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ABSTRACT

Acute in-hospital stroke is a severe complication of the early recovery period after cardiovascular surgery with a
probability of up to 15%. Unfortunately, in-time diagnostic neuroimaging (computed tomography and magnetic
resonance imaging) in cases of severe brain damages is considerably hindered increasing the risk of an adverse
outcome.

The aim of the study was to develop a method to evaluate the functional state of the human brain in patients with
severe in-hospital stroke measuring parameters of electrical activity in the central nervous system.

Materials and methods. The sample was composed of 20 anonymous archived electroencephalograms obtained
from volunteers with no neurological disorders, 10 records of patients without neurological symptoms during general
anesthesia, 17 records of patients with out-of-hospital strokes obtained from the UCLH Stroke EIT Dataset, and
18 records from patients with acute in-hospital stroke during neuromonitoring in the early postoperative recovery
period. A new integral coefficient of the functional state was introduced, and an algorithm to calculate the proposed
measure of the functional activity of the central nervous system was developed and implemented.

Results. The proposed method to evaluate the functional state of the human brain was applied to analyze
neurophysiological records obtained from people with different activity of the nervous system: from resting state to
deep coma. It was shown that the integral coefficient naturally reflects the functional state of the human brain and
can be used for early detection of brain dysfunction and damages caused by cerebral hemodynamic impairment.

Conclusion. The introduced integral criterion to evaluate the functional state of the human brain can be used for
long-term postoperative monitoring in cardiac patients who underwent surgical treatment.
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PE3IOME

BHyTprOOIbHUYHBIE HApYIICHHS MO3TOBOTO KPOBOOOpAIICHHs y MAlMEHTOB KapAMOXUPYPrUUECKOro mpoduiis
ABJISIFOTCS TSDKEJIBIM OCTIO)KHEHHEM B PaHHEM I10CIIEONEPALUOHHOM IEPHOJIE C BEPOSITHOCTHIO MOsABIEHUS 10 15%.
[Tpu pa3BUTHH TSHKEJIOTO MOPaXKEHUs TOJIOBHOTO MO3Tra MPOBEACHUE HEHPOBU3YaTH3UPYIOLIUX THATHOCTHYECKUX
UcclieoBaHni (KOMITBIOTEPHONM W MarHUTHO-PE30HAHCHOM ToMorpaduu) 3aTpyJHEHO, YTO MOBBIIIACT BEPOSIT-
HOCTb HEOJIaronpusATHOTO MCXO/a.

He.ﬂb HCCIICJOBaHWs 3aK/IIFOYAaCTCA B pa3pa60TKe crocoda OLCHKHU q)yHKIlI/IOHaJ'ILHOFO COCTOSIHHS I'OJIOBHOI'O MO3Ta
Y DalMCHTOB C TAXKEIIbIM TCUCHUEM BHyTpI/I6OJ'H)HI/I‘1HOF0 HHCYJIbTa HA OCHOBE HEUHBA3WBHBIX I/I3MepeHI/Iﬁ DJICK-
TpH'{eCKOfI AKTUBHOCTHU HeHTpaJ'ILHOfI HepBHOﬁ CUCTEMBI.

Matepuanbl 1 MeToAbI. BerOopka cocraBnena n3 20 aHOHIMU3UPOBAHHBIX APXUBHBIX 3aIACEH IEKTpodHIEe]a-
JIOTpaMMBI T00pOBOJIBIIEB O3 HEBPOJIOTHUECKUX HapymeHni, 10 3amuceil manueHToB 0e3 HEBPOJIOTHYECKAX Ha-
pYLICHHUI BO BpeMs Hapko3a, 17 3anuceil maruenToB u3 6anka gaHHbpix UCLH Stroke Dataset ¢ BHEOOTBHUYHBIMU
MHCYJIbTaMU 1 18 3ammceil, MOIy4YeHHBIX B IpoIiecce HeHpO(H3HOIOrnIeCKOro MOHUTOPHHTA TAI[HEHTOB C TSDKe-
JIBIM MHCYJIBTOM B PaHHEM MOCIIEOTIePalOHHOM neproe. Jist OleHKH (yHKINOHATBHOTO COCTOSHHS pa3paboTan
1 peann30BaH alTOPUTM BEIYNCICHUS] HHTETPATBHOTO TTOKa3aTeNsd (yHKIHOHATEHOTO COCTOSHUS, XapaKTePH3yI0-
[IETO YPOBEHb (DYHKIIMOHATBHON aKTHBHOCTH IIEHTPAIBHOI HEPBHON CHCTEMBI.

