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FEATURES OF EEG MICROSTATE ANALYSIS IN POST-STROKE APHASIA
Gulyaev SA12E Khanukhova LM?2, Garmash AA!

" Institute for Physics and Engineering in Biomedicine, National Research Nuclear University MEPhI, Moscow, Russia
2 La Salute Clinic, Moscow, Russia

Knowledge about the specificity of changes in the activity of neural networks associated with realization of thought processes can be used to construct
the personalized medical rehabilitation systems. This approach is of particular interest for people with the speech function disturbance due to stroke, since the
development of aphasia with the loss of speech leads to severe social maladaptation that worsens the disease outcome. The study was aimed to assess the
functional activity of individual neural networks based on the theory of combining the EEG microstate identification technique with the method of determining spatial
localization by solving the EEG inverse problem in 27 individuals (15 males and 12 females) with an average age of 52 years, who had speech impairment due to
acute atherothrombotic stroke. Mathematical analysis of the scalp bioelectrical activity multichannel recording from the system for EEG microstate model isolation
was carried out under changing environmental conditions caused by the auditory-speech load together with the EEG inverse problem solution for each subject. It
was found that the speech disorder development depends not only on the fact of damage to brain structures, but also on the deep functional restructuring of both
neural streams involved in implementation of brain function and the entire speech connectome. The disease with a predominant motor disorder, that has shown the
possibility of transferring functions to the intact hemisphere prefrontal structures, in contrast to sensory disorders representing global changes in the entire speech
connectome, can probably be considered the most favorable variant of aphasia.
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Speech represents a higher cognitive function closely linked
to the person’s integration into society, that is why speech
impairment is among severe conditions resulting in profound
social maladaptation and therefore worsening the outcome of
rehabilitation.

The first research into post-stroke aphasia reported by
P. Broca and C. Wernicke revealed the major speech centers

of the human brain and paved the way to the disorder objective
diagnosis [1, 2]. In 1980s, the doctrine of two-stream model
providing the basis for the functional speech connectome,
which made it possible to objectively assess the aphatic
disorders diversity and explain the features of speech function
rehabilitation in the post-stroke period, was developed based
on the new data obtained using the dynamically developing
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magnetic resonance imaging techniques [3]. It was this theory
that triggered an interest in monitoring the subdominant
hemisphere prefrontal cortical structures’ involvement in
the process of speech function restoration [4, 5], thereby
allowing the group of European experts to recommend the
use of neurostimulation applied to these areas as one of the
rehabilitation methods aimed at restoring speech in the post-
stroke period [6].

However, determining the features of speech organization
is currently a major technological challenge posed by the
characteristics of modern medical equipment. The widely
used method of functional magnetic resonance imaging (fMRI)
demonstrates the changes in the nervous tissue oxygen
consumption resulting from the increase in metabolic activity
associated with the nervous tissue excitation, which lead to
the pronounced temporal delay preventing recording of the
characteristics of information transmission between various
nerve centers responsible for speech function realization.

This is especially important in the context of post-stroke
speech impairment rehabilitation [7], since the patient-centered
approach to the lost function restoration is more effective than
the use of standardized and formalized technologies.

The synaptic connection activity recording that
forms the basis of electroencephalography (EEG) and
magnetoencephalography (MEG) makes it possible to reveal
rapid excitation processes. However, MEG systems are not
mainstream enough yet and are virtually non-existent in the
clinics. Furthermore the existing EEG technique that is based
on the principles proposed by H. Jasper in 1940-1954 [8]
has some serious technical limitations hampering assessment
of activity in distinct brain structures. These limitations are
related to the visual and phenomenological analysis technology
not allowing one to obtain information about the association
between the recorded activity and the brain’s anatomical
structures comparable to that provided by neuroimaging
methods, since the technology deals only with the total activity
values of multiple nervous system structures.

