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Abstract

Electroencephalogram (EEG) microstate analysis is a promising and effective spatio-
temporal method that can segment signals into several quasi-stable classes, providing a
great opportunity to invertigate short-range and long-range neural dynamics. However,
there are still many controversies in terms of reproducibility and reliability when
selecting different parameters or datatypes.

In this study, five types of electrode configurations (including 91, 64, 32, 19, and 8
channels) , were configured to measure the reliability of microstate analysis at different
five electrode densities during the propofol-induced sedation.

First, the microstate topography and parameters at different five electrode densities
were compared between the baseline (BS) condition and the moderate sedation (MD)
condition, respectively. The intraclass correlation coefficient (ICC) and coefficient of
variation (CV) were introduced to quantify the consistency of the microstate parameters.
Second, the statistical analysis and classification between BS and MD were performed
to determine whether the microstate differences between different conditions can
remain stable at different clectrode densities, and ICC is also calculated between
different condition to measure the consistency of the results in a single condition.

The results showed that either in BS condition or the MD condition, there were few
significant differences of microstate parameters among the configurations of 91, 64,
and 32 channels, and the majority differences existed between the configurations of 19
and 8 channels and other channels. The ICC and CV also showed that the consistency
among the configurations of 91, 64, and 32 channels was better than that among all 5
types of electrode configurations after involving 19 and 8 channels. Furthermore, the
significant differences between the conditions in 91 channels remained stable those in
64 and 32 channels, but it disappeared for the conditions in 19 and 8 channels. In
addition, the results of classification and ICC showed that the microstate analysis
becomes unreliable with less than 20 electrodes.

The findings in this study supports our hypothesis that the microstate analysis of

different brain states is more reliable with high electrode densities and it is not
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recommended to use with a small number of channels for EEG microstate analysis.

Highlights

In baseline and moderate sedation conditions, the microstate topography and
parameters in the configurations of 91, 64, 32 channels keep the high consistency.
The microstate characteristics of propofol induction remain outstanding stabilities
in the configurations of 91, 64 and 32 channels, excepting the brain scalps with
only 19 or § channels.

Our findings imply the microstate analysis is not appliable in the low electrode

densities, such as less than 20 EEG channels.

Key words: Reliability, Microstate analysis, EEG, Propofol-induced sedation,
Intraclass correlation coefficient
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Introduction

Extracting reliable biomarkers is vital to benefit for the diagnosis and treatment of
neuropsychiatric illnesses. As a non-invasive and low-cost imaging tool,
electroencephalography (EEG) has been widely used to measure the electrical activity
of the brain cortex and detect neural dynamic changes within milliseconds, providing a
practical and normative reference in the diagnosis of neurophysiological diseases
(Fitzgerald and Watson, 2018; Sharmila, 2018). Many existing signal processing
methods have been proposed for EEG feature extractions (Gudmundsson et al., 2007),
while most of them only focused on exploring specific channels that led to extreme
variation between conditions or groups and neglected the overall potential
characteristics of the brain cortex. However, monitoring the changes in the temporal
configuration of rapidly fluctuating scalp potential maps is important and considered as
a practical and emerging approach for early detections of diseases (Milz et al., 2017).
Some studies have indicated that the scalp potential map always maintains a particular
quasi-stable state, called the microstates (Lehmann et al., 1987) for the period of 60-
120ms, and then changes into another state quickly. The corresponding EEG microstate
analysis aims to explore large-scale neural networks, which combines the temporal and
spatial EEG information to demontrate the dynamics of the scalp potential topography
(Michel and Koenig, 2018). A set of microstates, labeled as A to G (Custo et al., 2017),
is generally considered to be the most representative topography, in which of each
microstate represents specific neural networks in the resting state (Britz et al., 2010;
Musso et al., 2010). Moreover, it was recognized that the changes of cognitive and
pathological states are usually associated with the changes of microstate features. For
instance, an event-related potential study revealed that microstate topography related to
the performance of different tasks (Brandeis et al., 1995), which was used to assist the
follow-up studies to find the different microstates dominated at different levels of
consciousness (Brodbeck et al., 2012; Katayama et al., 2007). What is more, the
changes of microstates are consistant with the learning process and behavior (Koenig

et al.,, 2002), while microstate features (i.e., topography, duration, coverage, and
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occurrence) were found to be altered in schizophrenia (Kikuchi et al., 2007; Lehmann
et al., 2005; Nishida et al., 2013), semantic dementia (Grieder et al., 2016), head injury
(Corradini and Persinger, 2014), Alzheimer’s disease (Nishida et al., 2013), stroke
(Zappasodi et al., 2017), and panic disorders (Kikuchi et al., 2011). With the evidence
from the board clinical applications, the dynamic microstate is a promising biomarker
to reveal the underlying relationship between EEG signals and brain activities in

changing conditions.