Pesyabrarsl. [IpeuioxkeHHbli criocod OHEeHKH (yHKIHOHAIBHOTO COCTOSHHS TOJIOBHOTO MO3ra ObLI IPUMEHEH
JUTSl aHaJIM3a HeHPO(PHU3NOIOTHYECKUX CUTHAJIOB, TTOMYYEHHBIX Y JIFOJIeH C pa3HOii CTeIeHbI0 aKTHBHOCTH HEPBHOI
CHCTEMBI, OT CIOKOWHOT0 00pCTBOBAHMS 0 II1y00oKoit KoMbl. [Toka3aHo, 4TO BBIYUCISIEMbIiT KOIQPUIMEHT 3aKO0-
HOMEPHO OTpaXkaeT (yHKIIMOHAIBHOE COCTOSHUE TOJIOBHOTO MO3Ta M MOXKET OBITh HCIOJIb30BaH, B TOM YHCIIC, IS
paHHero oOHapy KeHHs HapylIeHUH, 00yCIOBIEHHBIX LIepeOpaTIbHON FreMOANHAMUUYECKON HETOCTaTOUHOCTBIO IIPH
Pa3BUTHU OCTPOTO MHCYJIbTA.

3axumouenne. VHTErpaabHbIA KpUTEPHd (HYHKIIHOHABHOTO COCTOSHHS TOJIOBHOTO MO3ra MOXET OBITh UCIIOJb-
30BaH JJIS JUTUTEILHOTO HAOJFOICHHS 32 COCTOSIHUEM MAIlMEHTOB KapIHOXUPYPTrHUECKOTro MPOGUIIS B paHHUI MO~
CJIeOnepalMOHHBINA EPUOI.

KOHq)J’IHKT HHTEPECOB. ABTOpI;I JACKIApUPYIOT OTCYTCTBUE SIBHBIX U NOTCHIUAJIBHBIX KOHq;)HI/IKTOB HUHTEPECOB,
CBA3aHHBIX C Hy6III/IKaIII/IeI71 HACTOSIICH CTaThH.

Hcrounuxk ¢punancupoBanus. PaGora BeimomHeHa npu puHaHCOBOH mommepxkke POOU u AnMmuHUCTpanun
Tomckoli 06macTu B paMkax HayqaHOro mpoekra Ne 19-415-700005 (p_a).

KiroueBble cjioBa: OCTpblii BHYTPHOONBHHYHBI HMHCYJIBT, O3JEKTpOdHLEdarorpaMMa, (yHKIMOHAIBHOE
COCTOSIHHE

Jas untupoBanusi: bpasosckuit K.C., Bunokyposa J/[.A., Ctpex B.A., YcoB B.JO. Crioco6 oneHku (yHKIH-
OHAJIBHOTO COCTOSIHHSI TOJIOBHOTO MO3Ta MPU OCTPBIX BHYTPUOOTBHUYHBIX HAPYIICHUSIX MO3[OBOTO KPOBOOOpa-
uieHust. broanemens cubupckoil meouyunst. 2023;22(4):15-21. https://doi.org/10.20538/1682-0363-2023-4-15-21.
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INTRODUCTION

Acute in-hospital stroke is a frequent adverse event
in the early recovery period after cardiac surgery with
a probability of up to 15% [1]. In the meantime, timely
diagnosis of in-hospital stroke can be complicated
particularly in coma patients. According to the study
[1], in most cases, ischemic stroke is diagnosed within
3—6 hours from its onset. Taking into account a high
risk of stroke within 3—7 days after cardiac surgery,
neuromonitoring could be considered as a useful
tool to detect early signs of cerebral hemodynamic
impairment in the postoperative period [2].
Unfortunately, electrical activity of the human brain
(electroencephalogram, EEG) is a complex noise-like
signal characterized by low specificity in relation to
causes of brain dysfunctions [3].

According to the published reviews, the diagnostic
and prognostic potential of EEG strictly depends
on EEG markers of stroke and qualification of a
neurophysiologist. These facts along with complicated
clinical  interpretations and  time-consuming
neurophysiological studies (especially continuous
round-the-clock neuromonitoring) may be the main
reason for EEG not becoming a routine monitoring
procedure in the early postoperative period.

Recently, a broadband system for multifrequency
electrical impedance tomography (EIT) has been
considered as a promising method for early stroke
detection [4]. The EIT inherently features three-
dimensional imaging options that makes it partly
comparable with computed tomography (CT) and
magnetic resonance imaging (MRI). Unfortunately,
EIT has very low spatial resolution, preventing direct
visualization of the damaged brain tissues, therefore,
it cannot be used in clinical applications.

