in their intercorrelation, specifically
the interactions among the networks underlying these
microstates. (Kleinert et al. 2023a) delved into this ques-
tion, investigating intercorrelations in a substantial dataset
comprising 583 subjects. Additionally, they explored the
test-retest reliability of these intercorrelations by conduct-
ing a retest session with the same subjects after an average
interval of 63 days. Notably, the five microstate maps identi-
fied in this study corresponded to the meta-microstate maps
reported by (Koenig et al. 2023), affirming the consistency
of results across datasets. In parallel with Zanesco’s meta-
analysis (Zanesco 2023), this investigation highlighted the
predominance of microstate C. However, it also unveiled
significant dependencies in the temporal characteristics
among different microstates, particularly a mutually rein-
forcing relationship between microstates A and B. Notably,

these microstates are predominantly associated with sensory
processing, as outlined in the work by (Tarailis et al. 2023).

In a subsequent study utilizing the same two datasets,
(Kleinert et al. 2023b) shifted their focus to the test-retest
reliability of the temporal parameters of microstates. Sub-
jects were not only measured twice with a 63-day interval
(N=583 in the first and N=>542 in the second session) but
also underwent measurements twice within the same day,
enabling the authors to assess both short- and long-term
test-retest reliability. The analysis revealed excellent topo-
graphic map consistency when extracting five microstate
maps instead of only four maps. This is a crucial finding
affirming previous studies cautioning against extracting
four maps based solely on tradition without considering
objective criteria (Custo et al. 2017). The primary discovery
of the study was the remarkable short-term test-retest reli-
ability of microstate durations, occurrences, and coverages,
along with good long-term retest reliability coefficients
over an average interval of 63 days. Notably, there was no
discernible systematic decrease in retest reliability with an
increasing interval, providing compelling evidence support-
ing the idea that microstate dynamics represent stable neural
traits, as suggested by prior research (e.g., (da Cruz et al.
2020; Murphy et al. 2020; Zanesco et al. 2020).

It is widely accepted that EEG microstates represent
global patterns of relatively slow and highly synchronized
oscillations that modulate interactions between local brain
structures, predominantly active in the higher frequency
(high gamma) range (Koenig et al. 2005; Michel and Koenig
2018). Despite this consensus, the direct link between EEG
microstates and local changes in high-gamma cortical oscil-
lations has not been experimentally demonstrated. Address-
ing this question, (Mikutta et al. 2023) conducted a study
combining scalp EEG microstate analysis with electrocor-
ticography (ECoG) and stereotactic EEG (SEEG), designed
to capture local brain activity. In two patients undergoing
preoperative epilepsy evaluation with intracranial EEG,
simultaneous scalp EEG was recorded and analyzed using
the microstate approach. The temporal-spatial evolution of
intracranial signals was analyzed across different frequency
bands, and the covariance with the time course of a given
microstate class was calculated. This analysis revealed a
significant covariation of ECoG/SEEG spectral amplitudes
with microstate timelines across all four frequency bands
in both patients. This result presents the first experimental
evidence demonstrating a correlation between global scalp
EEG microstates and ECoG/SEEG field potentials.

The Complexity of Microstate Sequences

The study conducted by (Kleinert et al. 2023a) extended
its examination to the reliability of an additional measure
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of the temporal dynamics of microstates—the transitions
between microstates—utilizing first-order Markov mod-
els. The findings revealed modest test-retest reliability for
these measures, confirming von Wegner’s observation (von
Wegner et al. 2017) that microstate sequences exhibit non-
Markovian processes. Moreover, previous work by (van de
Ville et al. 2010) demonstrated long-range dependencies
that are incompatible with first-order Markov models. A
recent study by (Artoni et al. 2023) presented more intricate
microstate sequences that cannot be adequately captured
by first-order transitions alone. Assessing the complex-
ity of microstate sequences offers an intriguing, yet unex-
plored, avenue to investigate whether there are underlying
rules or some form of syntax within microstate sequences
or whether they inherently follow a random pattern. (von
Wegner et al. 2023) compared various complexity measures
and their application to EEG microstates. They evaluated
entropy-based methods, fractal dimension, and Hurst expo-
nent analysis using wake and sleep EEG data. The outcomes
of this systematic evaluation of diverse measures contrib-
ute significantly to future discussions about the complexity
inherent in microstate sequences.

In the study conducted by (Wiemers et al. 2023), time-
series analyses were employed to investigate microstate
sequences during wakefulness and various stages of non-
REM sleep, aiming to understand their effects on distinct
time scales. Markov tests were utilized for very short time
scales, entropy rate analysis was applied to intermediate
time scales, and spectral analysis of microstate sequences
was conducted for long time scales. The entropy analysis
revealed that microstate sequences exhibit increased pre-
dictability (i.e., reduced randomness) with the transition
from wakefulness to sleep. In contrast, periodic microstate
behavior was identified across all states, albeit associated
with different EEG frequencies. Specifically, alpha frequen-
cies were observed during wakefulness, theta frequencies in
N1, sleep spindle frequencies in N2, and delta frequencies
in N3. These findings contribute to our understanding of the
dynamic changes in microstate sequences across different
states of consciousness and their association with specific
EEG frequencies.

An important message regarding the analysis of micro-
state sequences is provided in the paper of (Hermann et al.
2024). This study examined the effect of propofol on micro-
state sequences and uncovered that resting-state sequences
exhibited a periodicity of 20 Hz (twice the dominant alpha
frequency). This periodicity increased after propofol admin-
istration, accompanied by a higher entropy rate. This obser-
vation aligns with an earlier study by (Artoni et al. 2021),
which demonstrated a U-shaped microstate complexity
behavior with increasing propofol doses. The important
finding of the paper of (Hermann et al. 2024) is that these
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effects were masked when the microstate maps were fit-
ted solely to the global field power peaks, an approach still
commonly employed in microstate studies.