Considering the above influences, it is necessary and worthwhile to study the reliability
of the microstate analysis and guarantee the stability of outcomes with different factors.
These factors include data lengths, clustering algorithms, the number of clusters,
smoothing parameters, and preprocessing strategies, which have the potential to
interfere the process of EEG microstate analysis and may cause the negative effects.
Wiithin these factors, in particular, the electrode configuration is one of the most
important factor needed to be seriouly considered in the microstate analysis, as different
electrode densities and spatial position may delineate scalp potential topography
dynamics in different resolutions and locations. For instance, several studies designed
different numbers of electrodes only made a repeated conclusion that the microstate D
of schizophrenia patients had a shorter duration, compared to that of normal subjects
(Kikuchi et al., 2007; Lehmann et al., 2005; Nishida et al., 2013). One of these studies
using 21-channel EEG revealed that the microstate A had a shorter duration (Nishida et
al., 2013), while another two studies using 27-channel EEG (Lehmann et al., 2005) or
14-channel EEG (Strelets et al., 2003) did not show the same phenomenon, suggesting
that the number of channels may affect the result consistency. In addition, some studies
related to the consistency and reliability of the microstate have been carried out as well.
For example, the inter-studies and inter-individual consistency of microstate sequence
were analysed through five different oral picture naming studies (Laganaro, 2017). In
this study, the stability of five different microstate clustering algorithms were compared
in terms of metrics: similarity, global explained variance, and entropy changes but there

is no significant differences (von Wegner et al., 2018). Another study examined the test-
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retest reliability of different algorithms, via the k-means clustering and the topographic
atomize agglomerate hierarchical clustering, different clustering approaches (global,
session, and recording), and different numbers (30, 19, and 8) of channels. The results
showed that the global clustering approach could obtain more stable microstates, and
these three electrode configurations have demonstrated the high test-retest reliability.

(Khanna et al., 2014).

To the best of our knowledge and surveyed the literatures above, there are no reliability
studies present a solid finding for the setting issues of a broad range of channel numbers,
and most of related exisiting studies only foucesed on the microstate in the resting state
(Khanna et al., 2014). Thus, the aim of our study is to investigate the reliability of EEG
microstate features at different electrode densities during the overall propofol-induced
transition process of brain states. Firstly, the number of channels will be selected in this
study ranged from 8 to 91, including the numbers of channels used in the recent study
(Michel and Koenig, 2017). Then, we will introduce the methodology of our study,
which is mainly divided into two parts. In the first part, the reliability of the microstate
is tested in the baseline and the moderate sedation conditions, respectively. For each
condition, we examined whether similar microstate topography can be obtained by
clustering at five different electrode desities. Then, six types of microstate parameters
(including duration, coverage, occurrence, GFP peaks/second, transition probability,
and entropy rate), are compared at five electrode densities. The intraclass correlation
coefficient (ICC) and coefficient of variation (CV) are used to evaluate the consistency
of microstate parameters. In the second part, the reliability of microstate parameter
features duing the propofol-induced transition process at five electrode densities will
be tested. Finally, we will make a brief conclusion and discuss our findings based on

the the number of channels recommended for the microstate analysis.

Methods

In this study, we explored the microstate reliability of different electrode densities in
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the baseline condition, the microstate reliability of different electrode densities in the
moderate sedation condition, and the consistency of features at different electrode
densities during the transitions of consciousness. A diagram outlining the data analysis

protocol is shown in Fig. 1.
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Fig. 1. The protocol of the data analysis. (a) topographic configurations with 5 types of different
electrode densities. (b) the illustration of microstate clustering. The GFP curve of the multi-channel
EEG is calculated to measure the strength of scalp potential. The EEGs at GFP local maximum
points are selected for clustering purpose. The microstates obtained by clustering fit back to the
continuous EEG data to obtain the microstate sequences. (c) the whole propofol-induced transition
procedure is divided into four conditions: the baseline (BS), the mild sedation (ML), the moderate
sedation (MD), and the recovery stage (RC). Please note that the number of clusters is 5, and the

optimal number of clusters varies depending on the dataset and the method.

2.1 Data recording and preprocessing
The experimental dataset is obtained from the open-access section in University of
Cambridge Data Repository (https://www.repository.cam.ac.uk/handle/1810/252736).

The dataset contains well-processed EEG data of 20 healthy subjects

7/ 32



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

(male/female=9/11; mean age=30.85, SD=10.98) during propofol injection. During the
experiement, the brain state of the subjects was divided into four conditions: the
baseline (BS), the mild sedation (ML), the moderate sedation (MD) and the recovery
stage (RC) where each condition lasted approximately 7 minutes. A computerized
syringe driver (Alaris Asena PK, Carefusion, Berkshire, UK) was used to control the
infusion of propofol and maintain the target concentration. A blood plasma level of 0.6
pg/ml corresponds to the mild sedation, and 1.2 pg/ml corresponds to the moderate
sedation. The electrical activity of brain was collected by using a 128-channel EEG
amplifier at 250 Hz sampling rate and referenced to the vertex. Each subject had the
eyes closed during EEG data collection. All data preprocessing steps were implemented
using the EEGLAB toolbox installed in the Matlab. Channels on the neck, cheeks and
forehead were excluded, becasuse these channels are more susceptible to movement-
related noises. Eventually, there were 91 channels retained for further EGG analysis.
The raw data was filtered between 0.5-45 Hz and then segmented into 10-second epochs.
The baseline-correction was also made for each epoch, relative to the mean voltage of
the epoch. A quasi-automated program was rejected data that contains the excessive eye
movement or the muscle artificial by calculating the normalized variance and manually
choosing whether to retain it. After removing the epoch with the poor signal quality,
each subject had at least 30 epochs in each section for the following EEG analysis
(Chennu et al., 2016). By spatially down-sampling from 91 channels of EEG signals to
64, 32, 19, or 8 channels of EEG signals, the newly generated five EEG datasets with
different electrode densities were obtained to perform the microstate analysis. Five
types of electrode distributions have been configured according to the modified 10-20

system, as illustrated in Fig.1 (a).