However, the concept of EEG microstates is considered to
be a solution. In 1998, D. Lehmman identified certain overall
scalp potential variants and concluded that electrical activity
of the brain detected by routine EEG could be represented
by the repeating sequence of individual fixed time patterns of
biopotential distribution over the scalp related to the activity
of some finite number of neural networks producing rhythmic
activity within a limited period of time [9, 10]. It was also
concluded that the duration of single microstate could be
interpreted as an indicator of the underlying neuronal assembly
preservation and stability, while frequency of occurrence could
be interpreted as activity (activation) of the underlying neural
generators during execution of certain brain function. Further
investigation of this phenomenon showed that four most
representative configurations belonged to the EEG microstate
classes A, B, C, D and were related to the activity of the brain’s
default mode network structures, while changes in external
verbal conditions affected the duration, occurrence and
coverage of microstates due to involvement of other neuronal
pools related to realization of the overall function of the brain
[11,12].

Subsequent research has confirmed that measurement of
EEG microstates is sensitive to the neuronal activity changes in
the cortical areas responsible for modality-specific processing
via certain tasks (state-dependent effects) [13]. Assessment of
intersubjective and intrasubjective relationships between the
features of microstates in 29 healthy subjects has shown that
the dynamics of microstates can reflect transitions between
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the global states characterized by selective inhibition of certain
intracortical areas and have functional and behavioral effects
on sensory processing and cognitive functions [14]. In 2021,
the use of similar technique in the subjects being in the wakeful
rest state made it possible to conclude that memories were
consolidated by the brain mainly during the “offline” periods,
when an individual was not engaged in task execution and
when his/her attention was not focused on executing certain
task [15].

The above reports allowed one to formulate the concept
of using the EEG microstate model as a tool to help identify
distinct components of the entire continuous EEG recording
that were associated with the functional activity of certain
neuronal groups. However, identification of spatial relationships
between certain EEG microstates and anatomical structures
these were produced by was still an outstanding issue.

In 1994-1997, the EEG inverse problem solution system
was proposed that was based on the technique involving
matching the dipole localization and the layered head model that
was referred to as low resolution electromagnetic tomography
(LORETA) and solved the problem of the EEG signal source
cortical localization. Starting from 1999, the method was
supplemented by quantitative neuroanatomy based on the
digitized Talairach Atlas provided by the Brain Imaging Centre
of the Montreal Neurological Institute (MNI). The combination
of these innovations brought LORETA to the level comparable
to that of conventional functional imaging methods, such as
PET and fMRI [12, 16]. In 2008, it was shown that LORETA
provided the best solution for single source localization in terms
of both zero localization error and false sources compared
to other software products using similar techniques to solve
the EEG inverse problem [17]. In 2014, simultaneous fMRI-
EEG studies aimed at determining the relationship between
the default mode network (DMN) activity and the power
of the EEG frequency bands suggested that the LORETA
technique used to determine the EEG power of the alpha,
beta, delta, and theta frequency bands in the region of interest
helped reveal a close relationship between the spontaneous
BOLD fluctuations in the brain’s default mode networks and
various EEG rhythms. The use of the technique also suggests
that individual neural network is characterized by specific
“electrophysiological signature” produced by the combination
of various brain rhythms [18]. However, as early as in 2010,
the differences in organization of stimulation paradigms used
in EEG and fMRI experiments were noted, and the question
arose whether it was possible to effectively localize the
evoked EEG activity using the constantly changing intensity
of the features occurring in the natural stimuli presented
within rather long time periods. In particular, there was a
question whether the aspects of the stimulus-driven EEG
signal would be localized along with appropriate fMRI BOLD
signal [19]. Today, EEG source reconstruction includes
the process, in which the best results are achieved using
conditional functional models [20] resembling the technique
proposed in 2014 [21], in which the number of conditional
neural networks involved in realization of the studied function
would be comparable with the number and activity of
microstates identified during the EEG test.

Thus, the current development of EEG analysis technologies
makes it possible to obtain a new tool for exploration of the
brain cortical structures’ functional activity that can be used
to assess the status of higher neural functions, such as
speech, and determine the possibility of function restoration in
individuals with various types of speech impairment developed
due to the disease [22, 23].
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The study was aimed to determine the functional activity of
individual neural networks based on the theory of combining
the EEG microstate identification technique with the method
of determining spatial localization by solving the EEG inverse
problem in individuals with speech function impairment due to
acute cerebrovascular accident.