Microstates and Consciousness

The studies conducted by (Wiemers et al. 2023) on sleep and
(Hermann et al. 2024) on the effects of propofol have pro-
vided valuable insights into the influence of the level of con-
sciousness on the complexity of EEG microstate sequences.
These findings corroborate earlier reports by (Artoni et al.
2021, 2023) that suggested a connection between micro-
state complexity and consciousness levels. Moreover,
research has demonstrated that conventional descriptors
of the temporal dynamics of microstates are modulated by
sleep (Brodbeck et al. 2012; Brechet et al. 2020), anesthesia
(Artoni et al. 2021; Li et al. 2021; Lapointe et al. 2023),
and various states of consciousness (for a comprehensive
review, see (Brechet and Michel 2022). This special issue
contributes new data to the understanding of the sensitivity
of EEG microstates to the level of consciousness. (Diezig et
al. 2022) specifically examined changes in EEG microstates
during the transition to sleep, a period marked by uncon-
trolled thinking and perceptual imagery, commonly known
as hypnagogic imagery. Their findings revealed that these
dream-like experiences, occurring while still awake, were
associated with an increased presence of a microstate origi-
nating from the superior and middle frontal gyrus and pre-
cuneus. Simultaneously, a decrease in activity was observed
in higher-order visual areas—a result consistent with obser-
vations in subjects reporting dreams during NREM sleep
(Brechet et al. 2020). This research adds valuable nuances
to our understanding of the relationship between EEG
microstates and the varying states of consciousness.

While specific microstate classes have been associated
with sleep or the transition to sleep, the study conducted
by (Ding et al. 2023) explored the intriguing possibility of
using microstates in awake resting EEG as an indicator of
sleep quality. Establishing an objective marker for sleep
quality could be particularly valuable in clinical studies
involving patients with intellectual disabilities who may
have difficulty reliably reporting their sleep quality. In their
investigation involving 63 college students, (Ding et al.
2023) discovered a positive correlation between sleep qual-
ity reports and the occurrence of class D microstates, espe-
cially in the high habitual sleep efficiency group. Notably,
this microstate has been previously shown to increase dur-
ing sleep (Brechet et al. 2020).

Adding to this perspective, (Toplutas et al. 2023)
observed substantial differences in the coverage of micro-
state class D between vegetative and minimally conscious
patients in their study on microstates in 28 patients with
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disorders of consciousness. Moreover, they identified
strong correlations between microstate D's characteristics
and clinical scale scores. The findings from this study, and
the sleep-related investigations mentioned earlier, suggest
that the Class D microstate could potentially serve as a can-
didate biomarker for assessing the level of consciousness.
This opens avenues for further research into the clinical util-
ity of microstate analysis in understanding and monitoring
states of consciousness.

Microstates in Neurological and Psychiatric
Disorders

The sensitivity of EEG microstate characteristics of neu-
ropsychiatric diseases has been demonstrated in numerous
studies, particularly in patients with schizophrenia (Koenig
et al. 1999; Khanna et al. 2015; Rieger et al. 2016; da Cruz
et al. 2020) and mood disorders (Damborska et al. 2019;
Murphy et al. 2020). In this issue, (Chivu et al. 2023) pres-
ent a meta-analysis of microstate characteristics in mood
and anxiety disorders, including 12 studies with a total of
787 subjects. Effect sizes were estimated using Hedges’ g,
with age, gender, medication, and comorbidities considered
as moderators. The analysis revealed a significant increase
in the occurrence of microstate B when considering both
pathologies, with a small effect size (Hedges’ g=0.35).
Specifically, when examining only studies comparing mood
disorders to healthy controls, the effect size of microstate
B increased (g=0.41), and a significant decrease in micro-
state D occurrence was noted (g = -0.34). In the context
of the potential functional interpretation of microstate B,
summarized in the review paper by (Tarailis et al. 2023), as
described earlier, this result may suggest that patients with
mood and anxiety disorders focus their thoughts more on
visual processing related to the self, self-visualization, and
autobiographical memory compared to healthy controls.
This finding adds to the growing body of evidence sup-
porting the use of EEG microstate analysis as a sensitive
tool for understanding and characterizing neuropsychiatric
disorders.

However, conflicting findings were reported by (Cao et al.
2023), who investigated EEG microstates in a sample of sub-
clinically depressed patients (32 individuals experiencing
insomnia and 31 without) and 32 healthy controls. Intrigu-
ingly, the study found a significantly reduced occurrence of
microstate B in both patient groups compared to controls,
which was more pronounced in patients with insomnia. This
discovery stands in contrast to the meta-analysis discussed
earlier and implies that additional research directly compar-
ing different subtypes of mood disorders at various sever-
ity levels is essential for a comprehensive understanding of
EEG microstate patterns in these conditions.

The study conducted by (Deiber et al. 2023) delved into
microstate and EEG frequency alterations in 16 patients
with borderline personality disorder (BPD) in comparison
to 16 age-matched controls. The findings revealed a con-
trasting prevalence of microstate class C (lower than con-
trols) and class E (higher than controls) in individuals with
BPD. Additionally, the occurrence of microstate C showed
a positive correlation with global alpha performance and a
negative correlation with global delta performance. From
these observations, the authors inferred that individuals
with BPD demonstrate a state of cortical hyperactivation,
aligning with symptoms indicative of heightened arousal
and/or vigilance.

Microstates in Autism Spectrum Disorder (ASD) have
been the focus of extensive research, with a recent review
by (Das et al. 2022) highlighting a consistent finding of
decreased microstate C in individuals with ASD. In this spe-
cial issue, (Jia et al. 2023) assessed whether EEG microstate
features can serve as predictors for Autism Spectrum Quo-
tient (AQ) questionnaire scores in a sample of 88 healthy
subjects. Employing the Least Absolute Shrinkage and
Selection Operator (LASSO) algorithm along with correla-
tion analysis, the researchers identified four crucial micro-
state features that could be utilized to predict autistic traits.
Using machine learning methods, they demonstrated that
the predicted autistic trait scores, based on these four micro-
state features, exhibited significant agreement with self-
reported scores from the AQ questionnaire. This research
contributes valuable insights into the potential use of EEG
microstate features as predictors for autistic traits in the gen-
eral population.