The study [5] suggests some EEG biomarkers
which are highly reproducible in stroke patients.
However, measuring these parameters implies active
patient’s participation, which is impossible in the
early postoperative period. The alternative approach
is based on mapping and evaluation of coherence of
the cortical electrical activity in a resting state [6]. The
authors showed that the proposed method is suitable
for evaluating long-term brain function recovery,
but is not as effective in continuous post-surgery
monitoring.

Many formal EEG-based estimators of the
functional state of the human brain rely on calculated
frequencies and power of the dominant brain rhythms.
In the study [7], many formal EEG parameters are used

as independent variables to build partial regression
models showing a relationship between the power
of the dominant brain rhythms and NIHSS scores.
Although the models demonstrated good performance,
their practical usability is questionable because they
require 256-channel EEG records.

A large number of publications focus on the
attempt to use EEG-based methods for monitoring
the depth of anesthesia (for example, bispectral index,
entropy, information complexity of EEG, etc.) as a
tool to monitor the functional state of the human brain
in stroke patients. Although sensitivity, specificity,
and information value of the known EEG-based
methods still have to be confirmed, their relevance
for continuous monitoring of the brain function in the
early postoperative period is beyond doubt [8].

The aim of the study was to develop a method to
evaluate the functional state of the brain in cardiac
surgical patients with acute in-hospital stroke in the
early postoperative period.

MATERIALS AND METHODS

Anonymized archived EEG records were obtained
from Siberian State Medical University (20 records,
healthy subjects with no neurological disorders),
Cancer Research Institute of Tomsk National Research
Medical Center (NRMC) (10 patients without
neurological disorders during general anesthesia),
17 records from the UCLH Stroke EIT Dataset with
out-of-hospital strokes [9], and 18 records from
Cardiology Research Institute of Tomsk NRMC from
cardiac surgical patients with acute stroke in the early
postoperative period. All records were converted to
the unified format: sampling rate 250 Hz, amplitude
resolution 0.25 uV, frequency range from 0 to 100 Hz.
The preprocessing included high-pass filter with the
time constant of 0.16 sec and low-pass filter with the
cut-off frequency of 100 Hz.

EEG signals were recorded using the Encephalan
131 EEG machine (Medicom, Russia, Taganrog),
Neuron — Spectrum (Neurosoft, Russia, Ivanovo),
and Biosemi Active Two system (Biosemi, the
Netherlands, Amsterdam). All the EEG machines had
comparable technical parameters. Electrode montage
schemes were also identical and corresponded to
the international 10 — 20 system. After preliminary
calculations, it was found that the necessary and
sufficient number of channels to evaluate an integral
coefficient of the functional state of the brain was 8,
including O1-Al, P1-Al, C1-Al, F3-Al, 02-A2, P2-
A2, C2-A2, F4-A4. The raw signals were remounted
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according to the monopolar montage scheme with
ipsilateral ear electrodes.

Statistical analysis and signal processing were
performed using free version of integrated development
environment RStudio [10] with Signal and edfReader
packages. The significance level of 0.05 was adopted.

RESULTS

To evaluate the functional state of the human brain,
we proposed a new dimensionless index A varying from
0 to 100 %, where 0 corresponded to zero electrical
activity (brain death) and 100 % — to active state.

The algorithm to calculate A includes the following
steps.

Preprocessing of the multichannel EEG: removing
baseline drift, components with frequencies above
100 Hz, and power line interference (50 Hz).

Independent component analysis (ICA) of the
multichannel EEG:

Si(C,,C,) = ICA(EEG,ch,ch,,

where S is signal decomposition; component C,
contains mainly EEG from channel i; C, represents
artefacts with amplitude well above the typical EEG
voltage. These artefacts are caused by electrical activity
of the heart, eye movement, electrode dislocation, and
muscle contraction.

Independent components are calculated based on
paired channels with one channel always being the
reference one (A1 or A2 for left and right hemisphere,
respectively). This approach effectively removes
artefacts common for both channels and, as a result,
reduces uncertainty of bispectral parameters.

Bispectral analysis of the component C, was
followed by calculation of Gaussianity and linearity of
the signal based on the Hinich method [11], as well as
bicoherence and spectral power in the frequency range
from 0.5 to 47 Hz. Fast Fourier transform with length
n =512 and Hamming window w(n) was used to build
the bispectrum. The bispectrum was calculated for
each component C, independently.

