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ABSTRACT

Background. Carotid atherosclerosis is one of the urgent problems due to the high risk 
of developing ischemic stroke and cognitive impairment. The dynamics of clinical dis-
orders in patients with carotid stenosis is determined by a complex of neuro-physiolog-
ical, angiological, tissue and biomolecular reactions, the characteristics of which can 
act as predictors of the course of the pathology.
The aim of the work. To determine the neurophysiological parameters and predictors 
of cognitive dysfunction in patients who underwent carotid endarterectomy.
Materials and methods. The study included 59 people with carotid atherosclerotic dis-
ease. All included patients underwent carotid endarterectomy. We assessed the degree 
of stenosis of the internal carotid artery and cognitive status using the FAB (Frontal As-
sessment Battery) scale and MoCA (Montreal Cognitive Assessment) Test and recorded 
electroencephalogram (EEG), P300 cognitive evoked potentials and heart rate variabil-
ity in patients at various terms (before surgery, 6 months after the surgery). Patients 
were divided into groups based on the dynamics of cognitive tests using cluster analy-
sis (k-means) with identification of elements included in the clusters: patients of cluster 
1 had a “preserved” profile of cognitive status; patients of cluster 2 – moderate cognitive 
dysfunction.
Results. Patients of cluster 1 had a higher power of beta oscillations in the frontal lead, 
a higher amplitude of the P3 component of the P300 potential, and a greater variabil-
ity of R-R intervals in terms of the total indicator and high-frequency power. We pro-
posed a model that allows us to classify patients into groups according to the dynamics 
of cognitive function scores. According to the data obtained, the most significant pre-
dictors of the dynamics of cognitive status were the initial characteristics of the EEG 
and the P300 cognitive evoked potential.
Conclusions. We determined the clinical and neurophysiological correlates of cognitive 
dysfunction: an association with greater preservation of activating effects on the EEG, 
processes of recognition and decision-making in the associative zones of the cortex, 
and less pronounced activity of stress-implementing mechanisms. Indicators of EEG 
spectral analysis and characteristics of the P300 cognitive evoked potential are predic-
tors of the cognitive status dynamics.
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РЕЗЮМЕ 

Актуальность. Атеросклеротическое поражение сонных артерий является 
одной из актуальных проблем в связи с высоким риском развития ишемиче-
ского инсульта и когнитивных нарушений. Динамика клинических нарушений 
у пациентов с каротидными стенозами определяется комплексом нейро-
физиологических, ангиологических, тканевых и молекулярно-биологических 
реакций, характеристики которых могут выступать в роли предикторов 
течения патологии.
Цель работы. Определение нейрофизиологических параметров и предикто-
ров когнитивной дисфункции у пациентов, перенёсших каротидную эндар-
терэктомию.
Материалы и методы. В исследование было включено 59 человек с атеро-
склеротическим поражением сонных артерий. Все включённые пациенты 
подвергались каротидной эндартерэктомии. У пациентов в различные сроки 
(до операции, через 6 месяцев после вмешательства) производилась оценка 
степени стеноза внутренней сонной артерии, регистрация электроэнцефа-
лограммы (ЭЭГ), когнитивных вызванных потенциалов Р300, вариабельности 
сердечного ритма, а также оценка когнитивного статуса по шкалам FAB 
(Frontal Assessment Battery), MoCA (Montreal Cognitive Assessment) Test. Паци-
енты были разделены на группы на основе динамики когнитивных тестов 
методом кластерного анализа (k-средних) с идентификацией элементов, 
входящих в кластеры: кластер 1 – с «сохранным» профилем когнитивного 
статуса; кластер 2 – с умеренными когнитивными нарушениями.
Результаты. В кластере 1 определяется более высокая мощность бета-ко-
лебаний в лобных отведениях, амплитуда компонента Р3 потенциала Р300, 
а также большая вариабельность R-R интервалов по суммарному показате-
лю и высокочастотной мощности. Нами была предложена модель, позволя-
ющая классифицировать пациентов в группы по динамике балльной оценки 
когнитивных функций. Согласно полученным данным, наиболее значимыми 
предикторами динамики когнитивного статуса являлись исходные харак-
теристики ЭЭГ и когнитивного вызванного потенциала Р300.
Выводы. Выявлены клинико-нейрофизиологические корреляты когнитив-
ной дисфункции: ассоциация с большей сохранностью активирующих влия-
ний на ЭЭГ, процессов опознания и принятия решения в ассоциативных зонах 
коры, меньшей выраженностью активности стресс-реализующих механиз-
мов. Показатели спектрального анализа ЭЭГ и характеристики когнитив-
ного вызванного потенциала Р300 являются предикторами динамики когни-
тивного статуса.