In a similar fashion, based on questionnaires in healthy
individuals, (Carbone et al. 2024) examined whether micro-
state characteristics can differentiate individuals with high
and low Disorganized Attachment (DA) scores. They scored
50 college students before and after a highly stressful 1 %
hours Adult Attachment Interview, which allowed them to
group the subjects into “organized/resolved” and “disorga-
nized/unresolved” groups. The results showed differences
in duration and occurrence in specific microstates in the two
groups. Interestingly, significant microstate changes were
also found pre- and post-interview for both groups, indi-
cating changes in microstate parameters due to the pre-rest
state condition.

(Takarae et al. 2023) examined EEG microstates in 70
patients with Fragile X syndrome, a genetic disorder that
causes mild to severe intellectual disabilities, and compared
them with 70 healthy controls. They reported an increased
presence of microstates C and D in the patient group, which
was more pronounced in males. These findings led the
authors to conclude that these changes in specific microstates
are likely related to two of the most prominent cognitive
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features of Fragile X syndrome: intellectual disability and
attention impairments and suggest that microstate param-
eters could serve as markers to study cognitive impairment
and evaluate treatment outcomes in this population.

(Berchio et al. 2023) present the first study investigat-
ing EEG microstate changes in young women with anorexia
nervosa. The study compared 18 patients with 18 healthy
controls. The main difference observed between the groups
was a reduced time coverage of microstate C and an
increased time coverage and occurrence of microstate E in
patients compared to controls. As a methodological aspect,
the study also directly compared the results of fitting sub-
group microstate maps or overall group mean maps, con-
firming the earlier finding by (Murphy et al. 2023) that these
two approaches lead to different significant results, and fit-
ting global mean maps is preferable.

(Hermans et al. 2023) present a challenging study in
which they repeatedly recorded the EEG of 48 premature
infants at different postmenstrual ages. Despite the EEG
being recorded from only 9 channels, microstate analysis
was applied. Across all subjects, four microstate maps were
identified, demonstrating non-random syntax and account-
ing for about 70% of the global variance. Notably, these four
maps exhibited consistent topography throughout infant
aging, bearing striking similarities to canonical adult micro-
state maps despite the limited number of recording elec-
trodes. The study revealed that all microstates decreased in
duration and increased in frequency with age. Additionally,
the Hurst exponent of each microstate sequence decreased
with age. These unique findings may directly reflect the
development and formation of neural networks in the pre-
term brain, suggesting that microstate EEG analysis holds
promise as a tool for monitoring the maturation of the pre-
term neonatal brain.

In the study by (Retsa et al. 2023), the long-term con-
sequences of pre-term birth on auditory processing were
investigated. The researchers recorded auditory event-
related potentials (ERP) to environmental sounds (living vs.
manufactured objects) in 10-year-old children born at term
or very preterm. ERP microstate analysis was applied to the
ERPs. Microstate analysis of the ERPs exhibited similar
basic characteristics to resting-state EEG analysis: poten-
tial map configurations remained stable for a period of time,
typically covering the duration of traditional ERP compo-
nents (Brandeis and Lehmann 1986; Michel et al. 2001).
The main difference in the analysis method is that polarity
information is considered relevant in ERP analysis, whereas
it is ignored in the spontaneous EEG (Murray et al. 2008).
Additionally, parameters like the onset and offset of each
microstate after stimulus onset become relevant temporal
parameters (Michel et al. 1999). Using this approach, (Retsa
et al. 2023) revealed significant differences between the two
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groups during early auditory sensory processing as well as
during later semantic processing of the sounds. Moreover,
the distinct brain activity patterns between the two semantic
categories could reliably classify children according to their
preterm status.

In another study by (Rubega et al. 2023), EEG microstates
were examined in 51 first-ever ischemic stroke survivors, 24
with right-hemisphere strokes and 27 with left-hemisphere
strokes, who underwent resting-state EEG recording in
the acute and subacute phases. The study found that EEG
microstate topographies were quite similar between right-
and left-hemisphere lesioned patients and resembled those
of healthy subjects, except for one microstate map that dif-
fered between the two groups of patients. Regarding the
temporal dynamics of the canonical microstates, microstate
D showed differences between right- and left-hemisphere
stroke patients.

In the study by (Perrottelli et al. 2023), ERP microstate
analysis was used to investigate reward anticipation in indi-
viduals with schizophrenia. They examined ERP microstate
changes during a monetary incentive delay task, where
reward, loss, and neutral cues were presented. The study
included 30 individuals with schizophrenia and 23 healthy
controls. The researchers observed changes in the first (125—
187 ms) and second (261-414 ms) anticipatory cue-related
microstate classes in patients compared to healthy controls.
The conclusion was that abnormalities in ERP microstates
can be detected in the early stages of reward processing,
suggesting that these dysfunctions may reflect an impaired
effective evaluation of incoming pleasant experiences.

State and Trait Relations of Microstates

The review by (Schiller et al. 2023) synthesizes findings
from 60 studies that employed the EEG and ERP micro-
state approach to investigate socio-affective states (e.g.
(Schiller et al. 2016) or traits (e.g. (Schiller et al. 2019) in
the brain. Social interaction necessitates the rapid process-
ing of diverse socio-affective signals and their integration
with social knowledge and expectations at the millisecond
time scale accessible to EEG/ERP microstate analysis. The
review highlights how the microstate approach provides a
unique capability for identifying, timing, sequencing, and
quantifying the activation of large-scale brain networks rel-
evant to our socio-affective mind.

In the study conducted by (Kleinert and Nash 2022), the
investigation focused on whether individual differences in
trait aggression are reflected in resting-state EEG micro-
states. The researchers recorded the EEG of 101 participants
at rest and examined the correlation between the temporal
dynamics of the microstates and scores from an aggres-
sion questionnaire featuring various aggression subscales.
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Notably, the study utilized the recently introduced term
“microstate stability,” with higher stability represented by
longer lasting and less frequently occurring microstates and
recently associated with higher levels of trait self-control
(Kleinert et al. 2022). The findings indicated a negative
association between the stability of all four microstates and
aggression, with contributions from the physical aggres-
sion, verbal aggression, and hostility subscales. In contrast,
no such association was observed with the anger subscale.
This negative relationship between microstate stability and
aggression was predominantly observed in males and, to a
lesser extent, in females.

