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COMPARATIVE PROTEOMIC AND GENETIC TESTING METHODS IN MISCARRIAGE 

Biopsy is used for the diagnosis when treating miscarriage. However, it does not guarantee that a healthy oocyte will be acquired. The study aimed to identify proteins that 

are specific for pregnancy development and determine rDNA in the maternal and fetal genomes during embryogenesis. A total of 45 patients took part in the continuous 

prospective survey. Non-viable pregnancy was terminated in 25 patients. Another five underwent abortion due to teratogenic effects. Artificial abortion was performed in 

15 cases (controls). To quantify proteins, tissues of the chorion and/or embryo and the decidua were collected from all the assessed individuals during surgery, along with 

blood from the cubital vein. DNA was isolated from all samples by the extraction method involving the use of organic solvents. The rDNA copy number in the DNA was 

determined by non-radioactive quantitative hybridization (NQH), and the chorion proteins were determined by panoramic mass spectrometry. In individuals with frozen 

pregnancy, decreased levels of some proteins specific for pregnancy, beta-1-glycoproteins (PSG), were revealed. The rDNA content was the same in blood cells and 

decidual cells of the same woman. Frozen pregnancy is associated with severe imbalance of the rDNA content in the embryonic and maternal genomes. In most 

cases, there are significantly less rDNA copies in the embryonic genome, than in the maternal genome and genomes of other embryos, the development of which 

has not been spontaneously interrupted. Thus, determination of specific proteins in chorionic villi and the rDNA copy number in the potential parents’ genomes with 

subsequent rDNA copy number modeling in the embryo can help determine possible causes of infertility in married couples and improve the prenatal diagnosis quality.

Keywords: anembryony, decidua, frozen pregnancy, rDNA, teratogenic effect, IVF, embryo, mass spectrometry
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П. А. Клименко1      , А. В. Лисица2, Н. А. Петушкова2, Н. Н. Вейко3, С. В. Костюк3, Е. С. Ершова3, М. П. Клименко1, А. А. Герасимова4, 
О. В. Юсеф1, С. И. Ващенко1, М. А. Курцер1

СРАВНИТЕЛЬНЫЕ ПРОТЕОМНЫЕ И ГЕНЕТИЧЕСКИЕ МЕТОДЫ АНАЛИЗА 
ПРИ НЕВЫНАШИВАНИИ БЕРЕМЕННОСТИ

В прегравидарный период для оценки репродуктивного здоровья пациенток используют комплекс мероприятий (биопсию эндометрия, ультразвуковое 

определение ооцитов, желтого тела, гормонального баланса). Однако они не дают гарантии получения здоровой яйцеклетки. Целью исследования было 

идентифицировать специфичные для развития беременности белки и определить рДНК в геноме матери и плода в процессе эмбриогенеза. В сплошном 

проспективном обследовании участвовало 45 пациенток. У 25 пациенток выполнено удаление неразвивающейся беременности. Еще у пяти проведено 

прерывание беременности из-за тератогенных эффектов. В 15 случаях (контроль) проведен артифициальный аборт. Для определения количества белков 

у всех обследуемых в процессе операции отбирали ткани хориона и/или эмбриона и децидуальной оболочки, а также кровь из кубитальной вены. Из 

всех образцов выделяли ДНК методом экстракции органическими растворителями. Число копий рДНК в ДНК определяли методом нерадиоактивной 

количественной гибридизации NQH, белки в хорионе — с помощью панорамной масс-спектрометрии. При замершей беременности выявлено снижение 

уровня некоторых специфичных белков беременности — бета-1-гликопротеинов (PSG). Содержание рДНК было одинаково в клетках крови и в клетках 

децидуальной оболочки одного и того же женского организма. Замершая беременность ассоциирована с выраженным дисбалансом по содержанию рДНК 

в геноме эмбриона и геноме матери. В большинстве случаев геном эмбриона содержит достоверно меньше копий рДНК, чем геном матери и геномы других 

эмбрионов, развитие которых не прерывалось самопроизвольно. Таким образом, определение специфических белков в ворсинах хориона и числа копий 

рДНК в геномах потенциальных родителей с последующим моделированием числа копий рДНК у эмбриона может помочь в определении возможных 

причин бесплодия у супружеских пар и повысить качество пренатальной диагностики.
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According to some data, spontaneous abortion in the first 
trimester most often results from natural selection, the number 
of embryos with chromosome abnormalities reaches 60–80% 
[1]. The rate of structural karyotype abnormalities in patients 
with recurrent pregnancy loss is 10 times higher than in the 
population: 2.4%. The standard embryo karyotyping involves 
testing for the Down syndrome, Patau syndrome, Edwards 
syndrome, Turner syndrome, Klinefelter syndrome. The patients 
having a history of two or more spontaneous abortions receive 
medical genetic counseling including the partners’ cytogenetic 
testing with explanation of the genealogical and cytogenetic 
findings, assessment of the risk of giving birth to children 
with developmental abnormalities, clarification of the need for 
prenatal diagnosis (including testing of the chorion), and the 
use of donor cells in severe cases. Cytogenetic testing of the 
embryo, chorion, determination of translocations in parents are 
necessary in all stillbirth cases.

The chorionic villi sampling for prenatal testing involving 
collection of a tissue sample from the placenta for karyotyping 
and detection of specific genetic or biochemical abnormalities 
in an unborn child is most often used in obstetric practice [2]. 
According to the transcriptome analysis, 65% (n = 13,074) of 
all human proteins (n = 20,090) are expressed in the placenta, 
and 288 of these genes show expression that is increased 
relative to other tissue types. In contrast to conventional 
biochemical approaches involving tracing one specific protein 
or more, proteomics, specifically LC-MS/MS, represents an 
effective method to detect the altered protein expression, 
as well as proteins involved in the disease pathogenesis. In 
recent years, there have been great advances in identification 
of the differentially regulated proteins, biomarkers, protein 
modifications and polymorphisms in various human tissues, 
and the so-called missing proteins by mass spectrometry [3].

A missing protein is an unconfirmed genetic sequence, for 
which a protein has not yet been discovered [4]. According 
to the international Human Proteome Project (HUPO), there 
are currently 1343 missing proteins without any annotated 
functions predicted by the bioinformatics analysis or studied 
experimentally. The missing protein detection complexity can 
be due to not only their low abundance in many tissues, but also 
expression confined to several cell types within the human body.

The ribosomal genes that encode ribosomal RNAs (18S, 
28S, and 5,8S rRNA) being part of ribosomes, the protein-
synthesizing cytoplasmic organelles, are clustered in the 
ribosomal repeat (rDNA) represented in the genomes of 
eukaryotes by a large number of copies. The number of 
rDNA repeats in diploid human genomes varies between 
200–711 copies [5]. Clusters of the rDNA tandem repeats of 
various size that are localized in short arms of five acrocentric 
chromosome pairs form the nucleolar organiser regions 
(NORs) of chromosomes. In humans, the rDNA copy number 
(R parameter) is determined by the combination of five pairs 
of parental acrocentric chromosomes. All rDNA copies in the 
cell are differentiated into potentially active and inactive. The 
number of active rDNA copies that is usually proportional to 
the number of inactive copies accounts for about 30–40% 
of the total copy number. The more rDNA copies there are 
in the genome, the more active copies there are, which are 
transcribed to ensure the rRNA quantity that is essential for 
ribosome biogenesis [6].

 It has previously been shown that the ribosome biogenesis 
level, which depends on the number of rDNA copies in the 
genome, can affect conception and the course of pregnancy. 
The analysis of the share of non-viable zygotes in the 
samples of married couples with normal fertility, infertility, and 

miscarriage has shown that the loss of zygotes in the sample 
of healthy couples is significantly lower, than in the samples 
having reproductive problems. Therefore, the zygotic selection 
based on the dose of active rDNA copies in the genome can 
be one of the factors determining reproductive problems 
in some couples. In other words, very low and very high 
rDNA content in the embryonic genome can potentially hinder 
normal embryogenesis [7]. Another study has shown that the in 
vitro fertilization (IVF) procedure success depends on the total 
rDNA copy number in the woman’s genome [8]. Women with 
the lower rDNA copy number had a lower chance of getting 
pregnant through IVF. One of the hypotheses explaining this 
fact assumes that women with the low rDNA copy number 
transmit the lower number to the embryo, which is insufficient 
for successful embryogenesis. 

Thus, the level and presence or absence of specific 
proteomes in the chorion must correspond to a certain number 
of different DNA forms in the extracellular DNA.

The study aimed to identify uncommon proteins and 
determine rDNA in the maternal and fetal genomes during 
embryogenesis.

METHODS

The continuous prospective study of patients with miscarriage 
was conducted in May–July, 2023 at the Family Planning 
and Reproduction Center. Observations, in which we failed 
to collect al three biological media within the first 3 h, were 
excluded. Inclusion criteria: frozen pregnancy of unknown 
origin; teratogenic effect; abortion by the patient’s free will. 
Exclusion criteria: other obstetric complications.

The study involved 45 patients, who were divided into three 
groups. A total of 25 patients (group I) were admitted to the hospital 
due to frozen pregnancy (5–13 weeks). Anembryonic pregnancy 
was reported in five of them, another 20 had frozen pregnancy 
of unknown origin. Furthermore, ultrasonography revealed 
discrepancies between the dead embryos’ anthropometric data 
and gestational age (in early pregnancy there was no heartbeat, 
and at pregnancy periods over 7 weeks a decrease in the crown-
rump length by 3–5 weeks was detected) in these patients. Five 
patients (group II) underwent pregnancy termination for medical 
reasons (teratogenic effects) after genetic counseling and the 
council at 13–21 weeks of pregnancy. The control group (group 
III) was represented by 15 healthy patients having no problems 
with their reproductive function, who were through artificial 
abortion by their own will at 8–11 weeks of pregnancy. 

The chorionic and/or embryonic tissue (sample E) and 
decidual tissue (sample D) were collected from all the surveyed 
individuals during surgery. Moreover, blood was collected from 
the women’s cubital vein before surgery (sample C). 

Proteins of the chorion of patients with frozen pregnancy 
and patients post artificial abortion were tested by electrospray 
ionization tandem mass spectrometry (LS-MS/MS) as 
previously reported [9]. Preparation of chorionic villi samples 
for further proteomic analysis involved protein extraction using 
the lysis buffer based on the 2% SDS (sodium dodecyl sulfate), 
ultrasonic treatment, 1DE-gel concentration procedure for SDS 
removal [9]. Protein levels in the chorionic villi extracts were 
determined using bicinchoninic acid as a reference sample [10].

Reduction, alkylation with iodoacetamide, and in-gel tryptic 
digestion were performed as previously reported [11]. The 
peptide mixture was analyzed using the Ultimate 3000 nano-
flow HPLC system (Dionex, USA) integrated with the Orbitrap Q 
Exactive HF mass spectrometer (Thermo Scientific, USA) and 
the Nanospray Flex ion source (Thermo Scientific, USA) [9].