Ключевые слова: атеросклероз сонных артерий, когнитивный потенциал 
Р300, каротидная эндартерэктомия, когнитивные функции, искусственные 
нейронные сети, кластерный анализ
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INTRODUCTION

Carotid atherosclerosis is one of the urgent problems 
of both neurology and vascular surgery due to the high 
risk of developing ischemic stroke and cognitive impair-
ment in asymptomatic patients [1–3].

The dynamics of clinical disorders in patients with ca-
rotid stenosis is determined by a complex of neurophysio-
logical, angiological, tissue and biomolecular pathological 
and compensatory-adaptive reactions, the characteristics 
of which can act as predictors of the course of cerebrovas-
cular pathology [4–6].

An important clinical characteristic of patients with he-
modynamically significant stenosis of the carotid arteries 
is cognitive impairment [7, 8] associated with brain per-
fusion limitations and secondary changes in the trophism 
of the associative cortical zones [9, 10].

One of the objective correlates of cognitive impair-
ments are endogenous evoked potentials (potentials asso-
ciated with events) – P300, reflecting the psychophysiolog-
ical processes of stimulus recognition and decision-making 
in relation to it [11]. There are also data on the relationship 
between neurodynamic cognitive impairments and the ac-
tivity of ergotropic and trophotropic mechanisms of auto-
nomic support of behavior [12]. Ultrasound and clinical 
laboratory characteristics in this group of patients can 
equally be considered as variables influencing cognitive 
status [13, 14].

In this regard, a relevant issue is the study of the role 
of these indicators as correlates of the cognitive status dy-
namics in patients with carotid stenosis.

THE AIM OF THE STUDY

To determine the neurophysiological parameters 
and predictors of cognitive dysfunction in patients who 
underwent carotid endarterectomy.

MATERIALS AND METHODS

The study included 59 patients between 2021 and 2022. 
Patients included in the study were grouped as ”symp-
tomatic” (group 1; n = 33), with acute cerebrovascular acci-
dents in a medical history, and as “asymptomatic” (group 2; 
n = 26), without acute cerebrovascular accidents in a medi-
cal history, according to brain magnetic resonance imaging. 
All included patients underwent carotid endarterectomy 
according to clinical guidelines [15]. The surgical technique 
(classical or eversion) was selected based on the prefer-
ences of the operating surgeon, the atherosclerotic plaque 
extent on the internal and common carotid arteries, 
and the carotid bifurcation level. A Dacron patch was used 
for the classical technique. The groups were comparable 
in terms of the surgery type. All surgical interventions were 
performed using total combined anesthesia. Artificial lung 
ventilation was performed using a Dräger Primus breathing 
apparatus (Dräger, Germany) in the IPPV mode under nor-
moventilation conditions (PaCO2 = 35–45 mm Hg) with ven-
tilation parameter control. General data on the patients are 
presented in Table 1; both groups of patients were compa-
rable in age and the presence of concomitant pathology, 
as well as in the intervention technique.

TABLE 1

GENERAL CHARACTERISTICS OF THE PATIENTS

Note. ICA – internal carotid artery; CEA – carotid endarterectomy.