2.2 Microstate analysis
The microstate analysis mainly consisted of three steps: clustering, fitting, and the

parameter calculation.

The process of clustering and fitting is illustrated in Fig.1 (b). Each sampling point was
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analyzed as an independent EEG topography. Global Field Power (GFP) quantifies the
strength of scalp potential and is equal to the standard deviation of all channel potentials
at each sampling point. The local maximum position of GFP is considered to have the
optimal signal-to-noise ratio and the stable topography. Therefore, the maps
corresponding to the local maximum of GFP were picked up to conduct the further
microstate clustering and fitting (Skrandies, 1990). All selected maps were clustered
using the modified k-means algorithm, which is a mature clustering method widely used
in many microstate studies (Pascual-Marqui, 1995), and the clustering number was
determined by Krzanowski-Lai Criterion (KL) (Murray et al., 2008). Compared with
the cross-validation method (Lai, 1988), the KL method is not sensitive to the number
of electrodes, so it assume to be suitable for this study. The optimal number of clusters
for each condition was based on the KL result of 91-channel data that has been used in

exisiting studies (Shi et al., 2020).

<add information> Global explained variance (GEV) is a measure of the degree to
which the microstate clustering describes the dataset, and its value ranges between 0
and 1 (Murray et al., 2008): the higher the value, the better the quality of microstate
analysis. One charactistic of the modified k-means algorithm is the randomly selected
initial template, so the results of multiple calculations may be inconsistent. Therefore,
GEV was compared to evaluate the quality of results after clustering. Each clustering
process was repeated 100 times, and the maps corresponding to the highest GEV were
identified as the final microstates. Additionally, the polarity of maps was disregarded in

the clustering computation.

Then, the continuous EEG was labeled by the microstates. For each peak of GFP, the
spatial correlation between EEG data and each microstate was calculated, and this
sampling point was labeled as the microstate label with the highest correlation. For the
data between GFP peaks, the label of each point corresponded to the label of the closet
GFP peak. In order to keep microstate label stable for a certain amount of time until it

changes, the method of temporal smoothing was employed to eliminate the rapid
9/ 32
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change of microstate caused by noises in the microstate sequence. The smoothing
algorithm was introduced to reduce rapid microstate changes caused by noises, and the
smoothing parameter was set as the window size parameter b=1 and the nonsmoothness

penalty parameter A =0.05.

In order to measure the consistency of the microstate in different electrode densities
more comprehensively, the basic parameters and sequence-related parameters were
calculated separately. The basic parameters were the parameters calculated by most
microstate studies, mainly including GFP peaks per second, duration, coverage, and
occurrence. The “GFP peaks per second” ss the average number of GFP peaks per
second. The “duration” denotes the average duration of each occurrence of a current
microstate before switching to another microstate. The “coverage” is the time coverage
for each microstate in the whole time series. The “occurrence” represents the average
times of occurrences per second of each microstate. It is worth mentioning that because
of the discontinuity of epoch, the duration of the first and last microstates in each epoch
was unknown, so these positions did not participate in the calculation of “duration”,
“coverage”, and “occurrence”. The averaged value of all epoch parameters of each
subject was used as the final parameters.

Sequence-related parameters are parameters that can reflect the characteristics of a
sequence, mainly including “transition probability”” and “entropy rate”. The “transition
probability” reflects the probability of each microstate transforming into another
microstate. Transition Probability from A to B is the number of transitions from A to B
divided by the number of all transitions from A to other microstates. The “entropy
rate” is an index to measure the temporal property of microstate sequence, and it
quantified how much uncertainty the process produced by increasing the length of the
observed “characteristic sequence” (von Wegner et al., 2017). Based on the definition
of Shannon entropy, the joint entropy is designed to quantify the entropy value under
different microstate sequence lengths. The calculation method of joint entropy is

defined as
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where hn represents joint entropy when the characteristic sequence length is n, x1,...,xn
representing a continuous microstate sequence, and p(xl,...,xn) represents the
probability of this particular microstate sequence appears in the entire sequence. The
joint entropy value change as the length n of the characteriastic sequence changes and
the entropy rate is calculated as the slope of the linear least squares fit of n and ha. Due
to the short epoch length, the joint entropy cannot be accurately reflected when the
value of n is large. Here, the entropy value of the characteristic sequence length from 1

to 6 is selected to estimate the entropy rate.

2.3 Reliability analysis of EEG microstate

2.3.1 Reliability at different electrode densities in BS condition

In BS condition, five datasets with different electrode densities were analyzed by the
above method of microstate analysis and the clustering number was assigned as 4. Five
sets of microstate maps and parameters were obtained and further compared. The 91-
channel microstate label is visually judged by the results of previous studies (Custo et
al.,, 2017), and the microstate labels at 64, 32, 19, and 8 channels are obtained by
Pearson correlation coefficient (PCC). First, PCC between each microstate map in 91
electrodes and each microstate map in 64, 32, 19 and 8 electrodes was computed, the
label of each Map matched the label of the 91-channel microstate with the maximum
correlation. The higher the PCC, the better the correlation between the two groups of
microstates. Since the vector sizes of the two groups of microstates are different, only
the electrode group corresponding to the lower electrode density was selected. Second,
the analysis of variance (ANOVA) were performed to check whether the electrode
density influenced each microstate parameter. For the parameters with significance
differences, the Post hoc paired f-test with Bonferroni correction for multiple
comparisons was conducted to seek further which two groups have significant
differences. In addition, the ICC and CV were introduced to quantify the consistency