6

ORIGINAL RESEARCH    GYNECOLOGY

BULLETIN OF RSMU   1, 2026   VESTNIK.RSMU.PRESS   DOI: 10.24075/BRSMU.2026.002| ||

Mass spectra in the “.raw” format were converted into 
appropriate mgf files using the ProteoWizard MS Convert v. 
3.0.6867 software tool (http://proteowizard.sourceforge.net). 
Files were imported to the SearchGUI platform (v. 3.3.17) 
[12] and analyzed using the X!Tandem and MS-GF+ search 
algorithms applied to the SwissProt database (v. 2.22.2022, 
FASTA format) for the species Homo sapiens. The search was 
performed in the database of inverted and random amino acid 
sequences (decoy). The PeptideShaker integrator [13] was 
used to produce the Excel spreadsheet files with the protein 
identification results. 

To determine the relative content of proteins identified in 
the chorion, the normalized spectral abundance factor (NSAF) 
showing high reproducibility was used [14].

DNA was isolated from the samples C, E, D by the extraction 
method involving the use of organic solvents. The solution 
containing 0.04 M EDTA, 2% sodium lauryl sarcosylate, and 
150 µm/mL RNAse A (Sigma, USA) was added to the samples 
for 45 min at 37 °C, treated with proteinase K (200 µm/mL, 
Promega, USA) for 24 h at 37 °C, extracted using the equal 
volumes of the phenol/chloroform/isoamyl alcohol mixture 
(25 : 24 : 1), phenol and the chloroform/isoamyl alcohol 
mixture (24 : 1). DNA was precipitated by adding 
1/10 volume of 3 M sodium acetate (pH 5.2) and 2.5 
volumes of ice-cold ethanol. Phenol was stabilized with 
8-hydroxyquinoline. DNA was collected by centrifugation 
at 10,000 G for 15 min at 4 °C, washed with 70% ethanol 
(v/v), dried, and dissolved in water.

Ribosomal gene copy number determination: the number of 
rDNA copies in DNA was determined by non-radioactive quantitative 
hybridization (NQH) [5]. To detect human rDNA (GenBank sample 
No. U13369), the mixture of probes for the rDNA oligo(18S) biotin-
CTGTAATGATCCTTCCGCAGGTTCACCTAC and oligo(18S) 
biotin-TATCGGTCTCGTGCCGGTATTTAGCCTTAG was used.
Denatured DNA was applied onto the filter (Optitran BA-S85, GE 
Healthcare, USA), 4–6 spots per sample. Standard genomic DNA 
samples (50 ng/ml) with the known rDNA content were applied 
onto the same filter to construct a calibration curve of signal 
intensity vs. rDNA copy number. The lambda phage DNA 
(50 ng/mL) was also applied onto the same filter to control the 
noise level. Then the filter was vacuum heated at 80 °C for 
1.5 h. After the hybridization completion, the membrane 
filter was treated with the streptavidin-alkaline phosphatase 
conjugate (Sigma, USA) and placed in a solution of alkaline 
phosphatase substrates (bromo-chloro-indolyl-phosphate/
nitro blue tetrazolium, BCIP/NBТ). Then the filter was washed 
with water, dried in the dark, and scanned. The Imager 
6 software allowing one to calculate the integrated intensity 
of signals from each point was used for rDNA quantification. 
Signals from all points corresponding to the same sample 
were summed up to calculate the mean and standard error 
for each sample.

No sample size calculation principles were used. Statistical 
analysis methods: descriptive statistics for quantitative variables 
are presented as the mean, median, and range of values. 
Pairwise comparison of samples was performed using the 
Mann–Whitney U-test (р). This test is best suited for our task 
due to small size of the samples used in the study. The test can 
be used to compare two groups, when there are at least three 
different trait values in each group. The StatPlus2007 software 
tool (http://www.analystsoft.com/) was used for calculation. 
The differences were considered significant at p < 0.05. The 
number of rDNA copies in the embryo’s genome was used to 
predict frozen pregnancy in patients. Our results are preliminary 
and descriptive due to the fact that the sample was small.

RESULTS

Infertility has become a global health problem, with the number 
of people suffering from this condition growing every year. 
The IVF procedure holds great promise for infertility treatment. 
However, the early embryogenesis is complex, since a number 
of processes take place in this phase, including the transition 
from mother to zygote. In humans, the early embryonic 
development can be complicated by genomic errors that occur 
after fertilization. The nuclear abnormalities found in human 
embryos, especially those resulting from IVF, are due to DNA 
damage, aneuploidy, and decreased developmental potential. 
Transcription and expression of certain genes in the embryo 
are through a number of changes in the early embryonic 
development phase [15].

Comparative proteomic analysis 

The multicopy genes that encode ribosomal rRNAs 
(rDNA) determine the ribosome biogenesis and, therefore, 
protein biosynthesis levels in the body, especially in early 
embryogenesis [16, 17]. The comparative proteomic analysis 
can provide new insights into biological pathways underlying 
the spontaneous abortion pathogenesis. That is why in the 
first phase of the study we assessed the human chorionic 
protein profile alterations associated with frozen pregnancy 
by panoramic mass spectrometry. Among proteins identified, 
pregnancy-specific glycoproteins were determined (PSG; 
Table 1). Human PSGs represent a group of molecules that 
are almost exclusively expressed by placental trophoblasts 
(chorionic villi) in pregnancy. Ten protein-encoding closely linked 
human PSG genes (PSG1–PSG9 and PSG11) form a subgroup 
of the carcinoembryonic antigen (CEA) gene family [18] (https://
www.proteinatlas.org/humanproteome/tissue/placenta). CEA 
is an important tumor marker of colorectal and some other 
carcinomas [19]. We have also managed to identify all the CEA 
family subgroup members (Table 1). Furthermore, in individuals 
with frozen pregnancy, there was a significant decrease in the 
levels (estimated based on NSAF values) of such glycoproteins, 
as PSG3 and PSG2; glycoproteins PSG7 and PSG4 were not 
detected in the chorionic tissue. The decrease in PSG7 levels 
during fetal development can result in pregnancy loss [20, 21]. 
Thus, our data showing that low PSG levels are associated with 
poor pregnancy outcomes are consistent with the results of 
other authors [18].

Moreover, alpha-L-fucosidase, which plays an important 
role in cell adhesion during attachment and detachment of 
fetal membranes, was detected in samples of the chorion after 
abortion [22]. We also detected the decrease in expression of 
the reticulon-4 protein (RTN4), which is involved in apoptosis 
(GO: 0006915), in cases of embryo loss. The RTN4 deficiency 
can result in such phenotypes, as “abnormal trophoblast layer 
morphology”, “fetal growth restriction”, “reduced fetal size”, 
and “embryonic lethality” [23]. 

In cases of embryo loss, PSG8, PSG7, PSG4 proteins 
were not determined in samples of the chorion; the pregnancy-
specific beta-1-glycoprotein 6 (Q00889, PSG6) levels were low 
relative to the control (Table 1). 

Furthermore, in cases of frozen pregnancy, we revealed the 
decreased levels of such proteins, as coactosin-like protein 
(COTL1), protein canopy homolog 2 (CNPY2), sideroflexin-3 
(SFXN3), prohibitin-2 (PHB2), and hyaluronan and proteoglycan 
link protein 1 (HAPLN1), in the chorionic villi compared to 
the control samples of the chorion. For example, HAPLN1 
is essential for production of the cartilaginous proteoglycan 
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Table 1. Pregnancy-specific glycoproteins (PSG) detected in human chorionic villi by panoramic mass spectrometry (LC-MS/MS)

Note: NSAF — normalized spectral abundance factor reflecting protein content.

##
Protein ID in the 

UniProt database
Gene Protein Biological process

NSAF value

Artificial abortion Frozen pregnancy

1 Q00887 PSG9
Pregnancy-specific 

beta-1-glycoprotein 9
immune system process 

(GO:0002376)
0.0099 0.0051

2 Q9UQ74 PSG8
Pregnancy-specific 

beta-1-glycoprotein 8
immune system process 

(GO:0002376)
0.0053 undefined

3 Q13046 PSG7
Pregnancy-specific 

beta-1-glycoprotein 7
female pregnancy 

(GO:0022414)
0.0054 undefined

4 Q00889 PSG6
Pregnancy-specific 

beta-1-glycoprotein 6

immune system process 
(GO:0002376);

0.0051 0.0058
 female pregnancy 

(GO:0022414)

5 Q15238 PSG5
Pregnancy-specific 

beta-1-glycoprotein 5

cell adhesion 
(GO:0007155); 

0.0129 0.0094
female pregnancy 

(GO:0022414)

6 Q00888 PSG4
Pregnancy-specific 

beta-1-glycoprotein 4

immune system process 
(GO:0002376); 

0.0159 undefined
female pregnancy 

(GO:0022414)

7 Q16557 PSG3
Pregnancy-specific 

beta-1-glycoprotein 3

immune system process 
(GO:0002376); 

0.0132 0.0079
female pregnancy 

(GO:0022414)

8 P11465 PSG2
Pregnancy-specific 

beta-1-glycoprotein 2

cell adhesion 
(GO:0007155); 

0.0146 0.0087
female pregnancy 

(GO:0022414)

9 Q9UQ72 PSG11
Pregnancy-specific 

beta-1-glycoprotein 11

cell adhesion 
(GO:0007155);

0.0108 0.0089
 female pregnancy 

(GO:0022414)

10 P11464 PSG1
Pregnancy-specific 

beta-1-glycoprotein 1

immune system process 
(GO:0002376); 

0.0072 0.0064
female pregnancy 

(GO:0022414)

aggregates having a broad spectrum of biological functions. 
The lack of HAPLN1 results in perinatal mortality associated 
with severe chondrodysplasia [24] and heart malformations [25]. 

Thus, comparative proteomic analysis allowed us to 
determine the low abundance proteins specific for pregnancy 
development that are characterized by considerable 
alteration of their content (decrease and/or lack) during early 
embryogenesis in cases of spontaneous abortion.

Genetic testing

As is known, the body’s level of protein biosynthesis is 
determined by ribosome biogenesis, the multicopy genes 
encoding ribosomal rRNA (rDNA), which represents one of the 
characteristics of adaptive capacity in humans. In this regard, 
in the next phase we determined rDNA in the maternal and fetal 
genomes during embryogenesis. Table 2 presents experimental 

Table 2. Descriptive statistics for R parameter

Note: the data are presented as the median (min–max); descriptive statistics for quantitative variables are presented as the mean and standard deviation — M (SD); 
sample C — blood from the patient’s cubital vein; sample E — embryonic tissue; sample D — decidual tissue. 