METHODS

Atotal of 27 individuals (15 males and 12 females) were assessed,
who contacted La Salute Clinic for treatment and rehabilitation
after ischemic (atherothrombotic) stroke in the area supplied
by the left middle cerebral artery that was followed by the
development of persistent neurological deficit (cerebral stroke),
one of the syndromes of which was aphasia. Inclusion criteria:
Russian speakers with the left hemisphere dominance confirmed
by the development of post-stroke aphasia; no problems with
speech production before the disease.

Exclusion criteria for the study group: traumatic brain injury
with functional impairment, mental disorder; constant use of
psychoactive substances (ongoing or prior); verified diagnosis
of epilepsy; dysarthria due to neurological disorder.

As a result, the study group included individuals with an
average age of 52 years (minimum — 21 years, maximum —
68 years; Mo — 49 years, Me — 54 years; 1st quartile — 46
years, 3rd quartile — 61 years). In all of them both the fact
of damage to speech connectome and the speech disorder
with predominance of motor, sensory or total (mixed) speech
impairment itself (motor variant of the disorder was found in 11
subjects, 9 subjects had a sensory variant, while in 7 subjects
we failed to identify the aphasic disorder predominant type)
were considered. No epileptic seizures were reported in the
surveyed patients, no specific epileptiform activity in perifocal
areas of the cerebral infarction lesion was recorded. The degree
of functional impairment according to the Rankin scale did not
exceed 3 in all patients.

All participants underwent an EEG at relative rest (passive
relaxed wakefulness with no auditory-speech load) and under a
load (listening to a short story in the passive relaxed wakefulness
state with eyes closed). A total of 54 tests were performed, and
the results were used for further analysis.

Characteristics of methods

The T1-weighted and T2-weighted MRI in the suppression and
diffusion nodes showed that the average lesion volume was
82 cm3 (Me — 30.8; 1st quartile — 1, 3rd quartile — 176).
EEG was recorded in a darkened, relatively soundproof room
in the relaxed wakefulness state with eyes closed. Recording
was performed using the 52-channel EEG system (Medical
Computer Systems, Zelenograd, Russia). The analog-to-digital
converter sampling rate was 500 Hz. The tests involved the use
of the electrode placement scheme with an average reference
allowing one to obtain equal values of the recorded voltage and
scalp biopotential. The native signal bandwidth was 0.5-70 Hz,
with the inclusion of the 50 Hz notch network filter.

No recording was performed within the first minute after
connecting the volunteer to the device in order to suppress
physiological artifacts associated with disadaptation and the
need to become habituated to the test. The total electrode
resistance, impedance, was controlled within the limits of
10 kOm and constantly checked during the entire study in
accordance with the manufacturer’s guidelines.

The loading test involved assessment under auditory-
speech load in the form of listening to one short story (the same
for all subjects) in the native language (Russian) taken from the
open access online library. This made it possible to create the
conditions of the altered state comparable with the passive
relaxed wakefulness state based on common characteristics,
but determined by activation of only one cognitive function
(speech in this case) having a relatively well understood cortical
analyzer architecture [24].

The listening test was selected due to minimization of
muscle activity and as a test able to activate the maximum
number of speech centers including both gnosis centers of
speech and the centers responsible for generation of imagined
speech.

Subsequent data acquisition, processing, and analysis
were performed in several phases. The first phase involved
minimization of artifacts. For that the by-standing electrical
devices that generated parasitic electromagnetic fields were
switched off, interface impedance was controlled, temperature
in the room was adjusted, and parasitic movements of the

Table 1. Registration of the EEG activity frequency characteristics over the areas of the main speech centers

Predominance of motor impaiment

Broca’s area oscillation frequency (areas 44,

Wernicke’s area oscillation frequency

Intact hemisphere prefrontal cortex
oscillation frequency

45 on the left) (areas 39, 40 on the left) (areas 8, 9, 10, 11, 12, 13, 14, 24, 25, 32,
44, 45, 46, and 47)
Average 0 15,6 + 6,5 19,3+1,9 *