of microstate parameters between five different electrode densities. ICC is a common
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indicator to evaluate test re-test and inter-observer reliability (Ip et al., 2018). The ICC
grows higher as the intra-class variance grows smaller and the inter-class variance
grows larger. The high ICC shows that data from the same class is highly correlated.
Considering the characteristic of testing data, we selected the two-way random model
to calculate the average absolute agreement (Shrout and Fleiss, 1979). In this part, the
parameter values for each subject with all five types of electrode densities were within
the class, while the parameter values of different subjects were between classes. The
smaller the parameter difference under different electrode densities of the same subject
and the greater the parameter difference between different subjects, the higher the ICC.
The paired t-fest was used to examine whether there were ICC differences between
various kinds of EEG electrode densitiy combinations. The ICC calculation formula of
two-way random model is shown as follows:

1cC— MS, —MS, )
MS, +(MS,—MS,)/ n

where MSr represents the mean square for rows, MS. represents the mean square for
columns, and MSE represents the mean square error. The CV is a measure of dispersion
and defined as the standard deviation divided by the mean (Shoukri et al., 2008). In this
part, the dispersion of each parameter in five electrode configurations was quantified.
When neither the subjects nor the observations were unique, the mean and standard

deviation were calculated as follows:

ZZV 3)

n*k &l j=1

ZZ[% ——Zyu] (4)

77 *k o =1
where Yjj denotes the parameter of the ith subject under the jth configuration, and n
represents the number of subjects and k represents the number of configurations.
2.3.2 Reliability among different electrode densities in MD condition
The microstate analysis was performed on five datasets in MD condition, and the
clustering number was assigned as 5 (Shi et al., 2020). The PCC of maps between 91

channels and 64, 32, 19, or 8 channels were calculated to test if the microstate maps are
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stable under different electrode densities. Each parameter of the microstate was
subjected to the same statistical analysis and consistency analysis in the sub-section

23.1.

2.3.3 Comparison of different electrode densities during propofol-induced transitions
of consciousness

To investigate whether the microstate parameter features at five electrode densities
change similarly during propofol-induced transitions of consciousness, the EEG
microstate in four conditions was reanalysed with the same clustering number 5. In the
previous study, we have found that in the case of 91-channel EEG, there are significant
differences for some parameters between BS and MD conditions. Therefore, it is worth
to test whether these differences varied with the number of channels. In this study, the
coverage of microstate C (Coverage C), the coverage of microstate F (Coverage F), the
duration of microstate C (Duration C) and the occurrence of microstate F (Occurrence
F) were compared in different electrode densities and paired #-test was used to check
whether the significant differences could remain stable. Moreover, we performed the
statistical analysis (paired t-test or Wilcoxon signed rank test, determined by the
characteristics of the data) on the Transition Probability and Entropy Rate in the BS and
MD states to explore whether the transition trend and complexity of the microstate
sequence change with the change of the brain state. Finally, all parameters with
significant difference were used as the features to input to a support vector machine
(SVM) classifier for distinguishing EEG in BS and MD conditions. The RBF kernel
was selected, and the best parameters ¢ and g were selected by grid optimization. The
strategy of leave-one-out cross validation (LOOCV) method was chosen to evaluate the
classification results. As each case was tested once, the results were combined to
generate a receiver operating characteristic (ROC) curve. Then, the area under curves

(AUC) was calculated to quantify the classification performance of LOOCV.

In addition, the consistency during the change-of-consciousness was evaluated by

calculating the ICC values between different electrode densities. In this part, all
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conditions (BS, ML, MD and RC) of each subject were analyzed separately. The
parameter values for the same condition as all five kinds of electrode densities were
within the same class. The parameter values for the different conditions were between
different classes. The smaller the parameter difference at different electrode densities
of the same condition and the greater the parameter difference between different

conditions, the higher the ICC.

Results

3.1 Reliability in BS condition
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Fig. 2. (a) the topographies of BS microstates at five electrode densities. The maps were labeled as
microstates A, B, C and D. The Pearson Correlation coefficients between microstates at 64, 32, 19,
or 8 channels and corresponding the microstate at 91 channels were marked under the
topographies. (b) boxplots of GFP peaks per second in the BS condition under different electrode
densities. The bar of each subgraph is the standard deviation. Ms: Microstate. *:p<0.005

(Bonferroni Corrected).

In BS condition, five sets of microstate maps at different electrode densities are shown
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in Fig.2 (a). The range of PCC between microstates at 91-channel configuration and
microstates at other configurations is from 0.91 to 0.99. Each set of microstate maps
can match the generally accepted microstates A, B, C, and D individually. GFP peaks
per second at different configurations were compared in Fig.2 (b). The averaged GFP
peaks per second changed between 26.38 and 27.46. There were significant differences

between parameters at the 8-channel configuration and parameters at the other

configurations.
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Fig. 3. Group comparison of (a) Duration, (b) Coverage, and (c¢) Occurrence in the BS condition at
different electrode densities. The four columns on the left side are the descriptive graphs of the
microstate parameters. The right-most column is the result of statistics analysis. A line between
two nodes indicates that these two configuration have the significant difference and the color of
line mark the corresponding microstate. The bar of each subgraph is the standard deviation. All

statistical differences have been Bonferroni Corrected. The “Ms” is stand for the microstate.