Tissue type Parameters Group I (n = 25) Group II (n = 5) Group III (n = 15)

Maternal peripheral blood

Mean 417 ± 88 373 ± 183 425 ± 78

Interval 322–629 191–713 314–612

Median 398 442 412

Embryonic tissue

Mean 373 ± 183 363 ± 82 468 ±134

Interval 191–713 242–436 295–723

Median 261 401 478

Decidua

Mean 405 ± 92 434 ± 36 422 ± 70

Interval 204–595 379–473 318–580

Median 405 445 409
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data that reflect the number of rDNA copies (R parameters) in 
DNA of blood leukocytes, decidua and the embryos’ DNA. 

Group I (Figure) — frozen pregnancy (No. 1–25) or 
suspected (visually) lack of the embryo (No. 20–25). Samples 
of the DNA isolated from blood cells and D tissue of the same 
women showed no differences in rDNA content (p > 0.05). This 
fact confirms the earlier reported data on equal rDNA levels in 
different tissues within the same body [26]. 

Embryonic genomes (tissue E) were dramatically different 
from maternal genomes (tissues C and D) based on the rDNA 
copy number. It is interesting to note that the differences were 
reported for five cases (No. 20–25), when the embryo could 

not be visually detected. It is likely that the cell division arrest 
occurred in early pregnancy. Among the maternal cells, there 
are most likely also cells from another organism. It is possible 
that the rDNA content in these cells is even lower. 

As for the ratio of rDNA content in the embryo’s genome and 
maternal cells, all embryos in group I split into two subgroups. 
In subgroup Ia (n = 20), the R (E) parameter was 1.4–3.3 
times lower (mean — 1.7 times; p < 0.001), than R (C or D). In 
subgroup Ib (n = 5), the R (E) parameter was 1.7–2 times higher 
(mean — 1.8 times; p = 0.02), than R (C). Thus, the embryo 
development arrest is associated with either too low, or too 
high rDNA content compared to the woman’s genome.

Fig. rDNA copy number in DNA isolated from three types of cells in groups I–III. А. The mean copy number in the DNA sample (n = 3) and the measurement error are 
provided. B. Alteration of rDNA copy number in embryonic and decidual tissues relative to rDNA levels in blood leukocytes 
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Group II — termination of pregnancy due to medical reasons 
(encephalocele, signs of congenital limb deformity, congenital 
CNS abnormality acrania, Edwards syndrome, and fusion of the 
pulmonary artery to aorta in the fetus). In this group, genomes 
of 4 embryos comprised more rDNA copies, than in group Ia 
(р = 0.01). The differences between groups IIC and IIE were 
non-significant. Only one embryonic DNA sample had lower 
rDNA content compared to the woman’s leukocyte DNA.

As for groups with healthy and frozen pregnancy, the most 
significant results were obtained for the embryos only (Fig. 1), 
and the threshold number of rDNA repeats was 322. In our 
study, lower rDNA content values were associated with the 
embryos’ death.

The analysis of the data reported allows us to draw 
the following conclusions

In cases of embryo loss, there are severe abnormalities of 
protein composition and the genes involved in pregnancy 
development in tissues of the chorion. Thus, low PSG levels 
were associated with poor pregnancy outcomes. In particular, 
in cases of frozen pregnancy no pregnancy-specific beta-1-
glycoprotein 7 (PSG7), the decrease in the levels of which 
during fetal development can result in pregnancy loss, was 
found in the chorion.

We also detected downregulation of the reticulon-4 protein 
(RTN4) involved in apoptosis (GO: 0006915) in cases of embryo 
loss. The RTN4 deficiency can result in such phenotypes, 
as “abnormal trophoblast layer morphology”, “fetal growth 
restriction”, “reduced fetal size”, and “embryonic lethality” [23]. 

The rDNA content is the same in blood cells and cells of the 
decidua of the same female body.

The threshold values ​​of rDNA repeats in embryonic tissues 
(322) were determined, after the decrease of which pregnancy 
was terminated.

DISCUSSION

Frozen pregnancy is associated with severe imbalance of rDNA 
content in the embryonic and maternal genomes. In most cases, 
the embryo’s genome comprises significantly less rDNA copies, 
than the maternal genome and genomes of other embryos, 
the development of which has not been not spontaneously 
interrupted. Very low rDNA content in the genome is likely 
to be associated with the low number of ribosomes, which 
is incapable of ensuring the protein synthesis level appropriate 

for the development of a particular embryo. It has been 
previously shown that the low rDNA copy number in the human 
genome (less than 300 copies) is associated with the lower life 
expectancy and dementia in the elderly [7, 27]. Cystic fibrosis, 
a monogenic disorder caused by the CFTR gene mutation, is 
associated with the larger rDNA copy number in the affected 
individual’s genome. Schizophrenia, being a multifactorial 
disorder, is also associated with the increased rDNA content 
in the affected individual’s genome [27, 28]. It is likely that low 
amounts of rDNA in the genome do not allow the genome with 
genetic abnormalities to be realized, and embryogenesis is 
interrupted at an early stage. Only five chromosomes in the 
human genome contain the rDNA encoding ribosomal RNA, 
of which the ribosome is assembled with the help of certain 
proteins. The ribosome provides molecular machinery for the 
synthesis of all proteins in our body [17, 29]. The very high rDNA 
content in the embryonic genome compared to maternal one 
also negatively affects embryogenesis. There are two possible 
explanations for this fact. First, high ribosome biogenesis levels 
resulting from the larger number of rDNA copies in the embryo’s 
genome require a large amount of nutrients from the mother’s 
body. If the maternal genome contains a low number of rDNA 
copies, it will not be able to fulfill the needs of the embryo. 
Second, genomes with the larger number of rDNA copies 
can contain mutations that block embryogenesis at the later 
stages, but allow for early embryo development. Genomes with 
low rDNA amounts and this genetic abnormality are rejected in 
early embryogenesis.

CONCLUSIONS

Determination of the PSG8 (pregnancy-specific beta-1-
glycoprotein 8), PSG7 (putative pregnancy-specific beta-1-
glycoprotein 7), PSG6 (pregnancy-specific beta-1-glycoprotein 6), 
and PSG4 (pregnancy-specific beta-1-glycoprotein 4) content 
be useful for prenatal prediction of pregnancy course. In most 
cases (16 surveyed individuals out of 20), frozen pregnancy is 
associated with the low rDNA content in the embryo’s DNA 
relative to the control group (normal pregnancy). The low R 
parameter value shows that the cells are unable to ensure 
the ribosome biogenesis level appropriate for embryogenesis. 
Determination of specific proteins in the chorionic villi and 
rDNA copy number in the potential parents’ genomes with 
subsequent modeling of the rDNA copy number in the embryo 
can help determine the cause of infertility in married couples 
and predict the ongoing pregnancy course.
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Lapshtaeva AV1      , Sychev IV2, Adamchik AI3, Puzakova DV1, Marmuleva VS4, Sychev DA2,5

CYP1A2 PHARMACOGENETIC MARKERS AS CLINICAL PREGNANCY PREDICTORS 
IN THE IN VITRO FERTILIZATION PROGRAMS FOR ANOVULATORY INFERTILITY 

Anovulatory infertility remains a significant medical and social issue requiring the development of new approaches to personalized patient management in 

assisted reproductive technology programs. Pharmacogenetic testing of hormone metabolism gene polymorphisms can contribute to optimization of ovarian 

stimulation protocols and higher in vitro fertilization (IVF) efficacy. The study aimed to assess a possible association of polymorphic variants of CYP isoenzyme genes 

(CYP1A1, CYP1A2, CYP17А1, CYP19A1) with the IVF program clinical efficacy in patients with anovulatory infertility. A total of 18 polymorphisms of the CYP1A1, 

CYP1A2, CYP17A1, and CYP19A1 genes were analyzed by genotyping on the Illumina iScan platform. The CYP1A2 Т/Т rs2470890 and А/А rs762551 genotype 

carrier state is associated with the increased likelihood of getting pregnant (OR = 3.824; 95% CI: 1.150–12.713, p = 0.023 and OR = 4.030; 95% CI: 1.372–11.839, 

p = 0.009, respectively). As for other studied polymoprhisms, including rs1048943, rs1800031, rs4646903, rs2606345 (gene CYP1А1), rs2069514 (gene CYP1А2), 

rs743572, rs104894136 (gene CYP17А1), rs10046, rs936306, rs700518, rs749292, rs1062033, rs2470152, rs28757157, rs6493497, rs7176005 (CYP19А1), no 

significant differences in the abundance of genotypes between comparison groups were revealed (p > 0.05). The pilot study data obtained suggest the potential role of the 

CYP1A2 gene rs2470890 and rs762551 variants in modulation of the individual response to treatment and the IVF program efficacy in patients with anovulatory infertility.
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А. В. Лапштаева1      , И. В. Сычев2, А. И. Адамчик3, Д. В. Пузакова1, В. С. Мармулева4, Д. А. Сычев2,5

ФАРМАКОГЕНЕТИЧЕСКИЕ МАРКЕРЫ CYP1A2 КАК ПРЕДИКТОРЫ КЛИНИЧЕСКОЙ БЕРЕМЕННОСТИ В 
ПРОГРАММАХ ЭКСТРАКОРПОРАЛЬНОГО ОПЛОДОТВОРЕНИЯ ПРИ АНОВУЛЯТОРНОМ БЕСПЛОДИИ

Ановуляторное бесплодие остается значительной медико-социальной проблемой, требующей разработки новых подходов к персонализированному 

ведению пациентов в программах вспомогательных репродуктивных технологий. Фармакогенетическое тестирование полиморфизмов генов метаболизма 

гормонов может способствовать оптимизации протоколов овариальной стимуляции и повышению эффективности экстракорпорального оплодотворения  

(ЭКО). Целью исследования было оценить возможную ассоциацию между полиморфными вариантами генов изоферментов CYP (CYP1A1, CYP1A2, 

CYP17А1, CYP19A1) и клинической эффективностью программ ЭКО у пациенток с ановуляторным бесплодием. Проведен анализ 18 полиморфизмов 

генов CYP1A1, CYP1A2, CYP17A1 и CYP19A1 с использованием генотипирования на платформе Illumina iScan. Носительство генотипов Т/Т rs2470890 

и А/А rs762551 гена CYP1A2 ассоциировано с увеличением вероятности наступления беременности (OR = 3,824; 95% CI: 1,150–12,713, p = 0,023 и 

OR = 4,030; 95% CI: 1,372–11,839, p = 0,009 соответственно). Для остальных исследованных полиморфизмов, включая rs1048943, rs1800031, rs4646903, 

rs2606345 (ген CYP1А1), rs2069514 (ген CYP1А2), rs743572, rs104894136 (ген CYP17А1), rs10046, rs936306, rs700518, rs749292, rs1062033, rs2470152, 

rs28757157, rs6493497, rs7176005 (CYP19А1), статистически достоверных различий в частоте встречаемости генотипов между группами сравнения 

выявлено не было (p > 0,05). Полученные данные пилотного исследования указывают на потенциальную роль генетических вариантов гена CYP1A2 

rs2470890 и rs762551 в модуляции индивидуального ответа на терапию и эффективности программ ЭКО у пациенток с ановуляторным бесплодием.
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Anovulatory infertility representing a reproductive dysfunction 
resulting from the lack of ovulation occupies one of the leading 
positions in the structure of female infertility. Its relevance is 
due to not only high prevalence (which is 25–30% of all female 
infertility cases according to the data provided by different 
authors), but also complex pathogenesis, diversity of clinical 
forms and pronounced effects on the patient’s overall health 
that are far beyond the reproductive dysfunction [1]. 