In the study conducted by (Tomescu et al. 2023), the
investigation focused on the fluctuation of spontane-
ous thoughts and EEG microstate dynamics across two
days, examining their relationship with personality traits.
The researchers recorded the resting-state EEG of 43 par-
ticipants on two separate days. Participants completed the
Amsterdam Resting-State Questionnaire, a self-report tool
quantifying mind-wandering across ten scales, and the Neo
Personality Inventory, assessing the “Big Five” personal-
ity traits (extraversion, agreeableness, openness, conscien-
tiousness, and neuroticism). The results revealed significant
daily changes in the associations between EEG microstates
and spontaneous cognition. Furthermore, personality traits
were linked to these day-to-day variations in both micro-
states and spontaneous thoughts.

The study conducted by (Bagdasarov et al. 2023) aimed
to explore the potential link between individual differences
in resting-state intrinsic brain activity and external informa-
tion processing. The researchers investigated the relation-
ship between resting-state EEG microstates and the ERP
microstate of error-related negativity during a go/no-go
task in a cohort of 90 children aged 4-8 years. Preschool
anxiety, withdrawal, and approach tendencies were assessed
through parent-report questionnaires. In the ERP analysis,
the researchers observed the anticipated topography of the
event-related negativity (ERN) component, finding higher
global field power (GFP) in children with an increased risk
for anxiety. Interestingly, they discovered a correlation
between the GFP of the ERN microstate and a specific rest-
ing EEG microstate characterized by a frontal-central scalp
topography. Additionally, the source localization results
indicated an overlap between the neural generators of the
error-related microstate during the task and this resting-
state microstate. These shared brain regions were associ-
ated with higher-order cognitive processes involved in error
processing.

The study by (Penalver-Andres et al. 2022) investigated
the relationship between person-specific pre-task resting-
state activity and subsequent performance in a motor task.
The researchers recorded the resting EEG of 36 healthy

volunteers before they engaged in a virtual surfing task.
Analyzing microstate features and correlating them with
motor behavioral metrics, they observed that the pre-acti-
vation of microstate C, associated with the posterior default
mode network (DMN), correlated with poorer performance
in the subsequent motor task. However, the hypothesized
positive correlation between microstate D, linked to the dor-
sal attention network, did not reach significance.

Finally, (Maurer et al. 2023) conducted an ERP micro-
state study to explore the repetition effects of familiar visual
words in a Chinese population and elucidate the relation-
ship between the visual N1 component and a later appear-
ing N200 component specific to word repetition in Chinese.
Utilizing the microstate approach, which enables the assess-
ment of the onset and offset of ERP components (parameters
oftentimes overlooked in conventional ERP peak analysis),
they revealed that the previously reported N200 repetition
effect is, in fact, a result of the shortening of the N1 off-
set. This insight, uniquely provided by the ERP microstate
analysis (Michel et al. 1999), contributes to a more refined
understanding of the neural dynamics involved in word rep-
etition effects.

Microstate Analysis Tools

Several freely available analysis tools are available to extract
EEG microstates. Some of them are stand-alone programs
(LORETA-KEY by Pascual-Marqui ((Pascual-Marqui et
al. 1995); http://www.uzh.ch/keyinst/loreta; CARTOOL by
Brunet and Michel (Brunet et al. 2011); https://sites.google.
com/site/cartoolcommunity/; others are tools based on the
MATLAB programming platform (Microstate EEGLAB
toolbox by Poulsen (Poulsen et al. 2018) https://github.com/
atpoulsen/Microstate-EEGlab-toolbox), the EEGLAB plu-
gin MICROSTATELAB by Koenig (Nagabhushan Kalburgi
et al. 2023), and the +Microstate by Tait & Zhang ((Tait
and Zhang 2022); https://github.com/lukewtait/microstate
toolbox. Furthermore, a Phyton-based toolbox integrated
in MNE has recently been published (Pycrostates by Ferat
(Férat et al. 2022); https://pycrostates.readthedocs.io/en/lat-
est/. According to the review by (Zanesco 2023) published
in this issue, the most commonly reported software used by
authors to perform topographic clustering and microstate
quantification were the MICROSTATELAB toolbox and
CARTOOL (see also Table 1). In this issue, tutorials for
these two programs are provided. (Nagabhushan Kalburgi
et al. 2023) introduce the MICROSTATELAB toolbox in
a step-by-step tutorial, using a sample dataset of 34 pub-
licly available resting-state EEG recordings to illustrate the
different steps provided by the toolbox. The CARTOOL
tutorial by (Bagdasarov et al. 2024) focuses on microstate
source localization, including MRI preprocessing, brain

@ Springer


http://www.uzh.ch/keyinst/loreta
https://sites.google.com/site/cartoolcommunity/
https://sites.google.com/site/cartoolcommunity/
https://github.com/atpoulsen/Microstate-EEGlab-toolbox
https://github.com/atpoulsen/Microstate-EEGlab-toolbox
https://github.com/lukewtait/microstate_toolbox
https://github.com/lukewtait/microstate_toolbox
https://pycrostates.readthedocs.io/en/latest/
https://pycrostates.readthedocs.io/en/latest/

Brain Topography

and gray matter extraction, and electrode co-registration.
They illustrate the different steps with data from young
infants made publicly available in the BIDS format. In addi-
tion, the authors have added a step-by-step tutorial and an
accompanying website for performing microstate analysis
as supplementary material: https://github.com/gaffreylab/
EEG-Microstate-Analysis-Tutorial. Hopefully, these tutori-
als will improve the methodological standards of microstate
research and provide the community with full functionality
of microstate analysis.