The results of Duration, Coverage, and Occurrence at five electrode densities are
15 / 32



10

11

12

13

14

illustrated in Fig. 3. From the comparison in the left four columns, it could be shown
that these parameters were not as highly consistent as GFP peaks per second. For five
datasets with different electrode densities, the microstate analysis results were not
completely similar. The right-most column showed statistical analysis results. If there
was a line between two nodes, it indicated that there were significant differences
between the related two kinds of electrode densities and the line color was concordant
with the color of corresponding microstate. For Duration and Coverage, there were no
significant differences among 91, 64, and 32 channels. All the differences occurred
between 19-channel or 8-channel configurations and the other configurations. For
Occurrence, except for the differences between 32-channel configuration and 64-
channel, 91-channel configuration in microstate D, the other differences were all from

between 19-channel or 8-channel configuration and the other configurations.

Table 1 The descriptive summary of ICC and CV of basic parameters in the BS condition

91vs64vs32vs19vs8 91vs64vs32vs19 91vs64vs32
Parameter Ms
ICC Cv ICC Cv ICC Cv
Duration A 0.96 6.02% 0.96 5.38% 0.98 3.54%
B 0.97 4.70% 0.96 4.57% 0.97 3.69%
C 0.94 10.37% 0.95 8.80% 0.97 6.22%
D 0.94 12.92% 0.94 12.52% 0.96 9.16%
Coverage A 0.92 12.99% 0.95 10.93% 0.96 9.19%
B 0.89 11.92% 0.9 10.63% 0.93 7.56%
C 0.69 16.93% 0.74 14.78% 0.85 10.86%
D 0.87 32.96% 0.9 31.85% 0.94 25.65%
occurrence A 0.98 8.04% 0.99 6.17% 0.99 5.88%
B 0.97 9.35% 0.98 7.42% 0.98 5.81%
C 0.94 7.85% 0.95 6.80% 0.96 5.37%
D 0.8 30.89% 0.86 29.23% 0.91 24.53%
STD 0.08 9.13% 0.07 9.00% 0.04 7.48%
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Average 0.91 13.74% 0.92 12.42% 0.95 9.79%

Table 1 shows the descriptive summary of ICC and CV in BS condition. The
consistency of 91 vs. 64 vs. 32 vs. 19 vs. 8 (5 kinds of electrode densities, SKED),
91vs64vs32vs19(4 kinds of electrode densities, 4KED) and 91vs64vs32(3 kinds of
electrode densities, 3KED) in BS condition were calculated respectively. The averaged
ICC and CV of SKED were 0.91 (SD=0.08) and 13.74% (SD=9.13%). The averaged
ICC and CV of 4KED were 0.92 (SD=0.07) and 12.42% (SD=9.13%).The averaged
ICC and CV of 3KED were 0.95 (SD=0.04) and 9.79% (SD=7.48%). Statistical analysis
showed that the ICC of SKED, 4KED and 3KED were significantly different in pairs.
The ICC of 3KED was higher than that of 4KED and 5KED, while the CV had the

opposite trend.

The changes in the transition probability of each pair of microstates and the results of
statistical analysis are shown in Supplementary Fig. S1. For all 16 different microstate
transitions, the difference in parameters mainly existed between 19-channel or 8-
channel configuration and other configurations. The ICC and CV of Transition
Probability in BS condition are shown in Table S1. On the basis of 3KED, adding 19
channels and 8 channels in sequence would gradually reduce the averaged ICC and
increase the CV. The results of Entropy rate in BS condition at different electrode
densities are shown in Fig. S2. Entropy rate in BS condition had the same changing
trend with GFP peaks per second. When the number of channels was no less than 19,
Entropy Rate could remain stable, and when the number of channels is 8, the Entropy
Rate was significantly different from the results of the other four configurations.

3.2 Reliability in MDD condition
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Fig. 4. (a) The topographies of MD microstates at five electrode densities. The maps were labeled
as microstate A, B, C, D and F. The Pearson Correlation coefficients between microstate at 64, 32,
19, and 8 channels and corresponding microstate at 91 channels were marked under the
topographies. (b) Boxplots of GFP peaks per second in MD condition at different electrode
densities. The bar of each subgraph is the standard deviation. Ms: Microstate. *:p<0.005

(Bonferroni Corrected).

In MD condition, five sets of microstate maps are shown in Fig.4 (a). The PCC of
microstates D and F were less than 0.9 in 19-channel configuration and the PCC of
microstate D was less than 0.8 in 8-channel configuration. Fig.4 (b) reports the results
of GFP peaks per second in MD condition. Compared with the BS condition, the value
of GFP peaks per second fluctuated more violently in MD condition (range from 27.63
to 29.53). The statistical analysis showed that GFP peaks per second under 8 electrodes
configuration have significant differences with GFP peaks per second under the other

four configurations.
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Fig. 5. Group comparison of (a) Duration, (b) Coverage, and (c) Occurrence in MD at different
channel numbers. The five columns on the left are the mean-standard deviation graphs of microstate
parameter. The right-most column is the result of statistics analysis. A line between two nodes
indicates that these two configuration have significant differences and the color of the line mark the
corresponding microstate. The bar of each subgraph is the standard deviation. All statistical

differences have been Bonferroni Corrected. Ms: Microstate.