The disorder pathogenesis is multilevel and polyetiological. 
Regardless of the primary lesion severity (hypothalamus, 
pituitary gland, ovaries, or peripheral endocrine glands), the 
pathological cascade finally results in the deep disintegration of 
the hypothalamic-pituitary-ovarian axis leading to the impaired 
dominant follicle growth, dominance, and rupture. The basis is 
dysregulation of the gonadotropin-releasing hormone (GnRH) 
secretion circadian rhythm, which entails impaired synthesis 
and pulsatile secretion of the follicle-stimulating hormone (FSH) 
and luteinizing hormone and, therefore, blocked folliculogenesis 
and ovulation [1, 2].

Etiotropic therapy for anovulatory infertility is aimed at 
restoring the ovulatory function of the ovaries by the hormonal 
stimulation classified into indirect (anti-estrogen) and direct 
(gonadotropic) based on the application point. However, 
despite the existence of effective controlled ovarian stimulation 
protocols, there are still serious problems related to not only 
treatment resistance, high risk of complications, such as 
ovarian hyperstimulation syndrome and multiple pregnancy, 
but also psychological discomfort in the patient and her partner 
due to the treatment protocol duration and cyclical nature [3–5].

The today’s reproductive medicine pays considerable 
attention to the search for genetic markers allowing one to 
predict the response to ovulation stimulation and the IVF 
program efficacy. In the context of anovulatory infertility, genetic 
studies are focused on polymorphisms of the genes involved in 
regulation of folliculogenesis, steroidogenesis, insulin metabolism, 
and gonadotropin sensitivity [6–8]. 

Biotransformation of a significant number of endogenous 
steroids, xenobiotics, and drugs is mediated by the cytochrome 
P450 (CYP) family enzymes classified as heme-based 
monooxygenases [9]. In the reproductive function regulation 
process, a special role is given to the CYP isoforms that are 
localized in the steroid-producing tissues: adrenal cortex, ovaries, 
and placenta. The main function of estradiol 2-hydroxylation 
in the liver is implemented by the CYP1A2 isoform, while 
in the extrahepatic tissues similar catalytic activity is shown 
by CYP1A1 [10–12]. CYP17A1 (17α-hydroxylase/17,20-lyase)
is the key enzyme catalyzing two successive phases: 
17-α-hydroxylation of progesterone and pregnenolone 
and the side chain cleavage (17,20-lyase activity) yielding 
androgens (dehydroepiandrosterone and androstenedione). 
CYP19A1 (aromatase) catalyzes the conversion of androgens 
(testosterone and androstenedione) into estrogens (estradiol 
and estrone) [13]. Abnormal functioning of specific isoforms 
leads to profound steroidogenesis dysfunction manifested by 
either deficiency of estrogens necessary for ovulation, or excess 
androgens, which block the follicle growth and maturation.

High CYP enzyme genetic polymorphism rate results in 
a broad spectrum of enzyme activity alterations, which have 
a significant effect on the xenobiotic metabolism, risk of side 
effects and regulation of physiological processes [14, 15]. 
The authors had earlier identified the associations of some 
CYP polymorphisms allowing one to predict the response to 
ovulation stimulation and the IVF efficacy [16, 17].

The study aimed to assess a possible association of 
polymorphic variants of the CYP isoenzyme genes (CYP1A1, 

CYP1A2, CYP17А1, CYP19A1) with the IVF program clinical 
efficacy in patients with anovulatory infertility.

METHODS

The study involved 176 females diagnosed with anovulatory 
infertility (ICD-10 code N97) in accordance with the criteria 
of European and Russian clinical guidelines. These patients 
requested an IVF program at the assisted reproductive 
technology department of the Perinatal Center, Mordovian 
Republican Central Clinical Hospital (Saransk), between May 
2023 and December 2024. All the study participants were 
in their early fertile age, 25–35 years (29.4 ± 3.7 years); they 
were of Caucasian origin, were born and lived in the Volga 
Federal District of Russia. All the patients were through the 
IVF program, involving the use of their own oocytes and 
embryo transfer; the program involved the use of the GnRH 
antagonists (subcutaneous ganirelix, cetrorelix 0.25 mg/day), 
recombinant gonadotropins (subcutaneous follitropin alfa, 
starting dose 150–225 IU/day with subsequent adjustment), 
and choriogonadotropin alfa (subcutaneous ovitrelle 250 µg) 
within the framework of the short superovulation stimulation 
protocol. The prescribed assessment and treatment were 
conducted in accordance with the National clinical guidelines 
on treatment of female infertility and assisted reproductive 
technology/intrauterine insemination. 

A total of 60 women were selected for enrollment based 
on the inclusion criteria. Inclusion criteria: women aged 
25–35 years; infertility due to the lack of ovulation; normal 
ovarian reserve; no endometrial abnormality based on the 
ultrasonography, hysteroscopy data; normal karyotype in 
both partners. Exclusion criteria: extragenital and genital 
abnormalities, due to which there were contraindications for 
the basic IVF program; patient’s voluntary refusal to take part in 
the study at any stage.

The fact of getting pregnant (pregnancy was diagnosed 
by determining serum concentrations of the human chorionic 
gonadotropin β-subunit 14 days after the embryo transfer to 
the uterine cavity) was considered as a major outcome in the 
women assessed; the test was considered to be positive, 
when the levels were above 30 IU/L (biochemical pregnancy). 
Ultrasonographic diagnosis of clinical pregnancy to determine 
the number of fertilized eggs in the uterine cavity was performed 
21 days after the embryo transfer. On day 31, physicians of 
appropriate specialty performed ultrasonography in order to 
detect fetal heartbeat. Women were divided into groups based 
on the major IVF program outcome considering their enthicity, 
demographic and medical history data: group 1 (index group) 
consisted of women, who got pregnant after one try and 
had no history of IVF attempts (n = 30); group 2 (comparison 
group), who failed to get pregnant and had a history of three 
unsiccessful IVF attempts (n = 30).

On the day of enrollment, each patient underwent additional 
venous blood collection: 6 mL of blood were collected by 
venipuncture from the cubital vein in the morning in the fasting 
state into the disposable sterile EDTA vacuum tube for further 
genotyping. Biomaterial was frozen at a temperature of –20 °С, 
transported to the laboratory, and then stored at ‒70 °С. 
DNA was isolated from blood using a magnetic sorbent and 
reagents by Genotek (Russia) in the Allsheng Auto-Pure 96 
system (China). When performing the whole-genome testing, 
sample preparation and scanning were accomplished using the 
iScan system (Illumina, USA) in accordance with the Infinium 
HTS Assay Guide protocol [18]. The Infinium Global Screening 
Array-24 v3.0 kit was used (USA). In this study a total of 
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18 single nucleotide polymorphisms (SNPs) were analyzed, 
which, in the authors’ opinion developed based on the literature 
review, could have predictive potential: rs1048943, rs1800031, 
rs2606345, rs4646903 (CYP1A1), rs762551, rs2069514, 
rs2470890 (CYP1A2), rs743572, rs104894136 (CYP17A1), 
rs10046, rs936306, rs700518, rs749292, rs1062033, 
rs2470152, rs28757157, rs6493497, rs7176005 (CYP19A1).

Statistical data processing was performed using the 
StatSoft Statistica 12.5 software package. The quantitative 
trait distribution was tested for normality using the Shapiro–
Wilk test. The normally distributed quantitative indicators were 
presented as the mean and standard deviation (M (±SD). 
Comparison of two independent groups based on quantitative 
traits was performed using the Student’s t-test. Qualitative 
traits (genotype and allele frequencies) were compared using 
the Pearson’s chi-squared test (χ²) or Fischer’s exact test 
(when the expected frequencies in the contingency table cells 
were below 5). The genotype distribution consistency with the 
Hardy–Weinberg principle (HWE) was tested in the control 
group using the χ² test. The strength of associations between 
genotypes and the IVF program outcomes was assessed by 
calculating the odds ratio (OR) and 95% confidence interval 
(95% CI). When testing statistical hypotheses, the critical 
significance level (p) was set at 0.05. Considering the limited 
sample size (n = 60) and the need to exclude false positives 
typical for asymptotic tests (chi-squared test), significance of 
the associations revealed was verified using the permutation 
test. The Monte Carlo permutation test involving generation of 
10,000 random phenotype permutations with the preserved 
genotype-based structure of the sample was used. This 
approach is considered to be a gold standard of genetic 
testing in small samples, since it does not depend on the data 
distribution pattern and allows one to accurately calculate the 
error probability empirical value (p-perm). The empirical levels 
p < 0.05 were considered significant.

RESULTS

The groups were matched for age, infertility duration, fact of 
having obesity, basal FSH and estradiol levels, anti-Müllerian 
hormone (AMH) levels, and the number of antral follicles (р > 0.05) 
(Table 1). We believe that the differences in the response to 
ovulation stimulation and IVF efficacy can be due to genetic 
differences in CYP1A1, CYP1A2, CYP17А1, CYP19A1.

Comparative analysis of the distribution of frequencies of 
genotypes with polymorphisms of these genes in the groups 
of patients with beneficial and adverse IVF outcomes revealed 
polymorphic variants significantly correlated to the successful 
implantation and the fact of getting pregnant (Table 2). The 
distribution of genotypes in the control group was compliant 
with the Hardy–Weinberg equilibrium (p > 0.05)

Thus, in the CYP1А2 gene, the rs2470890 polymorphism 
Т/Т genotype carrier state is associated with the 3.8-fold 
increased likelihood of successful IVF (OR = 3.824; 95% CI: 
1.150–12.713, p = 0.023). In contrast, the C/C genotype 
was far less abundant in the group with beneficial outcomes, 
representing the risk factor of unsuccessful attempts (OR = 
0.167; 95% CI: 0.033–0.853, p = 0.016). We also determined 
a significant association between the CYP1А2 rs762551 
polymorphism A/A genotype and positive IVF outcomes: 
the genotype carrier state increases the likelihood of getting 
pregnant 4-fold (OR = 4.030; 95% CI: 1.372–11.839, p = 0.009) 
relative to the carrier state for other genotypes. At the same 
time, the C/C genotype of this locus showed a downward 
trend of frequency in the group with beneficial outcomes 

(OR = 0.167; 95% CI: 0.033–0.853, p = 0.016), which can 
indicate its unfavorable prognostic value.