The existing literature needs a standardized pipeline for
the preprocessing of raw EEG data for microstate analy-
sis. Variations exist in bandpass filters, sampling rates, bad
electrode interpolation methods, and artifact detection and
removal techniques across studies. An essential consider-
ation is the application of Independent Component Analysis
(ICA) for artifact detection and removal, where some stud-
ies use ICA solely for eye movement removal, while others
remove multiple components perceived as non-brain activ-
ity. (Artoni and Michel 2024) systematically investigated the
impact of ICA-based artifact removal on microstate analysis
using a normative resting-state EEG dataset with eyes open
and eyes closed recordings. Four artifact removal strate-
gies with ICA were tested: no removal, only ocular artifact
removal, removing all reliably identified physiological/non-
physiological artifacts, and retaining only reliably identified
brain ICs. The findings demonstrated that excluding more
than just eye movement IC components had no effect on
microstate topographies and temporal features, highlighting
the robustness of microstate topographies and features to a
variety of artifacts.

Conclusions

EEG microstate analysis has matured into a robust methodol-
ogy for assessing large-scale, whole-brain network dynam-
ics. The reviews and meta-analyses in this special issue not
only highlight the substantial number of publications on this
methodology, but also reveal a considerable consensus on
the functional interpretation of EEG microstates. However,
they also indicate that several inconsistencies persist, partly
due to methodological variations and underpowered stud-
ies. Larger multicenter studies with clearly defined experi-
mental designs, subject selection, and analysis methods are
needed, especially for clinical studies. Concerning analysis
pipelines, step-by-step tutorials, as presented in this special
issue, prove to be valuable. Additionally, it would be crucial
to conduct a study comparing different available analysis
tools and assessing the impact of core analysis parameters,
such as the number of microstates to fit or fitting thresholds,
on a large publicly available dataset.
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In conclusion, the articles in this 3-part special issue,
coupled with previously published studies, illustrate that
EEG microstate analysis is a powerful tool, which uniquely
provides information on the temporal dynamics of brain net-
works with high sensitivity and specificity. This makes it a
promising method for identifying candidate biomarkers for
various pathologies and eventually predicting and evaluat-
ing treatment success. In this context, we are also delighted
to announce that we plan to hold a follow-up conference
dedicated to microstate analysis on July 9-12, 2024, in
Geneva (see www.microstate-conference.com for details).

Author Contributions All authors contributed equally to the writing
of this review.

Funding Open access funding provided by University of Geneva

Data Availability No datasets were generated or analysed during the
current study.

Declarations
Competing Interests The authors declare no competing interests.

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

References

Artoni F, Michel C (2024) How does Independent Component Analy-
sis preprocessing affect EEG. microstates? Brain Topography in
revision

Artoni F, Maillard J, Britz J, Seeber M, Lysakowski C, Bréchet L,
Tramér M, Michel C (2021) EEG microstate dynamics indicate
a U-shaped path to propofol-induced loss of consciousness.
bioRxvi 10.26.465841

Artoni F, Maillard J, Britz J, Brunet D, Lysakowski C, Tramer MR,
Michel CM (2023) Neurolmage 277:120196 Microsynt: Explor-
ing the syntax of EEG microstates

Bagdasarov A, Roberts K, Brunet D, Michel CM, Gaffrey MS (2023)
Exploring the Association between EEG microstates during
resting-state and error-related activity in Young Children. Brain
Topogr. https://doi.org/10.1007/s10548-023-01030-2

Bagdasarov A, Brunet D, Michel C, Gaffrey M (2024) Microstate
Analysis of continuous infant EEG: Tutorial and Reliability.
Brain Topography in revision

Berchio C, Kumar SS, Micali N (2023) EEG spatial-temporal dynamics
of resting-state activity in Young Women with Anorexia Nervosa:


http://www.microstate-conference.com
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s10548-023-01030-2
https://github.com/gaffreylab/EEG-Microstate-Analysis-Tutorial
https://github.com/gaffreylab/EEG-Microstate-Analysis-Tutorial

Brain Topography

preliminary evidence. Brain Topogr. https://doi.org/10.1007/
$10548-023-01001-7

Berger H (1929) Uber das Elektroenkephalogramm des Menschen.
Arch Psychiatr Nervenkrankh 87:527-570

Biswal B, Yetkin FZ, Haughton VM, Hyde JS (1995) Functional con-
nectivity in the motor cortex of resting human brain using echo-
planar MRI. Magn Reson Med 34(4):537-541

Brandeis D, Lehmann D (1986) Event-related Potentials Brain Cogn
Processes: Approaches Appl Neuropsychologia 24(1):151-168

Brechet L, Michel CM (2022) EEG microstates in altered states of
consciousness. Front Psychol 13:856697

Brechet L, Brunet D, Perogamvros L, Tononi G, Michel CM (2020)
EEG Microstates Dreams Sci Rep 10(1):17069

Bréchet L, Brunet D, Birot G, Gruetter R, Michel CM, Jorge J (2019)
Capturing the spatiotemporal dynamics of self-generated, task-
initiated thoughts with EEG and fMRI. Neurolmage 194:82-92

Bressler SL (1995) Large-scale cortical networks and cognition. Brain
Res Brain Res Rev 20(3):288-304

Britz J, Van De Ville D, Michel CM (2010) BOLD correlates of EEG
topography reveal rapid resting-state network dynamics. Neuro-
Image 52(4):1162—-1170

Brodbeck V, Kuhn A, von Wegner F, Morzelewski A, Tagliazucchi
E, Borisov S, Michel CM, Laufs H (2012) EEG microstates of
wakefulness and NREM sleep. Neurolmage 62(3):2129-2139

Brunet D, Murray MM, Michel CM (2011) Spatiotemporal Anal Mul-
tichannel EEG: CARTOOL Comput Intell Neurosci 2011:813870

Cao Q, Wang Y, Ji Y, He Z, Lei X (2023) Resting-state EEG reveals
abnormal microstate characteristics of Depression with Insomnia.
Brain Topogr. https://doi.org/10.1007/s10548-023-00949-w