The descriptive statistics and ANOVA results of Duration, Coverage, and Occurrence
are depicted in Fig. 5. Except for the differences between 32-channel configuration and
64-channel, 91-channel configurations in the microstate F, the other differences were

all from between 19-channel or 8-channel configurations and the other configurations.
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Table 2 Descriptive summary of ICC and CV results in MD condition

91vs64vs32vs19vs8 91vs64vs32vs19 91vs64vs32
Parameter ms
ICC Ccv ICC Ccv ICC Ccv
Duration A 0.96 7.03% 0.96 6.27% 0.96 5.49%
B 0.99 4.43% 0.99 4.13% 0.98 4.48%
C 0.96 8.83% 0.94 9.15% 0.94 8.28%
D 0.92 10.53% 0.92 9.86% 0.92 9.00%
F 0.94 11.98% 0.95 10.23% 0.95 9.11%
Coverage A 0.85 15.27% 0.85 15.17% 0.86 14.16%
B 0.89 14.70% 0.94 11.33% 0.94 10.96%
C 0.74 22.26% 0.74 23.29% 0.77 23.65%
D 0.83 32.22% 0.84 30.53% 0.87 28.96%
F 0.65 30.01% 0.64 28.83% 0.65 25.58%
Occurrence A 0.95 9.29% 0.96 8.10% 0.95 7.72%
B 0.9 12.39% 0.96 7.42% 0.96 6.84%
C 0.84 19.37% 0.83 19.63% 0.85 21.10%
D 0.88 26.92% 0.88 26.57% 0.9 24.74%
F 0.69 19.71% 0.68 20.21% 0.68 18.30%
STD 0.1 8.51% 0.11 8.77% 0.1 8.35%
Average 0.87 16.33% 0.87 15.38% 0.88 14.56%

Table 2 shows the descriptive summary of ICC and CV in MD condition. The average
ICC and CV of SKED were 0.87 (SD=0.10) and 16.33% (SD=8.51%). The average ICC
and CV of 4KED was 0.87 (SD=0.11) and 15.38% (SD=8.77%). The average ICC and
CV of 3KED was 0.88 (SD=0.10) and 14.56% (SD=8.35%). Statistical analysis showed
that the ICC of 3KED was significantly different from that of 4KED and SKED.
Combining numerical and statistical analysis result, the consistency was high at 91, 64,
32 channels, and when 19, 8 was introduced, the consistency decreased.

The Transition Probability results at MD condition are shown in Fig. S3. For all 25
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different microstate transitions in MD condition, results between 91 and 64 channels
were still stable. As the electrode density decreases, the stability of the parameter results
decreases, and the significant difference between the results at different electrode
densities increases. The ICC and CV of Transition Probability in MD condition are
shown in Table S2. The results of ICC and CV of Transition Probability compared to
the basic parameters are poor, and ICC is lower and CV is higher at the same electrode
densitiy combinations. However, the consistency of 3KED is still higher than that of
SKED. The results of the entropy rate in MD condition are shown in Fig. S4. Entropy
Rate could remain stable at greater than 19 channels and significant change at 8

channels, which is consistent with the result in the BS condition.

3.3 Comparison during propofol-induced transition of consciousness
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Fig. 6. Comparison of Coverage C, Coverage F, Duration C, and Occurrence F between BS and MD
conditions during the change of consciousness under different electrode densities. The bar of each

subgraph is the standard deviation. Significant differences were marked in the figures. All statistical

Fig. 6 depicts the comparison of four microstate four basic parameters in BS and MD
conditions. Under 91 electrodes configuration, there were significant differences
between two conditions for all four parameters and these result were in line with
expectation. Under 64 and 32 electrodes configurations, most of the differences

between BS and MD conditions remained stable. However, under 19 and 8 electrodes
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configurations, Similar significant differences with high electrode density disappeared.
Not only that, Coverage C showed the opposite significant difference under 8 channels.
Similarly, the comparison of sequence-related parameters at BS and MD conditions has
shown in Fig. S5. The transition probability of microstates A to C, B to C, D to C, and
F to C at 91 channels is significant different between the BS and MD conditions.
Repeated comparison shows that the part of the differences has disappeared at 19

channels and 8 channels.

91 Channels 64 Channels 32 Channels 19 Channels 8 Channels

/ ’ /
17 — Avc-0950 04 04 ¥ —— auc-0s7s

0.00.20.4 0.60.8 1.0 0.00.20.40.60.8 1.0 0.00.2040.60.8 1.0
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Fig. 7.The ROC curve of SVM classification between BS and MD was shown in right-most column.
The area under curves (AUC) was calculated and marked in the graphs. BS: baseline, MD: moderate

sedative, ROC: receiver operating characteristic, AUC: area under curve.