As for other studied polymorphisms, including rs1048943, 
rs4646903, rs2606345 (gene CYP1А1), rs2069514 (gene 
CYP1А2), rs743572 (gene CYP17А1), and a number of loci of 
the gene CYP19А1 (rs936306, rs28757157, rs749292, rs10046, 
rs700518, rs1062033, rs2470152, rs6493497, rs7176005), 
no significant differences in the abundance of genotypes 
between comparison groups were revealed (p > 0.05). As for 
polymorphisms rs1800031 (gene CYP1А1) and rs104894136 
(gene CYP17А1), associations could not be analyzed due to the 
sample monomorphism.

Primary analysis involving the use of standard parametric 
tests revealed significant differences in the distribution of 
genotypes across the CYP1A2 loci. To confirm the fact 
that the results were resistant to the small sample effect, 
a permutation test was performed. For the rs762551 
polymorphism (genotype A/A), the empirical significance 
value obtained based on the 10,000 resampling, confirmed 
the non-random nature of the association (p-perm = 0.012, 
OR = 4.03). A similar result was reported for the rs2470890 
polymorphism (genotype T/T): the empirical p-value also 
retained statistical significance (p-perm = 0.025, OR = 3.82). 
Thus, the use of permutation analysis confirmed the fact 
that high likelihood of getting pregnant in carriers of these 
genotypes is not a statistical “artifact” associated with the 
sample size, but reflects a real biological pattern.

DISCUSSION

In this study, to assess possible associations of polymorphic 
variants of the cytochrome Р450 isoenzyme-encoding genes 
(CYP1A1, CYP1A2, CYP17А1, CYP19A1) with the IVF 
program clinical efficacy in patients with anovulatory infertility, 
the analysis of the distribution of frequencies of 18 SNP 
genotypes was conducted. The data obtained suggest that 
two polymorphisms are associated with beneficial IVF program 
outcomes: rs2470890 and rs762551.

The two SNPs located in the intronic region of the 
gene CYP1A2 encoding the enzyme that is responsible for 
2-hydroxylation of estradiol in the liver can alter the activity 
of CYP1A2, which affects the estrogen metabolism, thereby 
affecting the women’s responsiveness to ovarian stimulation 
in IVF programs. The rs2470890 and rs762551 association 
with the CYP1A2 protein expression was illustrated by other 
estrogen-dependent conditions [12, 19]. The А allele of the 
rs762551 polymorphism (CYP1A2) is associated with the 
increased enzyme inducibility and, therefore, with the higher 
rate of the estrogen and xenobiotic metabolism [20]. 

At first glance, the accelerated estradiol metabolism can be 
considered as a negative factor reducing the hormone levels. 
However, in the context of controlled ovarian stimulation, during 
which estradiol levels often reach supraphysiological values, 
high CYP1A2 activity can play a protective role. We assume 
that the effective estrogen biotransformation reported in 
carriers of the rs762551 (A/A) and rs2470890 (T/T) genotypes 
prevents the endometrium overexposure to high doses of 
exogenous and endogenous hormones. There is evidence that 
excess estradiol can reduce endometrial receptivity and disrupt 
synchronizarion of the embryo development and endometrial 
readiness, thereby shifting the "implantation window" [21–23]. 

The controlled ovarian stimulation protocol that precedes 
IVF is based on administration of supraphysiological exogenous 
gonadotropin doses aimed at inducing multiple folliculogenesis. 
Multifollicular development results in hypersecretion of estradiol, 
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Table 1. Major diagnostic criteria of the surveyed women’s ovulatory potential 

Note: * —  р is compliant with Fischer’s exact test; ** — not calculated due to the lack of cases in one of the groups.

Indicators Group 1 (n = 30) Group 2 (n = 30) χ2 р

Age

25–30 43.3% (13 individuals) 50% (15 individuals)
0,268 0.605

31–35 56.7% (17 individuals) 50% (15 individuals)

Obesity

Yes 23.3% (7 individuals) 40% (12 individuals)
1,926 0.166

No 76.7% (23 individuals) 60% (18 individuals)

AMH

Below 1.0 ng/mL 13.3% (4 individuals) 40% (9 individuals) – 0.114*

1.0–3.5 ng/mL 73.4% (22 individuals) 60% (18 individuals) 1,274 0.274

Over 3.5 ng/mL 13.3% (4 individuals) 10% (3 individuals) – 0.688*

Basal FSH

Below 10 IU/L 50% (15 individuals) 43,3% (13 individuals)
0,268 0.605

Over 10 IU/L 50% (15 individuals) 56,7% (17 individuals)

Basal estradiol

Below 40 pg/mL 63.3% (19 individuals) 70% (21 individuals)
0,300 0.584

Over 40 pg/mL 36.7% (11 individuals) 30% (9 individuals)

Antral follicle counts

Below 5 – 10% (3 individuals) – –**

5–12 80% (24 individuals) 80% (24 individuals) 0 1000

Over 12 20% (6 individuals) 10% (3 individuals) – 0.275*

the levels of which are significantly higher than the natural 
ovarian cycle indicators. The resulting excessive steroid load 
has a modulatory effect on the endometrial maturation, causing 
the "implantation window" shift. The phenomenon pathogenesis 
is based on the complex of structural, transcriptional, and 
immunoregulatory changes in the endometrium, which 
eventually determines its receptive status [22]. 

At the molecular level, supraphysiological estradiol 
concentrations induced by ovarian stimulation has a modulatory 
effect on the transcriptome activity of the genes associated 
with endometrial receptivity. Suppression of the progesterone 
receptor expression accompanied by dysregulation of the 
genes that are cucial for successful embryo implantation, such 
as Cox1, Lif, Ptgs2, and Hegfl, is reported as one of the key 
mechanisms [24–26]. Furthermore, hyperestrogenism typical 
for the stimulated cycle results in suppression of expression 
of the Hoxa11 and Cdh1 factors, which also adversely affects 
the endometrium receptive properties. In parallel, the impaired 
spatiotemporal expression of the estrogen and progesterone 
receptors is observed, which suggests systemic alteration of 
the endocrine signaling in the endometrium under the exposure 
to exogenous gonadotropins [23, 27]. 

Thus, the genetically determined active metabolism can 
contribute to maintaining the hormonal balance more favorable 
in terms of the embryo implantation, which is in line with the 
clinical results we have obtained.

The lack of significant differences in the distribution of 
genotypes across the groups of women, who got pregnant 
and failed to get pregnant, for the CYP17A1 and CYP19A1 
steroidogenesis genes can indicate that in the context of 
exogenous gonadotropin stimulation the one’s own estrogen 
production variability the plays a less important role, than their 
systemic metabolism and CYP1A2-mediated clearance.

This study has a number of limitations. First, these are 
related to the small sample size (n = 60), which is typical for 
pilot projects. It is well known, that genetic testing in small 

groups is associated with the risk of false positives (type I error). 
However, the permutation testing method we have used (10,000 
permutations) allows one to reliably filter out random findings. 
The fact that the associations of the CYP1A2 polymorphism 
(rs762551 and rs2470890) were still significant when applying 
the permutation control, in combination with the high odds ratio 
(OR > 3.8), suggests reliability of the data obtained, regardless 
of the pilot study design limitations. Second, the impact of 
the concomitant therapy and other clinical factors potentially 
modulating the effect of the drugs used for controlled ovarian 
stimulation was not assessed in this study. Nevertheless, 
the patterns revealed (high odds ratio: OR > 3.0) suggest a 
significant clinical effect of the studied loci. 

The data obtained justify the feasibility of further research 
focused on the CYP1A2 polymorphisms as potential biomarkers 
for IVF protocol personalization.

CONCLUSIONS

The pilot study conducted revealed significant associations 
between the CYP1A2 gene polymorphisms and IVF outcomes 
in women with anovulatory infertility. The data obtained suggest 
that the CYP1A2 rs2470890 Т/Т homozygous genotype and 
rs762551 А/А homozygous genotype carrier state is associated 
with the more than 3-fold increased chance of getting pregnant 
after IVF (OR = 3.824 and OR = 4.030, respectively). These 
associations that reach the statistical significance level (p = 0.023 and 
p = 0.009) are characterized by relatively narrow confidence 
intervals, which indicates sufficient reliability of the patterns 
revealed in the current sample.

The lack of significant differences in the distribution 
of genotypes across other 16 studied polymorphisms of 
the cytochrome P450 family genes (CYP1A1, CYP17A1 и 
CYP19A1) does not eliminate their potential role in regulation 
of the endocrine processes coupled with the controlled ovarian 
stimulation. It is likely that the influence of these polymorphisms 
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Table 2. Distribution of some polymorphisms of the CYP system genes in women with anovulatory infertility 

Note: * — not calculated due to the lack of cases in one of the groups или of the critically low number of observations; ** — р is compliant with Fischer’s exact test.

Gene Polymorphism Genotypes Group 1 (n = 30) Group 2 (n = 30) χ2 (chi-squared test) OR 95% CI р

CYP1А1

rs1048943
Т/Т 28 28

0
– –

1.00
Т/С 2 2 – –

rs1800031 А/А 30 30 – – – –

rs4646903
A/A 25 26

–
0.769 0.185–3.198

0.718**
A/G 5 4 1.300 0.313–5.404

rs2606345

A/A 16 19 0.617 0.662 0.236–1.858 0.433

C/A 12 9 0.659 1.556 0.534–4.532 0.417

C/C 2 2 0 –* – 1.00

CYP1А2

rs2470890

C/C 2 9 – 0.167 0.033–0.853 0.016**

C/T 15 16 0.067 0.875 0.318–2.410 0.797

T/T 13 5 5.079 3.824 1.150–12.713 0.023

rs2069514
G/G 28 29

–
–* –

0.50**
G/A 2 1 –* –

rs762551

A/A 19 9 6.696 4.030 1.372–11.839 0.009

C/A 9 12 0.659 0.643 0.211–1.873 0.417

C/C 2 9 – 0.167 0.033–0.853 0.016**

CYP17А1
rs743572

G/G 6 9 0.800 0.583 0.178–1.913 0.372

G/A 15 14 0.067 1.143 0.415–3.148 0.797

A/A 9 7 0.341 1.408 0.445–4.453 0.560

rs104894136 G/G 30 30 – – – –

CYP19А1

rs10046

A/A 10 9 0.077 1.167 0.393–3.467 0.782

A/G 14 14 0 – – 1.00

G/G 6 7 0.098 0.821 0.240–2.814 0.755

rs936306

C/C 16 15 0.067 1.143 0.415–3.148 0.797

T/T 4 2 – 2.154 0.363–12.764 0.386**

T/C 10 13 0.635 0.654 0.229–1.864 0.426

rs700518

C/C 10 9 0.077 1.167 0.393–3.467 0.782

T/T 7 7 0 – – 1.000

T/C 13 14 0.067 0.874 0.316–2.418 0.796

rs749292

A/A 6 10 1.364 0.500 0.155–1.616 0.243

G/A 15 11 1.086 1.147 0.411–3.204 0.298

G/G 9 9 0 – – 1.000

rs1062033

C/C 8 7 0.089 1.195 0.371–3.853 0.766

G/C 13 12 0.069 1.147 0.411–3.204 0.794

G/G 9 11 0.300 0.740 0.252–2.175 0.584

rs2470152

A/A 8 6 0.373 1.455 0.435–4.860 0.542

G/A 16 14 0.267 1.306 0.474–3.602 0.606

G/G 6 10 1.364 0.500 0.155–1.616 0.243

rs28757157

C/C 19 21 0.300 0.740 0.252–2.175 0.584

T/T 3 3 0 – – 1 000

T/C 8 6 0.373 1.455 0.435–4.860 0.542

rs6493497
G/G 21 20

0.077
1.167 0.393–3.467

0.782
G/A 9 10 0.857 0.228–2.547

rs7176005
C/C 21 20

0.077
1.167 0.393–3.467

0.782
C/T 9 10 0.857 0.228–2.547

on IVF outcomes is either of more complex nature requiring the 
analysis of genotype-genotype interactions, or is manifested 
at the level of other mechanisms not covered by simple 
association analysis.