Predominance of sensory impairment

Broca’s area oscillation frequency (areas
44,45 on the left)

Wernicke’s area oscillation frequency
(areas 39,40 on the left)

Intact hemisphere prefrontal cortex
oscillation frequency
(areas 8, 9, 10, 11, 12, 13, 14, 24, 25, 32,
44, 45, 46, and 47)

Average 17,0 1,2 0 0 *
Total (mixed) variants
Intact hemisphere prefrontal cortex
Broca’s area oscillation frequency (areas 44, Wernicke’s area oscillation frequency oscillation frequency
45 on the left) (areas 39, 40 on the left) (areas 8, 9, 10, 11, 12, 13, 14, 24, 25, 32,
44,45, 46, and 47)
Average 135+25 16,3 +2,9 18,0+ 4,6 >

Note: (ANOVA-test), * — p < 0.001; ** — p > 0.05.
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Table 2. Changes in the characteristics of EEG microstates relative to their contribution to formation of the head’s overall bioelectric field

Major syndrome Class/test A B C D | 1]
Load 0,04 0,06 0,02 0,05 0,06 0,07
Motor No load 0,16 0,11 0,12 0,2 0,17 0,24
o B . B ox B B
Load 0,22 0,26 0,05 0,21 0,14 0,12
Sensory No load 0,19 0,11 0,12 0,1 0,37 0,11
o ox . wox « ox ox
Load 0,18 0,17 0,09 0,05 0,09 0,43
(n:(i);::j) No load 0,23 0,13 0,26 0,11 0,09 0,18
o ox . B ox . ox

Note: t-test, * — p < 0.05; ** — p > 0.05.

muscles were minimized. During the second phase the resulting
data pool was subjected to standardization of basic assembly
to create a common electrode space, as well as to artifact removal
via extraction of independent signal components. This made it
possible to purify the native signal of various physiological artifacts
that had not been eliminated by filtration. During the third phase the
EEG signal segmentation was performed to extract individual EEG
microstates by clustering and allocating six classes of individual
microstates (conventional A, B, C, D and two (I and Il) extra ones,
considering of their variability). The final phase of the study involved
analysis of the activity source localization for each of the allocated
EEG microstate classes using the EEG inverse problem solution
algorithm implemented in the sSLORETA v. 20210701 software
package (University of Zurich; Switzerland).

The results provided information about six distinct classes
of EEG microstates, including the following characteristics:
1) microstate lifetime (duration) in seconds; 2) frequency of
microstate recording per 1 s (occurrence); 3) contribution of
EEG microstate to the structure of the scalp energy total energy
spectral characteristics (coverage); 4) localization of the main
cortical structure generating the EEG microstate according
to the Brodmann area atlas (atlas issued by the Montreal
Neurological Institute, MNI).

Statistical processing of the results was performed in
accordance with the earlier reported guidelines [25] using the
GNU-PSPP software (v. GNU PSPP ver. 1.6.2-g78a33a) for OC

35.00 -

30.00

25.00

20.00

15.00

% of recording

10.00

5.00

0.00

63
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Linux Mate 10.10. The Shapiro-Wilk normality test, Pearson
correlation coefficients, and analysis of variance (ANOVA) with
Bonferroni correction for the small number of independent
samples were used. The Student’s t-test was used for paired
samples with normal distribution. The same degree of freedom
was used for all calculations, the significance level was set as
a < 0.05.