Eight parameters that had significant difference between BS and MD conditions was
input as features to perform svm classification in 91, 64, 32, and 19 channels. However,
seven parameters were input in 8 channels because the Coverage C has the opposite
difference at 8 channels. The ROC curves obtained by SVM classifier with parameters
are shown in the Fig. 7. The AUC of classification at 91, 64, 32, 19 and 8 electrodes
configuration was 0.950, 0.940, 0.875, 0.660, and 0.748, and the classification accuracy
is 97.5%, 92.5%, 80%, 65%, and 62.5% respectively. These results also demonstrated
that distinguishability between BS and MD conditions decreased with the electrode

density decreased.
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Table 3 The descriptive statistics summary of ICC during the propofol-induced transition

91vs64vs32vs19vs8 91vs64vs32vs19 91vs64vs32
Parameter ms
mean std mean std mean std
Duration A 0.9 0.15 0.94 0.05 0.95 0.04
B 0.94 0.06 0.96 0.03 0.95 0.04
C 0.8 0.25 0.83 0.24 0.85 0.22
D 0.8 0.16 0.82 0.24 0.86 0.2
F 0.78 0.26 0.78 0.23 0.84 0.21
Coverage A 0.66 0.32 0.72 0.35 0.74 0.35
B 0.59 0.31 0.74 0.21 0.73 0.25
C 0.66 0.25 0.69 0.27 0.73 0.22
D 0.67 0.26 0.72 0.31 0.8 0.25
F 0.55 0.34 0.67 0.28 0.81 0.17
occurrence A 0.82 0.22 0.89 0.11 0.88 0.13
B 0.74 0.28 0.81 0.27 0.8 0.3
C 0.73 0.24 0.79 0.22 0.77 0.23
D 0.66 0.34 0.69 0.37 0.74 0.34
F 0.59 0.31 0.68 0.3 0.79 0.22

The consistency results of five different electrode densities in four conditions for each
subject are shown in Table 3. The averaged ICC of SKED (10 parameters) and 4KED
(9 parameters) were below 0.8. In 3KED, only 6 ICCs were below 0.8. When comparing
only three electrode densities with no less than 32 channels, the consistency of the

microstate parameters is optimal.

Discussion

The spatial analysis of EEG using microstates has been widely utilized to reveal the

specific neural mechanisms in the process of brain state changes. However, it still
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remains unknown whether the electrode density will affect the reliability of microstate
analysis. For example, our previous high-density EEG research showed that,
asscociated with default mode network, the microstate C has been found to undergo
some changes during the transition of consciousness, but it is not certain whether low-
density EEG can detect this change. In this study, the reliability of microstates at
different electrode densities was tested during the propofol-induced transition of
consciousness and it is expected that the minimum recommended number of electrodes
will be provided for further microstate analysis. Based on previously analyzed 91-
channel dataset, five datasets with different electrode densities were converted by
manually removing some channels. The following information will discuss the stability
of microstate topography, the microstate parameter in one condition, and the microstate
features between different conditions at different electrode densities.

The correlation of microstate topographies between different electrode densities is
different between BS and MD conditions. In the BS condition, as taking 91-channel
microstates as the templates, all microstates of 64, 32, 19, or 8 channels have had the
excellent PCC. The microstates A, B, C, and D is a group of typical microstates that are
stable in resting state and can be generally recognized in most studies using different
electrode densities (Khanna et al., 2015; Michel and Koenig, 2017). The topographic
map of microstates A, B, C, and D explained more global variance than other special
microstates (Custo et al., 2017). However, in the MD condition, as the number of
channels decreased, the PCC decreased to below 0.9, or even below 0.8 in certain
situations. We think that the difference in clustering number may be a reason for
variation as mentioned in some earlier studies (Lai, 1988; Murray et al., 2008). In the
MD condition, because the clustering number is set to 5, compared with four stable
microstates, a new microstate with a small proportion reduces the difference between
the classes, which could cause each sampling point more likely to be clustered into
different classes under different electrode configurations (Pascual-Marqui, 1995).
According to the result, the microstates D and F are mainly affected. The larger
difference in the number of channels, the greater possibility of class changes. In

particular, the cluster center maps of microstates D and F under 8 channels varied
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greatly compared with that of 91 channels. In the meantime, an interesting phenomenon
is that the 64-channel microstate F looks more like the Class C than the microstate C
visually. However, the results of Pearson correlation coefficient showed that the 64-
channel microstate C and the 91-channel microstate C have the highest correlation
(0.987), but the Pearson correlation coefficient between 64-channel microstates F and
91-channel microstate C is 0.843. Therefore, how to label on microstates will also have
an impact on the result, and it is necessary to have a relatively normative standard.
There is also a certain difference in the 91-channel microstate D between BS and MD
conditions. The difference may come from the number of clusters. When the number of
clusters is 5, microstates D and F with high similarity can be distinguished. When the
number of clusters is 4, microstates D and F are combined into one cluster. In addition,
for the same dataset, different numbers of channels are selected for clustering, and the
results are not completely consistent. Then, for different datasets, the clustering results
must be more different. Therefore, although microstates in different research results
have the same labels, there are some differences in terms of the topography (Gschwind
et al., 2016; Seitzman et al., 2017), so it will potentially affect the consistency of
conclusion. This may be one of the explanations for the inconsistent conclusions of
multiple studies on schizophrenia. Therefore, in order to ensure clinical application
value, the number of channels with stable results should be selected for microstate

analysis.