The reported association of CYP1A2 polymorphisms with 
the IVF success can result from the crucial role of this enzyme 

in metabolism of estrogens and other hormonal substrates 
that determine the effectiveness of ovarian stimulation. The 
differences in the CYP1A2 enzyme activity depending on the 
genotype can affect the circulating hormone levels, oocyte 
quality, and endometrial receptivity, being valuable predictors 
of the assisted reproductive technology success.
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Kozin SA1, Lysikova EA2, Yakovlev RYu3, Mukhina KA1, Soloveva АЕ2, Shmigol TA2, Makarov AA1, Mitkevich VA1

OPTIMAL HAEE SYNTHETIC PEPTIDE THERAPEUTIC DOSE WITH REPEATED ADMINISTRATION 
TO APP/PS1 MICE 

High efficacy of the synthetic Ac-His-Ala-Glu-Glu-NH
2
 (HAEE) peptide in suppression of the congophilic amyloid plaque formation was earlier shown in the animal 

model of Alzheimer's disease. The study conducted as part of the pre-clinical trial aimed to determine the optimal therapeutic dose of this peptide when used as 

an anti-amyloid agent for treatment of this disorder. The APP/PS1 transgenic mice randomized into four experimental groups and one control group (eight males 

and eight females per group) were used as model animals. Mice of experimental groups 1, 2, 3, and 4 twice a week throughout eight weeks received subcutaneous 

injections of drugs with the following HAEE dosage: 0.18 mg/kg, 0.30 mg/kg, 1.50 mg/kg, 3.00 mg/kg. Mice of the control group were administered saline. The 

Congo red stain was used to determine amyloid plaques in the hippocampus of all animals. Quantification of such plaques showed a significant (p < 0.001) decrease 

in the number of plaques in mice of experimental groups (the average plaque number per brain slice was 7.5 ± 2.1, 3.2 ± 0.9, 3.1 ± 0.6, and 3.3 ± 0.7 in mice 

of groups 1, 2, 3, and 4, respectively) compared to control mice (15.7 ± 4.6). Since the number of plaques in groups 2, 3, and 4 did not change significantly, the 

minimal HAEE dose, with which the lowest number of amyloid plaques is observed in the studied mice, is 0.3 mg/kg. This is roughly equivalent to the dose of 

1.75 mg in terms of one adult human. Thus, the optimal therapeutic HAEE dose for clinical trials has been experimentally substantiated.

Keywords: Alzheimer's disease, amyloid-beta, amyloid plaques, HAEE peptide, preclinical trials, APP/PS1 transgenic mice, histochemical staining, Congo red, 
therapeutic dose, disease-modifying therapy
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С. А. Козин1, Е. А. Лысикова2, Р. Ю. Яковлев3, К. А. Мухина1, А. Е. Соловьёва2, Т. А. Шмиголь2, А. А. Макаров1, В. А. Митькевич1

ОПТИМАЛЬНАЯ ТЕРАПЕВТИЧЕСКАЯ ДОЗА СИНТЕТИЧЕСКОГО ПЕПТИДА HAEE 
ПРИ МНОГОКРАТНОМ ВВЕДЕНИИ МЫШАМ ЛИНИИ APP/PS1

Ранее в исследованной на животных модели болезни Альцгеймера была показана высокая эффективность использования синтетического пептида Ac-His-

Ala-Glu-Glu-NH2 (HAEE) для подавления образования конгофильных амилоидных бляшек. Целью настоящей работы, выполненной в рамках доклинического 

исследования, было установить оптимальную терапевтическую дозу этого пептида при его использовании в качестве антиамилоидного средства в терапии 

данного заболевания. В качестве модельных животных были использованы трансгенные мыши линии APP/PS1, случайным образом распределенные по 

четырем экспериментальным группам и одной контрольной (по восемь самцов и восемь самок в каждой группе). Мышам из экспериментальных групп 1, 2, 3 и 

4 дважды в неделю в течение девяти недель делали подкожные инъекции препаратов со следующими дозировками HAEE: 0,18 мг/кг, 0,30 мг/кг, 1,50 мг/кг, 3,00 

мг/кг. Мышам из контрольной группы вводили физиологический раствор. В гиппокампе всех животных окрашиванием красителем Конго красный определяли 

амилоидные бляшки. Анализ количества таких бляшек показал достоверное (p < 0,001) уменьшение их числа у мышей из экспериментальных групп (среднее 

число бляшек на один срез мозга составляло 7,5 ± 2,1, 3,2 ± 0,9, 3,1 ± 0,6 и 3,3 ± 0,7 для мышей из групп 1, 2, 3 и 4 соответственно) по сравнению с мышами 

из контрольной группы (15,7 ± 4,6). Так как число бляшек в группах 2, 3 и 4 достоверно не изменялось, минимальная доза HAEE, при которой наблюдается 

наименьшее число амилоидных бляшек у исследованных мышей, составляет 0,3 мг/кг, что приблизительно соответствует дозе 1,75 мг в пересчете на одного 

взрослого человека. Таким образом, экспериментально обосновано оптимальное значение терапевтической дозы HAEE для клинических исследований.

Ключевые слова: болезнь Альцгеймера, бета-амилоид, амилоидные бляшки, пептид HAEE, доклинические испытания, трансгенные мыши линии APP/PS1, 
гистохимическое окрашивание, Конго красный, терапевтическая доза, болезнь-модифицирующая терапия
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Alzheimer's disease (AD) is the most prevalent neurodegenerative 
disorder and the most common cause of dementia in the 
elderly all over the world [1]. According to statistical data, the 
number of patients with AD in Russia is 1.5–2 million [2].

The presence of extracellular fibrillary aggregates, or 
amyloid plaques, showing a characteristic signal when Congo 
red stained is one of the main pathological features of AD 
[3]. The aggregated amyloid-beta (Aβ) species are the main 
components of amyloid plaques [4]. Amyloid-beta is a short 
polypeptide (37–43 amino acid residues), the low nanomolar 
concentrations of which are found in human blood and 
cerebrospinal fluid [5]. However, during the AD pathogenesis 
cerebral amyloidosis starts to develop in the brain for unknown 
reasons, due to which monomeric Aβ molecules are first 
converted into soluble oligomers and then accumulate in 
various parts of the brain as amyloid plaques, but especially 
and primarily in the hippocampus [6]. The first amyloid plaques 
in brain tissues are formed 10–20 years before the onset of 
AD clinical manifestations, but it is Aβ aggregation that initiates 
further AD-associated disease processes, including tau-protein 
hyperphosphorylation and neurodegeneration [4]. Therefore, 
the search for candidate drugs for amyloid plaque disruption 
and/or amyloid plaque formation prevention represents the key 
strategy of the development of disease-modifying therapy for 
AD [7].

To date, three anti-Aβ antibodies, aducanumab, lecanemab, 
and donanemab, have been legally registered in the USA 
[8–10] for initial treatment of the early-stage AD, including 
patients having mild cognitive impairment or mild dementia 
due to Alzheimer's disease with the diagnosis confirmed based 
on Aβ using positron emission tomography of amyloid or 
cerebrospinal fluid biomarkers. These novel disease-modifying 
treatment methods act by decreasing the amount of amyloid 
plaques in the brain and demonstrate clinical benefits of anti-
amyloid therapy [11].

However, due to dangerous side effects of antibodies 
[12], the development of drug candidates from the class of 
low molecular weight compounds, involving peptides and 
peptidomimetics, as molecular agents that target specific 
binding to various regions of the Aβ amino acid sequence, is 
being continued [13].

The Ac-His-Ala-Glu-Glu-NH2 (HAEE) synthetic peptide 
(PubChem CID: 56971578) has been developed as a potential 
disease-modifying drug for AD therapy [14], which effectively 
passes from blood into the brain tissue crossing the blood-
brain barrier [15]. The drug target of HAEE is the 11-Glu-Val-
His-His-14 (EVHH) Aβ fragment that forms an intermolecular 
complex stabilized by complementary ionic interactions with 
HAEE (review in [16]). The EVHH fragment was selected as a 
drug target due to the fact that it represents an Aβ molecular 
determinant, which has a rigid conformation of the main 
polypeptide chain and controls the Aβ binding to the α4β2 
subtype nicotinic acetylcholine receptor, as well as all the 
Aβ zinc-dependent interactions [17, 18]. Considering crucial 
role of all the above interactions in the AD pathogenesis, it was 
expected that blocking the EVHH fragment by HAEE should 
inhibit amyloid plaque formation in vivo. Indeed, high anti-
amyloid efficacy of HAEE was reported in pilot experiments 
involving the use of transgenic animals (APP/PS1 mice and 
CL2120 nematodes) as AD models (review in [18]).

Thus, the mechanism of the HAEE anti-amyloid effect is 
based on disruption of the zinc-dependent intermolecular 
interfaces in the amyloid-beta oligomers and aggregates, as 
well as in the complexes formed by Aβ and subtype α4β2 
nicotinic acetylcholine receptors via selective HAEE binding 

with the 11-Glu-Val-His-His-14 amino acid sequence fragment 
of amyloid-beta, leading to reduction of the amount of amyloid-
beta aggregates in the model animal’s body.

The study aimed to determine the HAEE optimal therapeutic 
dose for effective inhibition of amyloid plaque formation in the 
hippocampus of APP/PS1 mice within the framework of the 
pre-clinical trial of the HAEE-based drug as a potential anti-
amyloid drug for treatment of AD.