Indicators Group 1 (n = 33) Group 2 (n = 26) p*

Age (years) 66.7 ± 8.2 68.2 ± 7.1 –

Gender male – 21 (63.6 %) 
female – 12 (36.4 %)

male – 17 (65.3 %) 
female – 9 (34.7 %) –

Side of the ICA lesion left – 19 
right – 14

left – 17 
right – 9

0.288 
0.234

Hypertension 30 (90.9 %) 23 (88.4 %) 0.424

Ischemic heart disease 10 (30.3 %) 12 (46.1 %) 0.123

Postinfarction cardiosclerosis 3 (9 %) 4 (15.3 %) 0.302

Type 2 diabetes mellitus 8 (24.2 %) 4 (15.3 %) 0.155

CEA procedure technique classical – 15 (45.4%) 
eversion – 18 (54.6%)

classical – 12 (46.1%) 
eversion – 14 (53.9%)

0.519 
0.457

Temporary intraluminal shunting 7 (21.2 %) 5 (19.2 %) 0.378

Intraoperative ICA clamping time (s) 1567 [1390; 1780] 1597 [1335; 1723] 0.759
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The inclusion criteria were the presence in patients 
of: internal carotid artery stenosis according to expert ul-
trasound examination of the brachiocephalic arteries (US-
BCA) of 70–99  % according to NASCET (North American 
Symptomatic Carotid Endarterectomy Trial) in the absence 
of transient ischemic attack (TIA) episodes or acute cere-
brovascular accident (CVA); internal carotid artery stenosis 
according to expert BCA ultrasound from 50 to 60 % ac-
cording to NASCET, considering morphological instability 
of the atherosclerotic plaque (ulceration, hemorrhage into 
the plaque, intimal flotation, mural thrombus) and neuro-
logical symptoms – TIA or stroke; internal carotid artery 
stenosis according to expert BCA ultrasound of more than 
60  % according to NASCET in the presence of episodes 
of TIA or CVA [16]. Patients with contralateral internal ca-
rotid stenosis were not included in the study. Exclusion 
criteria were: contralateral internal carotid artery steno-
sis; hearing impairment that prevents testing; patient re-
fusal to participate in the study; systemic disease (renal, 
liver, gastrointestinal, hematological, immunological dis-
ease, etc.); degenerative diseases of the nervous system 
(Alzheimer’s disease, Huntington’s chorea, Parkinson’s 
disease, amyotrophic lateral sclerosis, frontotemporal 
degeneration).

Exclusion criteria during the observation period were: 
death; any cardiovascular events; refusal to continue 
the study.

Patients received standard antiplatelet (monother-
apy with aspirin 100 mg or in combination with clopido-
gel 75  mg) and lipid-lowering (3-hydroxy-3-methylglu-
taryl-coenzyme A reductase inhibitors in a dose according 
to the level of low-density lipoproteins) therapy, and did 
not take drugs that affect cognitive functions (central ace-
tylcholinesterase inhibitors or acatinol memantine, etc.).

In patients, the degree of internal carotid artery steno-
sis was assessed using ultrasound data at different times 
(before surgery (1–5 days before the intervention) – visit 
1; 6 months after the intervention – visit 2); in some cas-
es, computed tomography with angiography and/or dig-
ital subtraction angiography were used as a confirmation 
method. Electroencephalogram (EEG), cognitive evoked 
potentials (P300), heart rate variability (HRV) were record-
ed, and cognitive status was assessed using the Frontal 
Assessment Battery (FAB) and the Montreal Cognitive As-
sessment (MoCA Test).

Ultrasound examination was performed on a GE Viv-
id S5 device (GE HealthCare, USA) with a linear sensor 
with a frequency of 12 MHz; magnetic resonance imaging 
was performed on a MAGNETOM Symphony 1.5 Tesla de-
vice (Siemens, Germany).

EEG was recorded using a 19-channel digital elec-
troencephalograph Neurospectr-3 and the correspond-
ing Neuron-spectr software (Neurosoft LLC, Russia) [17]. 
The electrodes were mounted according to the 10–20 % 
scheme (Fp1, Fp2, F7, F3, F4, F8, T3, C3, C4, T4, T5, P3, P4, T6, 
O1, O2, Fz, Cz, Pz) with reference electrodes on the ears A1 
and A2. The quantization frequency of the analog-to-dig-
ital converter was 200  Hz, the high-pass filter (time con-
stant) was 0.5 Hz (0.32 s), and the low-pass filter was 75 Hz. 