Carbone G, Michel C, Farina B, Adenzato M, Ardito R, Imperatori C,
Artoni F (2024) Altered EEG patterns in individuals with disor-
ganized attachment: an EEG microstates study. Brain Topography
in revision

Chivu A, Pascal SA, Damborska A, Tomescu MI (2023) EEG micro-
states in Mood and anxiety disorders: a Meta-analysis. Brain
Topogr. https://doi.org/10.1007/s10548-023-00999-0

Custo A, Van De Ville D, Wells WM, Tomescu MI, Brunet D, Michel
CM (2017) Electroencephalographic Resting-State Networks:
Source Localization Microstates Brain Connect 7(10):671-682

da Cruz JR, Favrod O, Roinishvili M, Chkonia E, Brand A, Mohr C,
Figueiredo P, Herzog MH (2020) EEG microstates are a candi-
date endophenotype for schizophrenia. Nat Commun 11(1):3089

Damborska A, Tomescu MI, Honzirkova E, Bartecek R, Horinkova
J, Fedorova S, Ondrus S, Michel CM (2019) EEG resting-state
large-scale Brain Network dynamics are related to depressive
symptoms. Front Psychiatry 10:548

Das S, Zomorrodi R, Enticott PG, Kirkovski M, Blumberger DM,
Rajji TK, Desarkar P (2022) Resting state electroencephalogra-
phy microstates in autism spectrum disorder: a mini-review. Front
Psychiatry 13:988939

Deiber MP, Piguet C, Berchio C, Michel CM, Perroud N, Ros T (2023)
Resting-state EEG microstates and power spectrum in Borderline
personality disorder: a high-density EEG study. Brain Topogr.
https://doi.org/10.1007/s10548-023-01005-3

Dierks T, Jelic V, Julin P, Maurer K, Wahlund LO, Almkvist O, Strik
WK, Winblad B (1997) EEG-microstates in mild memory impair-
ment and Alzheimer’s disease: possible association with disturbed
information processing. J Neural Transm 104(4-5):483-495

Diezig S, Denzer S, Achermann P, Mast FW, Koenig T (2022) EEG
Microstate Dynamics Associated with Dream-Like experi-
ences during the transition to Sleep. Brain Topogr. https://doi.
org/10.1007/s10548-022-00923-y

Ding X, Cao F, Li M, Yang Z, Tang Y (2023) Electroencephalography
Microstate Class D is a brain marker of Subjective Sleep Quality
for College Students with high habitual sleep efficiency. Brain
Topogr. https://doi.org/10.1007/s10548-023-00978-5

Férat V, Scheltienne M, Brunet D, Ros T, Michel C (2022) Pycrostates:
a Python library to study EEG microstates. J Open Source Softw.
https://doi.org/10.21105/joss.04564

Hermann G, Todt I, Tagliazucchi E, Todtenhaupt IK, Laufs H, von
Wegner F (2024) Propofol Reversibly attenuates short-range
Microstate Ordering and 20 hz microstate oscillations. Brain
Topogr. https://doi.org/10.1007/s10548-023-01023-1

Hermans T, Khazaei M, Raeisi K, Croce P, Tamburro G, Dereymaeker
A, De Vos M, Zappasodi F, Comani S (2023) Microstate Anal
Reflects Maturation Preterm Brain Brain Topogr. https:/doi.
org/10.1007/s10548-023-01008-0

Jia H, Wu X, Zhang X, Guo M, Yang C, Wang E (2023) Resting-state
EEG microstate features can quantitatively predict autistic traits
in typically developing individuals. Brain Topogr. https://doi.
org/10.1007/s10548-023-01010-6

Khanna A, Pascual-Leone A, Michel CM, Farzan F (2015) Microstates
in resting-state EEG: current status and future directions. Neuro-
sci Biobehav Rev 49:105-113

Kleinert T, Nash K (2022) Trait aggression is reflected by a lower tem-
poral Stability of EEG resting networks. Brain Topogr. https://
doi.org/10.1007/s10548-022-00929-6

Kleinert T, Nash K, Leota J, Koenig T, Heinrichs M, Schiller B (2022)
A self-controlled mind is reflected by stable Mental Processing.
Psychol Sci 33(12):2123-2137

Kleinert T, Nash K, Koenig T, Wascher E (2023) Normative Intercor-
relations between EEG Microstate Characteristics Brain Topogr.
https://doi.org/10.1007/s10548-023-00988-3

Kleinert T, Koenig T, Nash K, Wascher E (2023) On the reliability
of the EEG Microstate Approach. Brain Topogr. https://doi.
org/10.1007/s10548-023-00982-9

Koenig T, Lehmann D, Merlo MC, Kochi K, Hell D, Koukkou M
(1999) A deviant EEG brain microstate in acute, neuroleptic-
naive schizophrenics at rest. Eur Arch Psychiatry Clin Neurosci
249(4):205-211

Koenig T, Prichep L, Lehmann D, Sosa PV, Braeker E, Kleinlogel H,
Isenhart R, John ER (2002) Millisecond by millisecond, year by
year: normative EEG microstates and developmental stages. Neu-
rolmage 16:41-48

Koenig T, Studer D, Hubl D, Melie L, Strik WK (2005) Brain connec-
tivity at different time-scales measured with EEG. Philos Trans R
Soc Lond B Biol Sci 360(1457):1015-1023

Koenig T, Diezig S, Kalburgi SN, Antonova E, Artoni F, Brechet L,
Britz J, Croce P, Custo A, Damborska A, Deolindo C, Heinrichs
M, Kleinert T, Liang Z, Murphy MM, Nash K, Nehaniv C, Schil-
ler B, Smailovic U, Tarailis P, Tomescu M, Toplutas E, Vellante F,
Zanesco A, Zappasodi F, Zou Q, Michel CM (2023) EEG-Meta-
microstates: towards a more objective use of resting-state EEG
microstate findings across studies. Brain Topogr. https://doi.
org/10.1007/s10548-023-00993-6