METHODS

Laboratory animals

The experiments involved APPswe/PS1dE9/Blg transgenic 
mice [19]. This lineage was obtained by crossing the B6;C3-
Tg(APPswe,PSEN1dE9)85Dbo/Mmjax transgenic mice 
(#034829-JAX, JAX, Maine, USA) also referred to as APP/PS1 
with the C57Bl6J wild type mice of the C57Bl6J/ChG lineage 
(Institute of Physiologically Active Compounds, Chernogolovka, 
Russia). The APP/PS1 transgenic mice are acknowledged 
AD models [18]. Since the age of 4–6 months these animals 
show typical cognitive signs of the AD-like disorder; there 
is a considerable amount of congophilic amyloid plaques in 
specific brain regions, including hippocampus and brain cortex 
[20]. Experimental animals were kept in the pathogen-free 
vivarium (Engelhardt Institute of Molecular Biology, Moscow, 
Russia) under the conditions, including standard diet, ad 
libitum access to food and water, daylight lasting 12 h, ambient 
temperature between +22 and +24 °С, and relative humidity 
50–65%. Breeding and control genotyping of bloodstock were 
performed as previously reported [19].

Experimental groups of animals

In this study, the experiments involved the total of 40 male 
and 40 female APP/PS1 transgenic mice. The animals were 
randomized into five groups, 8 males and 8 females per group 
(Table). The age of each animal at the time of the first injection 
and euthanasia was 5 and 7 months, respectively. Mice of 
group 1 (controls) were subcutaneously administered the 
isotonic 0.9% sodium chloride solution (normal saline). Mice 
of groups 2–5 were administered the HAEE synthetic peptide 
solution at a dose of 0.18 mg/kg, 0.30 mg/kg, 1.50 mg/kg, 
and 3.00 mg/kg, respectively. The 7-months-old mice were 
euthanized.

Reagents

All the chemical compounds and solvents used in the study 
were of and HPLC or higher grade, these were purchased from 
Sigma-Aldrich (St. Louis, Missouri, USA), unless otherwise 
specified. Medicinal product “Ac-His-Ala-Glu-Glu-NH2 
Tetrapeptide, solution for subcutaneous administration”, 
3.5 mg/mL (Pharmsynthez, Russia). The HAEE peptide 
structure was confirmed by NMR spectroscopy and tandem 
mass spectrometry.

Preparation of the synthetic HAEE-based drugs for injection 

The HAEE-based drug with the baseline concentration of 
3.5 mg/mL was diluted with the sterile isotonic 0.9% sodium 
chloride solution to achieve the working peptide concentration 
ensuring the desired HAEE-based drug dose (for example, 
0.30 mg/kg) per 125 µL of the diluted solution. The total volume 
of a single injection sample was 150 µL for all the HAEE doses 
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Table. Inhibition of the congophilic amyloid plaque formation in the hippocampal areas СА1, СА2, СА3 and the dentate gyrus in transgenic APP/PS1 mice receiving 
repeated subcutaneous injections of the drugs based on the Ac-His-Ala-Glu-Glu-NH2 (HAEE) synthetic peptide prepared in 125 µL of normal saline and differing in the 
dose of the administered peptide

Transgenic APP/PS1 mice
Injection (HAEE drug 

prepared in 125 µL of normal 
saline)

Brain 
sections

Congophilic amyloid 
plaque (CAP) counts 

per brain section 
Significance

Group
Number of 

animals

Age at first 
injection 
(months)

Age at 
euthanasia 
(months)

Dose (mg/kg) of the 
administered HAEE synthetic  

peptide / total number of 
injections

Total 
number 

Hyppocampal areas 
СА1, СА2, СА3 and 
the dentate gyrus 

(mean ± SEM)

Relative to 
controls 

(group No. 1)

No. 1, control 16 5 7 0 / 17 160 15.7 ± 4.6 –

No. 2 16 5 7 0.18 / 17 160 7.5 ± 2.1 p < 0.001

No. 3 16 5 7 0.30 / 17 160 3.2 ± 0.9 p < 0.001

No. 4 16 5 7 1.50 / 17 160 3.1 ± 0.6 p < 0.001

No. 5 16 5 7 3.00 / 17 160 3.3 ± 0.7 p < 0.001

Fig. Congophilic amyloid plaques in the typical brain section from the intact transgenic APP/PS1 mouse aged five months. А. Fluorescence signal after Congo red 
staining. B. Combined Congo red fluorescence and transmitted light microscopy images. The dotted line indicates the CA1, CA3 areas and the DG (dentate gyrus). 
Scale — 500 µm

А B

used in the study. Each animal was administered 125 µL of 
the sample.

Administration of test drugs to experimental animals 

Transgenic mice of five experimental groups were administered 
test drugs (normal saline or samples with different HAEE peptide 
doses) twice a week throughout 9 weeks via subcutaneous 
injection of appropriate drugs in accordance with the existing 
requirements for and approaches to drug dose adjustment in 
laboratory animals [21]. The frequency and total number of 
injections administered to mice of the experimental groups 
throughout the study, as well as information on the HAEE 
dosage in the injection samples for each experimental group 
are provided in the Table.

Preparing histological sections of the brain 

Transcardial perfusion with the 4% paraformaldehyde solution 
in phosphate-buffered saline was performed in animals after 
the terminal anesthesia with Avertin (Sigma Aldrich, Germany). 
The dissected brain was fixed in the 4% paraformaldehyde 
solution in phosphate-buffered saline for 12–16 h. Tissues 
were dehydrated in the solutions with increasing ethanol 
concentrations: 75%  — 1 h, three 95% changes  5 min each, 
100% — 15 min, 100% — 45 min, ethanol-chloroform (1 : 1) —
30 min, chloroform — 1 h, chloroform — 12–16 h. Brain 

specimens were paraffin soaked at 60 °С in three consecutive 
paraffin changes, with 1 h incubation in each. Embedding 
tissues in paraffin blocks was accomplished using the Leica 
EG1160 system (Leica Microsystems, Germany). The 8 µm 
serial brain sections were obtained using the Leica RM2265 
microtome (Leica Microsystems, Germany) and mounted on the 
poly-L-lysine coated glass slides. Sections was deparaffinized 
in xylene — two changes 10 min each, rehydrated in ethanol: 
100% — 5 min, 90%  — 5 min, 75%  — 5 min, water — 
10 min, stained with 0.5% alcohol solution of Congo red dye —  
5 min, differentiated in the 0.2% KOH solution in 80% ethanol; 
slices were washed with deionized water for 10 min. The 
Immu-Mount medium (Thermo Scientific) was used to mount 
coverslips.

Identification of congofilic amyloid plaques in the 
hyppocampal areas СА1, СА2, СА3 and dentate gyrus 
by histochemistry method

The sections obtained covering the area of the brain from 
0.48 to 1.92 mm relative to the midline in lateral stereotaxic 
coordinates were used for congophilic amyloid plaque 
quantification in the hyppocampus [22]. Every 15th section was 
assessed, which resulted in 10 sections per animal. Since the 
Congo red dye is capable of forming a fluorescent complex 
with amyloid fibrils being part of amyloid plaques, detection 
of congophilic amyloid plaques was performed using the 
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LSM880 confocal microscope (Carl Zeiss, Germany) by mosaic 
scanning of individual hyppocampal areas at 10× magnification 
in the spectral range with peak excitation at 596 nm and 
emission at 620 nm (Fig. 1А). To identify anatomic structures 
of the brain, the resulting fluorescence image was combined 
with the transmitted light microscopy image (Fig. 1B). All 
visible congophilic amyloid plaques of any size were counted 
manually. Mean values and standard deviations of congophilic 
amyloid plaque counts per section were calculated for each 
group of mice (Table).

Statistical analysis methods

The data were presented as mean values for at least three 
independent amyloid plaque counts ± standard error of the 
mean (SEM). The Shapiro–Wilk test was used to test the 
distribution for normality. Pairwise comparison of the studied 
groups was performed using the Mann–Whitney U-test. The 
significance level was 99.9% (р < 0.001). Statistical analysis 
was performed using the STATISTICA 8.0 software package 
(StatSoft Inc., USA).

RESULTS

Fig. 1 presents a typical image of the Congo red stained 
brain section from an intact 5-months-old APP/PS1 mouse. 
Congophilic amyloid plaques (CAP) that could be seen in 
the brain of the 7-months-old experimental animals of all five 
experimental groups after injections showed similar localization 
and size distribution in the brain parenchyma. However, plaque 
quantification revealed significant intergroup differences.

The data on the CAP counts in the hippocampal areas СА1, 
СА2, СА3 and the dentate gyrus of the 7-months-old APP/PS1 
transgenic mice of experimental groups 1–5 are provided in 
the Table. In control animals of group 1 not exposed to the 
HAEE peptide, the CAP count is 15.7 ± 4.6, which is consistent 
with the literature data on the intact 7-months-old APP/PS1 
transgenic mice [23, 24]. 

In mice of group 2, which were repeatedly administered the 
HAEE initial dose (0.18 mg/kg), the CAP count was 7.5 ± 2.1, i.е. 
it decreased twice compared to control mice. In mice of group 
3, which received HAEE at a dose of 0.30 mg/kg, the CAP counts 
decreased considerably (more than twice) compared to mice of 
group 2 and were almost 5 times lower compared to controls. The 
further 5- and 10-fold HAEE dose increase relative to the dose 
of 0.30 mg/kg did not lead to any changes in the CAP counts in 
animals of groups 4 and 5 compared to mice of group 3.

Thus, in this study it was found for the first time that the 
dose of 0.30 mg/kg was optimal for CAP formation inhibition in 
male and female APP/PS1 transgenic mice with the repeated 
subcutaneous administration of the HAEE synthetic peptide.

DISCUSSION

In this study, we provide and analyze the experimental data on 
the congophilic amyloid plaque counts in the sections of the 
isolated brain areas of transgenic mice, i.e. amyloid plaques 
identified using Congo red stain only. This classic visualization 
method, that is specific for fibrillary amyloid plaques 
representing the main neuro-morphological sign of amyloidosis 
associated with the Alzheimer's disease pathogenesis, does 
not take into account the possible presence of soluble amyloid-
beta aggregates and oligomers in brain tissues. 

The HAEE peptide capability of suppressing amyloid plaque 
formation in APP/PS1 transgenic mice, that are widely used as 

the AD animal model (review in [18]), has been already shown in 
a few papers. Such a capability was first demonstrated in 2015 
[24] on an example of a limited sample of male and female 
animals (n = 6 and n = 7 in the control and experimental groups, 
respectively). Experimental animals received intravenous 
injections of the HAEE peptide at a dose of 1.13 mg/kg twice 
a month throughout 5 months, since the age of 2 months 
(each animal received a total of nine injections). As a result, the 
7-months-old transgenic mice exposed to the HAEE peptide 
showed the decrease in congophilic amyloid plaque counts in 
the hyppocampal areas СА1, СА2, СА3 and the dentate gyrus 
by 60% compared to control animals. Then, male APP/PS1 
transgenic mice received intravenous injections of a dose of 
0.05 mg/kg monthly throughout 5 months, since the age of 
2 months (each animal received a total of six injections) [25]. 
In the hippocampus of 8-months-old mice administered the 
HAEE-based drugs, the congophilic amyloid plaque count 
(24.7 ± 3.4 per section) turned out to be 22% lower compared 
to control animals (31.7 ± 4.9 per section). Finally, it has recently 
been shown that both intraperitoneal and intranasal injections 
of the synthetic HAEE at a dose of 50 mg/kg to male APP/PS1 
transgenic mice every 48 h throughout 1.5 months, since the 
age of 6 months, resulted in the decrease in the amyloid load 
on brain tissues in the injected animals compared to control 
animals. The load assessed based on the area of the apparent 
surface of amyloid plaques in the hyppocapus decreased 
4.7- and 3.5-fold with the use of intraperitoneal and intranasal 
administration routes, respectively [26].