The average analysis epoch was 20.48  s (4096 samples). 
EEG was recorded in the background state. Before con-
ducting the EEG mathematical analysis, artifacts were 
identified and excluded from the analysis, as well as epi-
leptiform activity was identified both visually and by soft-
ware detection of spikes and sharp waves. Recording frag-
ments without artifacts were used for the analysis. The EEG 
analysis was performed using spectral analysis methods 
based on the fast Fourier transform with the allocation 
of the following frequency ranges: delta (0.5–3.9 Hz), theta 
(4.0–7.9 Hz), alpha (8–13 Hz), beta-1 (14–19.9 Hz), beta-2 
(20–35  Hz), gamma (36–100  Hz). The following parame-
ters were studied during the spectral analysis: total pow-
er; average power; average amplitude and average fre-
quency of alpha oscillations, beta1 and beta2 oscillations, 
theta and delta oscillations. Cognitive evoked potential 
P300 registration was performed to assess the activity 
of the sensory systems. The auditory evoked potentials 
(EP) study was carried out by recording long-latency au-
ditory EPs, reflecting to a greater extent the function 
of the auditory analyzer thalamocortical section. For stim-
ulation using headphones, binaurally, clicks with a dura-
tion of 50 ms, a filling of 1000 Hz, a frequency of 1–1.5 Hz 
with a random component (to exclude the phenomenon 
of habituation to periodicity) were used; the gain was 
5–20 μV/mm, the analysis epoch was 500 ms, the number 
of summations (averaging) was 100. The cognitive evoked 
potential P300 was recorded in the odd-ball paradigm 
during the presentation of sound stimuli and the patient’s 
active response to a significant (deviant) stimulus (button 
pressing) using the “Neuron-Spectrum.DVP” hardware 
and software complex (Neurosoft LLC, Russia) [17]. Elec-
trocardiogram (ECG) was recorded using the “VNS-Micro” 
device and the “Poli-Spectrum.NET” program (Neurosoft 
LLC, Russia). The vegetative regulation mechanisms were 
assessed by recording and analyzing heart rate variabili-
ty using the “Poli-Spectrum.NET” hardware and software 
complex (Neurosoft LLC, Russia) [18]. The assessment was 
performed in a sitting position in the 1st standard ECG lead; 
then statistical and spectral analyses of the dynamic series 
of R-R intervals were performed.

Statistical data processing was performed using 
the Statistica 10.0 software package (StatSoft Inc., USA). 
Descriptive statistics included the median (Me), lower 
and upper quartiles (LQ; UQ). Quantitative data compar-
ison was performed using the Mann – Whitney statistical 
criterion (U; the normalized indicator is Z); for qualitative 
data, 2 × 2 conjugation tables and the chi-square criterion 
were used. Differences were considered statistically signif-
icant at p < 0.05. To isolate subgroups of patients, the clus-
ter analysis method (k-means) was used with identification 
of elements included in the clusters. The problem of clas-
sifying patients into groups with known clinical character-
istics was solved based on machine learning technology 
(artificial neural networks) using the studied neurophys-
iological parameters as input parameters. The artificial 
neural network performance was assessed on the training, 
control, and test samples. The software package Statistica 
10.0 (StatSoft Inc., USA) was used.
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All patients signed informed consent; the study was 
approved by the local Ethics Committee of the Ryazan 
State Medical University named after Academician I.P. Pav-
lov of the Ministry of Health of the Russian Federation (pro-
tocol No. 3 dated October 11, 2021).

RESULTS OF THE STUDY

To solve the problem of identifying factors that predict 
the trajectory of patients’ cognitive functioning, we imple-
mented a formalized procedure for categorizing patients 
into homogeneous groups based on the dynamics of cog-
nitive tests using the cluster analysis method (clustering 
by the k-means method).

Table 2 shows the results of cluster analysis based 
on changes in FAB and MoCA Test indicators at visit 1 (be-
fore surgery) and 6 months after surgery. 