At present, most of existing studies about the microstate mainly focus on the
comparison of parameters (Drissi et al., 2016; Tomescu et al., 2015). The number and
position of GFP peaks in EEG data play an important role in the microstate analysis
(Mishra et al., 2020). The process of clustering and microstate fitting is based on the
data corresponding to the GFP peaks position (Corradini and Persinger, 2014).
Therefore, if the number and position of GFP peak points vary a lot at different electrode
densities, the clustering microstate and parameters will be affected greatly. In BS and
MD conditions, although the numerical distribution showed little change under five

electrode configurations, statistical analysis revealed a significant difference between 8
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channels and the other numbers of channels. Therefore, the dataset corresponding to the
GFP peaks at the 8-channel configuration must be partly inconsistent with the dataset
at other configurations. As a consequence, different conclusions may be drawn on

dataset with 8 channels compared with other datasets.

Also, in BS and MD conditions, the reliability of Duration, Coverage, Occurrence,
Transition Probability, Entropy Rate at five electrode densities was also measured. The
stability of the Entropy Rate is high, and the results under no less than 19 leads are very
stable. The numerical distributions of Duration, Coverage, Occurrence are not as
consistent as GFP peaks per second. The result was expected as existing studies had
shown that parameters of healthy subjects (Khanna et al., 2014) or schizophrenics
(Rieger et al., 2016) have had differences with different channel numbers. Statistics
analysis showed that there were few significant differences between the parameters of
91, 64, and 32 channels, and the differences mainly existed between 19, 8, and other
channels. This result indicated that the parameters using less than 20-channel might
have low stability. When the electrode density was low, different results would be
produced at different number of channels. ICC and CV are commonly used indicators
when evaluating reliability. Here, we used them to measure the consistency of
microstate parameters calculated at different electrode densities. The consistency of
parameter was quantified by ICC and CV. The ICC and CV of 5KED, 4KED and
3KED were calculated in BS and MD conditions. The result showed that the
consistency between 91, 64 and 32 channels was excellent, but consistency decreases
when 19 channels and 8 channels were introduced successively. The reliability of
Transition Probability at different electrode densities is worse than basic parameters. In
the MD condition, the partial Transition Probability of 32 channels is inconsistent with
the transition probability at higher electrode density. The decrease in parameter
consistency at the low electrode density may be due to the inconsistency between the
dynamic process of the brain state recorded at low channel number and the recording
at high channel number. In other words, the description of topographic maps under

different electrode densities is different. For example, when the electrode density is low,
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an EEG electrode records a “characteristic signal” that can explain the current brain
state. Due to the low electrode density and the long distance between the electrodes, the
surrounding electrodes cannot detect this “characteristic signal”. If this electrode is
removed, the energy at the corresponding position of the topographic map will be
replaced by the smoothed average value of the surrounding electrodes, resulting in the
loss of this information that can reveal current brain activity. Then, the same sampling
point may be labeled into a different cluster, which affects the parameter calculation.
However, when the electrode density is high enough, the same position may be covered
by more than one electrode, but the addition and deletion of partial electrodes will not
affect the topographic map. Therefore, a more convincing parameter result can be
obtained by selecting a high electrode density for microstate analysis. In addition,
compared with the microstates A and B, with distinctive features in the spatial structure,
the spatial structures of the microstates C, D, and F are relatively similar, and it makes
the results of ICC and CV of the microstate C, D, and F are worse than that of

microstates A and B.

Microstate, as an emerging biomarker, has been extensively used to compare features
between consciousness-related conditions or participant groups (Comsa et al., 2019;
Strik et al., 1995). We have found that the microstate parameters change as electrode
density changes. In order to evaluate if the microstate was a reasonable biomarker, we
also tested the reliability of microstate features between different brain states. Eight
parameters had significant differences between BS and MD conditions. If these
differences were stable, it could also be observed in other electrode configuration. The
results showed that the microstate features at 64 and 32 channels revealed the same
differences as those at 91 channels, but part of differences disappeared at 19 and 8
channels. The statistical analysis results of microstate features are similar to that of
microstate parameters. The application of microstate features in classification has a
broad prospect, and it is of great significance to the diagnosis of diseases and the
monitoring of brain state. If we can not get the same result at different electrode

densities, it will be impractical in clinical diagnosis. The classification results of four
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microstate parameters showed that the less the number of channels, the worse the
classification performance. The ICC of parameters between four conditions also
showed that the consistency of 91, 64, and 32 channels was better. Therefore, the
microstate features between different brain states remained stable and reliable at higher
electrode densities. Based on the above results, the consistency and stability of
microstate features between different brain states were guaranteed when the number of

channels was no less than 32.

Also, this study has some limitations to assess the reliability of the microstate. We only
studied the reliability of the microstate in sedation. Whether the reliability of other task
state is consistent with that of sedation needs further study. Similarly, only the electrode
configuration was tested to see whether it could affect the consistency of the microstate,
while the influence of other factors, such as smoothing parameter and preprocessing

strategies, remains to be studied.

Conclusion

The present study analyzed the influence of channel number on microstate analysis and
provided the recommended number of channels for further microstate research. In this
study, the reliability of microstate at different electrode densities was investigated. First,
the reliability of microstate topography and parameters was measured in the baseline
condition and the moderate condition, respectively. Second, the reliability of microstate
feature differences during propofol-induced transitions of brain states was measured.
The results showed that microstate analysis at 91, 64, and 32 channels showed the high
inter-state and intra-state reliability and consistency. Conclusions obtained using low
electrode density could not be reproducible with high electrode density. When
conducting microstate analysis, it is recommended to use no less than 32-channel EEG

data, and the channels should be evenly distributed on the scalp.
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