Test for signal normality and linearity was
performed according to the procedure given in [6]. The
proposed integral index of the functional state A will
be calculated if the signal passes both the normality
and linearity tests:

Sp(f,D) = FFTn(W(Tl) -Ci(l+n +m));l €E(,M—n—m)

8 8
Bl= Y Y (Sp(fSp(DSp (f1+ f2)’
b 5

1=0.5 £2=0.

47 47

B2= Z Z (Sp(FSP(F2)Sp* (F1 + £2))’
f1=0.5f2=0.5
_ (lcqll, Gl < 1
o {111 RS

A=100-(1 Bl-
=100- (1= [5)°8

where Sp is Fourier transform of the component C/;
f1, f2 are frequency ranges; BI is the total power of
the low-frequency bispectral components; B2 is the
total bispectral power in the range from 0.5 to 47 Hz;
B is correction coefficient; A is integral index of the
functional state.

Steps 3 and 4 are repeated after moving the window
by m samples, m should be chosen from 32, 64, 128,
256 as a a trade-off between computational complexity
and required temporal resolution of A.

The frequency ranges were selected using
commonly agreed neurophysiological bands: 8 Hz
corresponds to the lower limit of alpha activity, and
the upper limit of 47 Hz allows for effective removal
of power line interference (50 Hz).

The proposed integral index of the functional
state of the brain was calculated using archived EEG
data obtained from healthy subjects in an active state
and during normal sleep, from patients undergoing
surgery, and from coma patients with acute in-hospital
stroke (Figure). The solid line is an average value of
A for previous 30 sec, the confidence intervals were
calculated for a = 0.05 and n = 30.

It could be noticed (Fig. b, ¢), that the A index
reflects the functional state of the human brain
with uncertainty of no more than 10 % throughout
the recording intervals. This fact confirms that the
proposed index follows the functional state of the
human brain within physiological variations.

Not only does the average value of A index decrease
as patient’s brain functions degrade, but also the
confidence intervals dramatically expand (Fig. d, f). It
could be indirect evidence that functional degradation
of the brain manifests through gradual deceleration
of dominant rhythms in parallel with disturbances in
cortical interactions.

These results are in good agreement with the
published clinical and neurophysiological findings
[1]. The authors [1] showed that the key markers
characterizing the severity of condition in stroke
patients include typical neurological symptoms,
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absence of the dominant EEG rhythm on the occipital of the brain, but its relative variations are sensitive
electrodes, decreasing frequency of the electrical enough to follow individual changes.

activity, and a lack of response to external stimuli.

Certainly, the selected examples are not quite DISCUSSION

typical of clinical practice, and the real cases are The proposed EEG-based method for evaluating
definitely more complicated; however, they allow to the functional state of the human brain takes into
evaluate margins of the functional state of the brain. account the commonly accepted neurophysiological
Unfortunately, the absolute values of A can be used concepts that attribute certain changes in electrical
to differentiate only quite distinctive functional states activity to functional degradation of the brain. One
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of the most well-known parameters estimating the
depth of anesthesia — bispectral index (BIS) — is based
on the same concepts, but does not include cortical
interactions. Our algorithm to calculate the A index
is different from the earlier described ones in the
following:

Instead of raw EEG signals, independent
components of multichannel EEG are used to
calculate the A index. This step significantly improves
the reproducibility of the estimator.

Multichannel EEG must include at least 8 separate
channels to reduce A index uncertainty through spatial
averaging.

The correction coefficient B was introduced to
expand the dynamic range and numerical stability of
the algorithm down to the lowest amplitude of EEG
signals, which allows to evaluate even the most severe
conditions of the brain.

The main drawback of the proposed index is
low specificity with respect to the causes of brain
dysfunction. As a result, it is almost impossible to
diagnose the exact pathology that has caused the
brain damage. One more limitation is a small size of
the sample, which included only well distinguishable
EEG records. Clinical ranges of the A index can be
found in expanded trails including more patients and
a wider spectrum of functional states. Nevertheless,
in the present form, the proposed integral index is
sensitive enough to detect changes in the functional
activity of the brain.

Taking into account the main features of the A
index, we would suggest two possible applications in
clinical practice: control over the depth of anesthesia
and continuous neurophysiological monitoring in the
early postoperative period. We believe that the index
will be the most effective for continuous monitoring
of cardiac surgical patients in the early postoperative
period.

CONCLUSION

The proposed integral index of the functional state
of the human brain features some desirable properties,
such as high reproducibility and clear physiological
interpretation. The method is numerically stable
and can deal even with very low-amplitude EEG.
Sensitivity and specificity of this index in different

pathologies require further expanded studies.
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