Lapointe AP, Li D, Hudetz AG, Vlisides PE (2023) Microstate analy-
ses as an indicator of anesthesia-induced unconsciousness. Clin
Neurophysiol 147:81-87

Lehmann D (1971) Multichannel topography of human alpha EEG
fields. Electroencephalogr Clin Neurophysiol 31:439—449

Lehmann D (1984) Segmentierung Der EEG-Skalp-Felder in Sekun-
denbruchteilen: Beziehung zu Vigilanz Und Denkstrategien. Vig-
ilanz. J. Kugler and V. Leutner. Basel, Editiones Roche

Lehmann D, Ozaki H, Pal I (1987) EEG alpha map series: brain micro-
states by space-oriented adaptive segmentation. Electroencepha-
logr Clin Neurophysiol 67:271-288

Li Y, Shi W, Liu Z, Li J, Wang Q, Yan X, Cao Z, Wang G (2021)
Effective brain State Estimation during Propofol-Induced Seda-
tion using Advanced EEG Microstate Spectral Analysis. IEEE J
Biomed Health Inf 25(4):978-987

Maurer U, Rometsch S, Song B, Zhao J, Zhao P, Li S (2023) Repeti-
tion suppression for familiar visual words through acceleration

@ Springer


https://doi.org/10.21105/joss.04564
https://doi.org/10.1007/s10548-023-01023-1
https://doi.org/10.1007/s10548-023-01008-0
https://doi.org/10.1007/s10548-023-01008-0
https://doi.org/10.1007/s10548-023-01010-6
https://doi.org/10.1007/s10548-023-01010-6
https://doi.org/10.1007/s10548-022-00929-6
https://doi.org/10.1007/s10548-022-00929-6
https://doi.org/10.1007/s10548-023-00988-3
https://doi.org/10.1007/s10548-023-00982-9
https://doi.org/10.1007/s10548-023-00982-9
https://doi.org/10.1007/s10548-023-00993-6
https://doi.org/10.1007/s10548-023-00993-6
https://doi.org/10.1007/s10548-023-01001-7
https://doi.org/10.1007/s10548-023-01001-7
https://doi.org/10.1007/s10548-023-00949-w
https://doi.org/10.1007/s10548-023-00999-0
https://doi.org/10.1007/s10548-023-01005-3
https://doi.org/10.1007/s10548-022-00923-y
https://doi.org/10.1007/s10548-022-00923-y
https://doi.org/10.1007/s10548-023-00978-5

Brain Topography

of early Processing. Brain Topogr. https://doi.org/10.1007/
$10548-023-01014-2

Michel CM, Koenig T (2018) EEG microstates as a tool for study-
ing the temporal dynamics of whole-brain neuronal networks: a
review. Neurolmage 15(180):577-593

Michel CM, Seeck M, Landis T (1999) Spatiotemporal Dynamics
Hum Cognition News Physiol Sci 14:206-214

Michel CM, Thut G, Morand S, Khateb A, Pegna AJ, Grave R, de
Peralta S, Gonzalez M, Seeck, Landis T (2001) Electric source
imaging of human brain functions. Brain Res Brain Res Rev
36(2-3):108-118

Mikutta CA, Knight RT, Sammler D, Muller TJ, Koenig T (2023)
Electrocorticographic Activation Patterns Electroencephalo-
graphic Microstates Brain Topogr. https://doi.org/10.1007/
$10548-023-00952-1

Murphy M, Whitton AE, Deccy S, Ironside ML, Rutherford A,
Beltzer M, Sacchet M, Pizzagalli DA (2020) Abnormalities in
electroencephalographic microstates are state and trait mark-
ers of major depressive disorder. Neuropsychopharmacology
45(12):2030-2037

Murphy M, Wang J, Jiang C, Wang LA, Kozhemiako N, Wang Y, Con-
sortium G, Pan JQ, Purcell SM (2023) A potential source of Bias
in Group-Level EEG Microstate Analysis. Brain Topogr. https://
doi.org/10.1007/510548-023-00992-7

Murray MM, Brunet D, Michel CM (2008) Topographic ERP analy-
ses: a step-by-step tutorial review. Brain Topogr 20(4):249-264

Nagabhushan Kalburgi S, Kleinert T, Aryan D, Nash K, Schiller B,
Koenig T (2023) MICROSTATELAB: the EEGLAB Toolbox
for resting-state Microstate Analysis. Brain Topogr. https://doi.
org/10.1007/s10548-023-01003-5

Pascual-Marqui RD, Michel CM, Lehmann D (1995) Segmentation
of brain electrical activity into microstates: model estimation and
validation. IEEE Trans Biomed Eng 42:658—-665

Penalver-Andres JA, Buetler KA, Koenig T, Muri RM, Marchal-Cre-
spo L (2022) Resting-state functional networks correlate with
Motor Performance in a Complex Visuomotor Task: an EEG
Microstate Pilot Study on healthy individuals. Brain Topogr.
https://doi.org/10.1007/s10548-022-00934-9

Perrottelli A, Giordano GM, Koenig T, Caporusso E, Giuliani L, Pez-
zella P, Bucci P, Mucci A, Galderisi S (2023) Electrophysiological
correlates of reward anticipation in subjects with Schizophrenia:
an ERP Microstate Study. Brain Topogr. https://doi.org/10.1007/
$10548-023-00984-7

Poulsen A, Pedroni A, Langer N (2018) and H. LK Microstate
EEGlab toolbox: An introductory guide. bioRxiv, https://doi.
org/10.1101/289850

Retsa C, Turpin H, Geiser E, Ansermet F, Muller-Nix C, Murray MM
(2023) Longstanding auditory sensory and semantic differences
in Preterm Born Children. Brain Topogr. https://doi.org/10.1007/
$10548-023-01022-2

Rieger K, Diaz Hernandez L, Baenninger A, Koenig T (2016) 15 years
of Microstate Research in Schizophrenia - where are we? A Meta-
analysis. Front Psychiatry 7:22