RESULTS

Changes in frequency characteristics of EEG signal
recorded over the main speech centers

The results of rhythmic activity localization over the areas of the
main speech centers identified by spatial fixation of the EEG
electrodes’ position matched the characteristics of anatomic
lesion, patient’s diagnosis and MRI findings (Table 1). An
EEG test involving the use of the technology for extraction of
individual EEG microstates combined with the EEG inverse
problem solution showed that it was impossible to record
rhythmic phenomena over the affected areas of individuals
with severe anatomical defects since the area’s neural network
was disrupted, and the rhythmic phenomena, specifically
those recorded in slow activity ranges, were reduced by the
tissues surrounding the primary focus. At the same time, in
cases of the dominant hemisphere Broca’s area (areas 44,

M Load

M No load

638 640 644 646

Brodmann area

Fig. 1. Histogram of EEG activity (in %) over individual Brodmann areas in cases of motor aphasic disorder variant predominance, p < 0.05 (Pearson’s test)
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Table 3. Changes in the characteristics of EEG microstates relative to their frequency of occurrence per 1 s

Major syndrome Class/test A B C D | 1]
Load 3,2 3,4 1,9 1 2,4 3,3
Motor No load 23 1,9 3 3 4,4 3,1
o wox ox *x wox x *x
Load 4,3 4,7 1 5,8 4,3 2,3
Sensory No load 30,2 15,7 19,6 18,6 30,2 20,8
o N B * * B *
Load 2,5 1,8 2,2 1,3 2,8 5,3
Total
) No load 36,8 46,7 50,3 445 33,8 26,5
(mixed)
o * ox * wox * *x

Note: t-test, * — p < 0.05; ** — p > 0.05.

45) anatomical disruption, the expected changes in rhythmic
activity were recorded over the intact hemisphere prefrontal
cortical structures. Such activity was observed in the same
frequency range (17-24 Hz); it showed signs of activation
response to auditory-speech load (Fig. 1). However, as stated
above, it was almost diffuse and arouse in all structures of the
intact hemisphere prefrontal cortex (areas 8, 9, 10, 11, 12, 13,
14, 24, 25, 32, 44, 45, 46 n 47).

A lesion in the Wernicke'’s area (Fig. 2) and disruption of
sensory areas (39, 40) made it impossible to identify rhythmic
phenomena over the Wernicke’s area, which was expected
due to neural network disruption in this area, and the intact
hemisphere structures. Rhythmic EEG phenomena were
recorded over the Broca’s area only, however, there was no
activation response to speech-auditory load.

In individuals with the total (mixed) variant of impairment
(Fig. 3), rhythmic phenomena arose in the affected hemisphere
over both Broca’s and Wernicke’s areas, but these findings
had low significance (ANOVA test > 0.05), which suggested
incomplete injury of both major speech centers. However, low
significance resulted probably from limitations of both applied
technique and relatively low number of observations.

Charasteristics of distinct EEG microstates

Analysis of the EEG microstate characteristics under auditory-
speech load allowed us to find out that these characteristics

30.00

25.00

20.00

15.00

% of recording

10.00

5.00

0.00

63 66 68 610 618 620

showed significant differences (p < 0.05) in their contributions
to overall scalp potential (except for classes B and D) in
individuals with predominant motor aphasia. At the same time,
in individuals with sensory aphasia, this indicator, by contrast,
showed a significant response to the load. In individuals
with total aphasia, significant differences were reported for
class C only (Tables 2-4), which was considered as a sign
of both structural damage to certain neuronal assemblies and
information processing disorder prevailing in cases of sensory
aphasia.

There were no significant responses to the loading test in
terms of occurrence and duration of individual EEG microstates
in individuals with motor impairment, however, individuals with
prevailing sensory or total impairment showed significant
changes of these characteristics, especially in cases of sensory
impairment (for almost all indentified classes) and cases of total
impairment (for classes A and I).

DISCUSSION

Interpretation of the data obtained needs to be further
discussed. Thus, splitting the entire continuous EEG recording
into a sequence of individual EEG microstates allows the
researcher not only to consider common characteristics of total
postsynaptic activity, but also to indentify distinct components
of such activity associated with the activity of individual neural
structures, thereby making it possible to create an affordable

M Load

M No load

LI T T 17T 1T T°1
624 638 640 644 646

Brodmann area

Fig. 2. Histogram of EEG activity (in %) over individual Brodmann areas in cases of sensory aphasic disorder variant predominance, p < 0.05 (Pearson’s test)
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Table 4. Changes in the characteristics of EEG microstates relative to their durationin 1 s