As follows from Table 2, cluster 1 is character-
ized by a more preserved cognitive status compared 
to cluster 2 according to the selected indicators, in con-
nection with which cluster 1 is designated as a group 
with a preserved profile of cognitive status, cluster 

2  – as a group with moderate cognitive impairment (ac-
cording to the MoCA Test indicator).

A fundamentally important fact is the absence of sta-
tistically significant differences in the presence of the pre-
vious ischemic stroke factor in the anamnesis in the groups 
(in cluster 1: 55 % with a history of stroke, 45 % without 
a history of stroke; in cluster 2 – 52 % and 48 %, respective-
ly; χ2 = 0.06; p = 0.83).

Table 3 presents the neurophysiological indicators 
in the clusters.

A statistically significantly higher power of beta oscilla-
tions in the frontal leads in cluster 1 is determined; as well 
as higher amplitude of the P300 potential P3 component 
in this cluster. When studying the heart rate variability 
in cluster 1, a greater variability of the R-R intervals by the to-
tal indicator and high-frequency power are revealed.

Table 4 presents the correlations between neurophys-
iological indicators and the scoring level of cognitive func-
tions in clusters.

As follows from the table, statistically significant cor-
relations are determined between the P300 potential 
amplitude and the cognitive function score level at visit 
1 (for groups 1 and 2) and at visit 2 (after 6 months).

Indicators
Cluster 1 (n = 33) Cluster 2 (n = 26) Statistical indicators

Me (LQ; UQ) Me (LQ; UQ) U (Z) p

FAB, visit 1 17 (17; 18) 16 (14; 16) 70 (3.6) 0.001

FAB, visit 2 18 (17; 18) 16 (16; 17) 62 (3.8) 0.001

MoCA Test, visit 1 26 (25; 28) 23 (22; 24) 43 (4.3) 0.001

MoCA test, visit 2 27 (26; 29) 25 (24; 26) 33 (4.6) 0.001

TABLE 2

DYNAMICS OF INDICES OF COGNITIVE FUNCTIONS

TABLE 3

NEUROPHYSIOLOGICAL PARAMETERS IN SELECTED CLUSTERS

Indicators
Cluster 1 Cluster 2 Statistical indicators

Me (LQ; UQ) Me (LQ; UQ) U (Z) p

Power of EEG beta oscillations in lead 
F3, μV × ms 5 (4; 6) 4 (3; 5) 48 (2.01) 0.048

Amplitude of potential P300 in lead 
P3 after surgery, μV 6.9 (2.9; 7.4) 2.8 (0.9; 6.4) 14.5 (2.25) 0.024

Amplitude of potential P300 in lead 
Cz after surgery, μV

6.4 (5.8; 8.0) 2.4 (0.8; 5.4) 9 (2.73) 0.007

RMS HRV, ms 29 (16; 44) 17 (10; 25) 45 (2.12) 0.034

HF HRV, ms 177 (36; 328) 26 (17; 120) 48 (1.9) 0.047

Note. RMS HRV – variability of R-R intervals according to the total indicator, HF HRV – high-frequency power.
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We proposed a model based on artificial neural 
network (ANN) technology, which allows classifying pa-
tients into groups based on the cognitive function score 
dynamics based on the above-described neurophysio-
logical indicators. The model with optimal characteris-
tics was a multilayer perceptron with 29 input neurons, 
7 intermediate layer neurons, and 2 output neurons 
(MLP 29-7-2). The model demonstrated 100  % train-
ing performance, 78 % test sample performance (BFGS 
7 training algorithm).

In the test sample, a smaller number of correct solu-
tions were found in cluster 2 (70 % correct answers; in clus-
ter 1 – 100 %); that is, the more diffi  cult task was to classify 
subjects into cluster 2. The area under the ROC-curve was 
0.950 (good quality of the model) (fi g. 1).

Table 5 presents the ranked (in order of decreasing 
importance) neurophysiological indicators used to solve 
the classifi cation problem. 