Rubega M, Facca M, Curci V, Sparacino G, Molteni F, Guanziroli E,
Masiero S, Formaggio E, Del Felice A (2023) EEG microstates as
a signature of Hemispheric Lateralization in Stroke. Brain Topogr
1-4. https://doi.org/10.1007/s10548-023-00967-8

Schiller B, Gianotti LR, Baumgartner T, Nash K, Koenig T, Knoch D
(2016) Clocking the social mind by identifying mental processes

@ Springer

in the IAT with electrical neuroimaging. Proc Natl Acad Sci U S
A 113(10):2786-2791

Schiller B, Koenig T, Heinrichs M (2019) Oxytocin modulates the
temporal dynamics of resting EEG networks. Sci Rep 9(1):13418

Schiller B, Sperl MFJ, Kleinert T, Nash K, Gianotti LRR (2023) EEG
Microstates Social Affect Neurosci Brain Topogr. https:/doi.
org/10.1007/s10548-023-00987-4

Strik WK, Dierks T, Becker T, Lehmann D (1995) Larger topographi-
cal variance and decreased duration of brain electric microstates
in depression. J Neural Transm Gen Sect. 99:213-222

Strik WK, Chiaramonti R, Muscas GC, Paganini M, Mueller TJ, Fall-
gatter AJ, Versari A, Zappoli R (1997) Decreased EEG microstate
duration and anteriorisation of the brain electrical fields in mild
and moderate dementia of the Alzheimer type. Psychiatry Res
75:183-191

Tait L, Zhang J (2022) +microstate: a MATLAB toolbox for brain
microstate analysis in sensor and cortical EEG/MEG. Neurolm-
age 258:119346

Takarae Y, Zanesco A, Erickson CA, Pedapati EV (2023) EEG micro-
states as markers for cognitive impairments in Fragile X Syndrome.
Brain Topogr. https://doi.org/10.1007/s10548-023-01009-z

Tarailis P, Koenig T, Michel CM, Griskova-BulanovaI(2023) The func-
tional aspects of resting EEG microstates: a systematic review.
Brain Topogr. https://doi.org/10.1007/s10548-023-00958-9

Tomescu MI, Papasteri C, Sofonea A, Berceanu Al, Carcea I (2023)
Personality moderates intra-individual variability in EEG micro-
states and spontaneous thoughts. Brain Topogr. https://doi.
org/10.1007/s10548-023-01019-x

Toplutas E, Aydin F, Hanoglu L (2023) EEG Microstate Analysis in
patients with disorders of consciousness and its clinical signifi-
cance. Brain Topogr. https://doi.org/10.1007/s10548-023-00939-y

Uddin LQ, Yeo BTT, Spreng RN (2019) Towards a Universal Tax-
onomy of Macro-scale Functional Human Brain Networks. Brain
Topogr 32(6):926-942

van de Ville D, Britz J, Michel CM (2010) EEG microstate sequences
in healthy humans at rest reveal scale-free dynamics. Proc Natl
Acad Sci U SA 107:18179-18184

von Wegner F, Tagliazucchi E, Laufs H (2017) Information-theoret-
ical analysis of resting state EEG microstate sequences - non-
Markovianity, non-stationarity and periodicities. Neurolmage
158:99-111

von Wegner F, Wiemers M, Hermann G, Todt I, Tagliazucchi E, Laufs
H (2023) Complexity measures for EEG microstate sequences:
concepts and algorithms. Brain Topogr. https://doi.org/10.1007/
$10548-023-01006-2

Wiemers MC, Laufs H, von Wegner F (2023) Frequency analysis of
EEG microstate sequences in Wakefulness and NREM Sleep.
Brain Topogr. https://doi.org/10.1007/s10548-023-00971-y

Zanesco AP (2023) Normative temporal dynamics of resting
EEG microstates. Brain Topogr. https://doi.org/10.1007/
$10548-023-01004-4

Zanesco AP, King BG, Skwara AC, Saron CD (2020) Within and
between-person correlates of the temporal dynamics of resting
EEG microstates. Neurolmage 211:116631

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.


https://doi.org/10.1007/s10548-023-00987-4
https://doi.org/10.1007/s10548-023-00987-4
https://doi.org/10.1007/s10548-023-01009-z
https://doi.org/10.1007/s10548-023-00958-9
https://doi.org/10.1007/s10548-023-01019-x
https://doi.org/10.1007/s10548-023-01019-x
https://doi.org/10.1007/s10548-023-00939-y
https://doi.org/10.1007/s10548-023-01006-2
https://doi.org/10.1007/s10548-023-01006-2
https://doi.org/10.1007/s10548-023-00971-y
https://doi.org/10.1007/s10548-023-01004-4
https://doi.org/10.1007/s10548-023-01004-4
https://doi.org/10.1007/s10548-023-01014-2
https://doi.org/10.1007/s10548-023-01014-2
https://doi.org/10.1007/s10548-023-00952-1
https://doi.org/10.1007/s10548-023-00952-1
https://doi.org/10.1007/s10548-023-00992-7
https://doi.org/10.1007/s10548-023-00992-7
https://doi.org/10.1007/s10548-023-01003-5
https://doi.org/10.1007/s10548-023-01003-5
https://doi.org/10.1007/s10548-022-00934-9
https://doi.org/10.1007/s10548-023-00984-7
https://doi.org/10.1007/s10548-023-00984-7
https://doi.org/10.1101/289850
https://doi.org/10.1101/289850
https://doi.org/10.1007/s10548-023-01022-2
https://doi.org/10.1007/s10548-023-01022-2
https://doi.org/10.1007/s10548-023-00967-8

	﻿Current State of EEG/ERP Microstate Research
	﻿Abstract
	﻿Introduction
	﻿Functional Interpretation of Microstate Maps
	﻿The Temporal Dynamics of EEG Microstates
	﻿The Complexity of Microstate Sequences
	﻿Microstates and Consciousness
	﻿Microstates in Neurological and Psychiatric Disorders
	﻿State and Trait Relations of Microstates
	﻿Microstate Analysis Tools

	﻿Conclusions
	﻿References