Major syndrome Class/test A B C D | 1l
Load 0,04 0,06 0,02 0,05 0,06 0,07
Motor No load 0,05 0,04 0,03 0,05 0,04 0,07
- = = = " " =
Load 0,05 0,06 0,04 0,04 0,03 0,04
Sensory No load 0,01 0,01 0,01 0,01 0,01 0,01
- - N - " - -
Load 0,06 0,08 0,05 0,04 0,03 0,1
(;?;:L) No load 0,02 0,01 0,02 0,01 0,01 0,02
- B N " " N "

Note: t-test, *— p < 0.05; ** — p > 0.05.

system for neurophysiological diagnosis of certain brain
functions, particularly speech [26].

The study results obtained by conducting the functional
loading test involving listening for different variants of aphasia show
differences in both nature of rhythmic phenomena recorded on the
scalp surface and spatial localization of these phenomena, which
can be interpreted from the perspective of consistent various neural
networks’ participation in the speech function realization [13].

The development of speech impairment resulting from
cerebral stroke is due to both infarction affecting various brain
structures [7] and functional rearrangement of the neural
networks system, which is reflected by changes in the EEG
microstate characteristics [14] that may become the key
factors to assess objectively the speech functional state and
the changes in speech function resulting from the disorder. In
our study this was confirmed by changes in characteristics of
individual EEG microstates.

Thus, in cases of predominant motor impairment (preserved
auditory information receipt systems), was observed the
transfer of the speech production function to the intact
hemisphere prefrontal cortex. But this answer was presented
as the general response observed over the entire surface of the
prefrontal cortex, not only within the limits of the well-formed
neural centers (44, 45 Brodman'’s fields).

In sensory variant of aphasia, the changes in bioelectrical
activity showed no variants of transferring the affected function
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63 66 68 610 618 620 624 638 640 644

to the contralateral (intact) hemisphere, which was manifested
in identification of non-specific rhythmic phenomena, and
demonstrated disruption of the sequence of class C and D
EEG microstates that was considered to be associated with
the structures responsible for tertiary information processing
in tertiary areas (Brodmann’s areas 6 and 7) [24, 27]. That
is why sensory variant of aphasia could be characterized
not only as profound impairment of certain brain networks’
activity, but also as a more severe damage to the entire
connectome system affecting both ventral stream responsible
for information acquisition and the lateral one responsible for
processing and comprehension. However, total variants of
aphasia were associated with the less pronounced changes;
the EEG microstate analysis revealed predominant involvement
of the speech ventral stream structures and preserved tertiary
structures responsible for constructive analysis [28].

In all cases of aphasia, the most interesting was the activity
increase overthe Brodmannareas 47 and, consequently, 37, showing
maximum representation in individuals with predominant sensory
aphasia. Their activity suggests involvement of phylogenetically
older mechanisms underlying auditory tone perception that are
found in children aged 2-5 and apes. This leads to the assumption
that conventional system of phonemes and morphemes, the
speech function can be replaced by the system of auditory tone
perception and musical tone (onomatopoetic) reproduction, as
reported in the number of studies focused on rehabilitation of feral

W Load

M No load

-

I Il'\
646

Brodmann area

Fig. 3. Histogram of EEG activity (in %) in cases of total (mixed) aphasic disorder variant predominance, p < 0.05 (Pearson’s test)
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children and children with autism spectrum disorders, who failed to
develop a normal human speech system [29, 30].

Limitations of the study

The study limitations are related to a relatively small number
of observations (27 individuals) forcing us to adjust statistical
data when performing calculations, as well as to the features
of EEG technique applied associated with the scalp electrode
positioning. The use of the medium-density EEG montage (10—
10 system) did not put any meaningful restrictions relative to
the 10-5 system or any other high-density EEG system, since
it enabled acquisition of native data with the lower number of
nonspecific physical artifacts occurring in high-density systems
due to short interelectrode distances.

CONCLUSIONS

The study has shown that recording of the brain bioelectrical
activity using modern computing power and mathematical
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