As follows from Table 5, the most signifi cant predictors 
of the cognitive status dynamics in patients who under-
went carotid endarterectomy were the EEG characteristics 
and the cognitive evoked potential P300 characteristics.

TABLE 5

NEUROPHYSIOLOGICAL INDICATORS USED FOR CLASSIFICATION AND RANKED IN THE DESCENDING ORDER 
OF SIGNIFICANCE

Note. * – the fi rst 7 indicators with the highest level of sensitivity are presented; HF HRV – high-frequency power.

TABLE 4

CORRELATIONS OF NEUROPHYSIOLOGICAL INDICES IN CLUSTERS

Groups of indicators
Cluster 1 Cluster 2

correlation p correlation p

FAB (visit 1), P200 CEP amplitude in lead Fz 0.494 0.044 – –

MoCA Test (visit 1), P300 CEP amplitude in lead Cz – – 0.632 0.029

MoCA Test (visit 2), P300 CEP amplitude in lead Cz – – 0.539 0.039

Note. CEP – cognitive evoked potential.

Groups of indicators
Characteristics

Rank* Sensitivity

EEG alpha oscillation power in lead O1, μV × ms 1 3.0

HF HRV 2 2.5

P2N2 P300 amplitude in lead Fz 3 2.5

P3 P300 latency in lead Fz 4 2.0

EEG beta oscillation frequency in lead F3 5 2.0

EEG alpha oscillation power in lead O2, μV × ms 6 2.0

EEG theta oscillation frequency in lead F3, counts/s 7 2,0

ACTA BIOMEDICA SCIENTIFICA, 2024, Том 9, № 3

Неврология и нейрохирургия Neurology and neurosurgery

1 – specificity
(proportion of true negatives)

Receiver operating characteristic (ROC curve)
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FIG. 1. 
ROC-curve of the classification model into the studied clusters
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DISCUSSION

The absence of statistically significant neurophysio-
logical differences in the previous stroke factor in pa-
tients with carotid stenosis indicates the need to search 
for other predictors of the cognitive status dynamics, 
which is consistent with the literature data [19, 20]. This 
report presents mainly neurophysiological correlates 
and predictors of the dynamics of cognitive func-
tions; at the same time, the role of factors associated 
with clinical status [19], biomolecular and neurotrans-
mitter mechanisms [21, 22] is undoubted.

It was revealed that the preserved cognitive status 
(cluster 1) is associated with indirect signs of greater 
brain activation (according to beta1 EEG oscillations), 
a greater cognitive evoked potential P300 amplitude, 
as well as with a lesser expression of sympathetic in-
fluences (less activity of stress-realizing systems). 
At the same time, statistically significant correlates 
of a higher score for cognitive functions of the first vis-
it and the visit after surgery were indicators reflecting 
the preservation of the stimulus recognition and deci-
sion-making mechanisms in relation to it, which also 
corresponds to literature data [11].

Machine learning technologies are widely used 
to solve problems in both clinical neurology and clinical 
angiology [23]. The use of neurophysiological indicators 
as predictors allowed us to create a model for classi-
fying subjects into groups based on ANN technology. 
The model was more sensitive to identifying a group 
with less pronounced cognitive impairment. The most 
significant predictors of the cognitive status dynamics 
were the characteristics of the EEG spectral analysis 
and the cognitive evoked potential P300 indicators.

CONCLUSIONS

In patients with atherosclerotic lesions of the carotid 
arteries who underwent carotid endarterectomy, 
the presence of clinical and neurophysiological 
correlates was revealed: an association of preserved 
cognitive functions with a more pronounced activation 
of cortical structures, activity of cortex associative 
zones, and a lesser expression of the activity 
of stress-realizing mechanisms. The EEG spectral 
analysis indicators and the cognitive evoked potential 
P300 characteristics during recognition and decision-
making in relation to a sensory stimulus can be used 
as additional predictors of the cognitive status dynamics 
in patients with carotid stenosis using machine learning 
technologies. At the same time, the stroke factor does 
not have a statistically significant effect on the cognitive 
status of patients.
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