Thus, the efficacy of using the synthetic HAEE to suppress 
amyloid plaque formation in the hippocampus of APP/PS1 
transgenic mice has been earlier reported for both males 
and females with the use of intravenous, intraperitoneal, and 
intranasal administration routes. Treatment of mice with HAEE 
was started at the age of both 2 months, when these animals 
had no amyloid inclusions in the brain, and 6 months, when 
there were at least five congophilic amyloid plaques in the 
hyppocampus [23]; the administration period changed from 
1.5 to five months, and the intervals between injections were 
2–30 days. 

In the above studies, the dose also varied between 0.05 
and 50 mg/kg with various administration rates. All these 
differences in experimental procedures made it impossible 
to draw a conclusion, which dose (0.05 mg/kg, 1.13 mg/kg 
or 50.00 mg/kg) was the most appropriate as a therapeutic 
dose for clinical trials. It is clear that the dose of 50.00 mg/kg is 
safe, but redundant. At the same time, the dose of 0.05 mg/kg 
seems to be less effective, than the dose of 1.13 mg/kg.

Despite variability of the above experimental protocols, it 
seems entirely reasonable to use the data on the changes in 
congophilic amyloid plaque counts in the hyppocampal areas 
СА1, СА2, СА3 and the dentate gyrus of APP/PS1 transgenic 
mice counted by the method [24], previously reported as 
reliable criterion for assessment of the HAEE peptide anti-
amyloid efficacy.

It is well known, that up to the age of seven months there 
are no significant sex differences in the development of cerebral 
amyloidosis in APP/PS1 transgenic mice [27], therefore, in 
this study, subcutaneous injections were administered to 
5-months-old animals of both sexes, and brain harvesting for 
histochemical analysis was performed in 7-months-old mice. 
Injections were administered twice a week for nine weeks. The 
following four synthetic HAEE doses were selected for testing: 
0.18 mg/kg; 0.30 mg/kg; 1.50 mg/kg; 3.00 mg/kg. Testing 
showed that under exposure to HAEE the CAP counts of the 
injected mice decreased considerably compared to control 
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animals with all the studied doses. However, the CAP counts 
were roughly the same when using the doses of 0.30 mg/kg, 
1.50 mg/kg, and 3.00 mg/kg. The fact that the 5- and 10-fold 
increase of the dose of 0.30 mg/kg caused no therapeutic 
effect enhancement (i.e. no CAP count decrease) suggests that 
when other experimental conditions are the same (period and 
rate of injections, age of mice at the time of the first injection), 
the dose of 0.30 mg/kg is necessary and sufficient for optimal 
suppression of amyloid plaque formation in the studied animal 
model of AD. The dose of 0.30 mg/kg is roughly equivalent to 
the dose of 1.75 mg in terms of an adult human.  

It is well known, that in 5-months-old APP/PS1 transgenic 
mice, amyloid plaques are formed within 24 h [28], after 
which the plaques are in dynamic equilibrium with soluble Aβ 
oligomers, and some of these oligomers initiate formation of 
new amyloid plaques due to their structural and functional 
features [29]. Recently, it has been found in animal models 
that the HAEE anti-amyloid effect mechanism is based on 
the peptide capability of effectively passing from blood to 
brain tissues through the blood-brain barrier and binding the 
Aβ molecules that are present both in the form of soluble 
monomers and oligomers, and as part of insoluble amyloid 
plaques, which ensures rapid removal of excess Aβ molecules 
from the brain [18, 30].

The findings that the dose increase over 0.30 mg/kg does 
not result in the HAEE peptide anti-amyloid effect enhancement 
suggest the limited number of drug targets for HAEE, i.e. this 
dose is enough for the HAEE molecules to “brush” the already 
formed amyloid plaques from the neuronal surface and prevent 
the soluble Aβ oligomer formation.

CONCLUSIONS

The study made it possible to define the value of 0.30 mg/kg as 
the optimal Ac-His-Ala-Glu-Glu-NH2 (HAEE) synthetic peptide 
dose for cerebral amyloidosis inhibition in male and female APP/
PS1 transgenic mice. This mouse lineage is widely used as 
model animals to study the Alzheimer's disease pathogenesis 
all over the world. That is why the research results obtained 
using this model are considered as highly reliable in terms of 
translation into clinical practice. Thus, the findings represent 
a scientific foundation for the use of repeated subcutaneous 
injections of the HAEE synthetic peptide prepared in 0.5 mL 
of normal saline at a dose of 1.75 mg for phase 1 clinical trial. 
Certainly, the efficacy of the HAEE peptide as an anti-amyloid 
agent for disease-modifying therapy of AD can be proven in 
further clinical trials only, and the results obtained represent an 
essential element of successful clinical trials.
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ASSESSING FUNCTIONAL ACTIVITY OF MICROGLIA AND MACROPHAGES IN BARRIER-ASSOCIATED 
BRAIN AREAS OF SPONTANEOUSLY HYPERTENSIVE RATS 

The cerebrovascular disorder associated with arterial hypertension results in neuroinflammation, in which microglia and macrophages of the brain are actively involved. The 

study aimed to assess functional activity and immunophenotype of microglia and macrophages in the areas of ​​brain barriers in spontaneously hypertensive rats 

(SHR). Specimens of the brain of male Wistar rats and SHR (age 3–4 months, n = 10) were used. The study involved the use of immunohistochemistry analysis 

and confocal laser microscopy. The presence of М2 activation (CD206) and phagocytic activity (CD68) markers in the population of microglia and macrophages 

was assessed. It was shown that the CD206 protein was present in perivascular cells, the counts of which were considerably increased in SHR (40.69 ± 4.87 

cells per 1 mm2 vs. 28.73 ± 1.39 in Wistar rats; t-test, р = 0.0007). The quantitative analysis conducted allowed us to identify the upward trend of the share of 

phagocytic cells in the brain of SHR compared to Wistar rats. No changes in the CD68 protein distribution were found in SHR, therefore, activation of microglia 

and macrophages is not accompanied by the phagocytic activity increase. The findings suggest alternative activation of brain macrophages in neuroinflammation 

caused by arterial hypertension.
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В. А. Разенкова    , Д. Э. Коржевский

ОЦЕНКА ФУНКЦИОНАЛЬНОЙ АКТИВНОСТИ МИКРОГЛИИ И МАКРОФАГОВ В АССОЦИИРОВАННЫХ 
С БАРЬЕРАМИ ОБЛАСТЯХ ГОЛОВНОГО МОЗГА СПОНТАННО-ГИПЕРТЕНЗИВНЫХ КРЫС 

Нарушение мозгового кровотока при артериальной гипертензии приводит к развитию нейровоспаления, активными участниками которого являются 

микроглия и макрофаги головного мозга. Целью работы было изучение функциональной активности и иммунофенотипа микроглии и макрофагов 

в области барьеров головного мозга спонтанно-гипертензивных крыс (SHR). Использовали материал головного мозга крыс-самцов Вистар и SHR 

(возраст 3–4 месяца, n = 10). Работа выполнена с применением методов иммуногистохимического анализа и конфокальной лазерной микроскопии. 

Оценивали наличие маркера М2 активации (CD206) и фагоцитарной активности (CD68) в популяции микроглии и макрофагов. Показано, что белок CD206 

присутствует в периваскулярных клетках, число которых значительно увеличено у крыс SHR (40,69 ± 4,87 клеток на 1 мм2 против 28,73 ± 1,39 у крыс 

Вистар; t-test, р = 0,0007). Проведенный количественный анализ позволил выявить тенденцию увеличения доли фагоцитирующих клеток в головном 

мозге у крыс SHR по сравнению с крысами Вистар. Изменений в распределении белка CD68 у крыс SHR не выявлено, следовательно, активация 

микроглии и макрофагов не сопровождается усилением фагоцитарной активности. Полученные результаты свидетельствуют об альтернативной 

активации макрофагов головного мозга при нейровоспалении, вызванном артериальной гипертензией.
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Macrophages of the brain represent a multicomponent 
diverse cell population. These include microglia of the brain’s 
nervous tissue, macrophages of the meninges, perivascular 
areas, and choroid plexus, as well as the monocyte-derived 
macrophages migrating from the vascular bed into the nervous 

tissue in various disorders [1]. Such population diversity, 
regional specificity, as well as high plasticity of microglia and 
macrophages determine the versatility of their morphological and 
functional characteristics. In the last decade, numerous studies 
focused on the origin and morphofunctional heterogeneity of 
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these immune system cells were conducted. Thus, several 
border-assosiated microglia and macrophage subtypes under 
physiological conditions and in neuroinflammation associated 
with various CNS disorders were described [2–4].

In particular, microglia is involved in regulation of blood 
flow through cerebral blood vessels and preservation of the 
blood-brain barrier (BBB) integrity. It has been shown that 
when inflammation is triggered microglia phagocytizes the 
astrocyte terminal processes, disrupting the BBB integrity 
[5], while selective microgliocyte elimination results in 
microvascular dysfunction [6]. Perivascular macrophages are 
capable of presenting exogenous antigens by MHC class II. 
Therefore, these represent T-cell infiltration sites in autoimmune 
disorders, Alzheimer's and Parkinson's diseases [7]. Epiplexus 
macrophages of the brain’s choroid plexus, or Kolmer cells, 
limit the amount of peripheral blood molecules, as well as 
pathogens and lymphocytes, entering the cerebrospinal 
fluid under the conditions of invasion and tissue damage [8]. 
Perivascular and epiplexus macrophages generate more 
reactive oxygen species in response to the increase in blood 
or cerebrospinal fluid levels of certain compounds, which can 
aggravate the disease [9]. In contrast, some data demonstrate 
that perivascular and meningeal macrophages contribute to 
β-amyloid clearance in Alzheimer's disease or cerebral amyloid 
angiopathy [10]. Taken together, the data suggest that the 
contribution of macrophages to neuroinflammation depends 
on numerous factors, which opens large-scale prospects for 
modulation of their activity, and, consequently, the use of this 
approach for therapeutic purposes.

However, it is difficult to clearly delineate microglia and 
macrophage subtypes in the CNS due to limited specificity of 
most marker proteins, such as CD11b, F4/80, CX3CR1, CD45, 
and Iba-1 [11]. Immunophenotypic characteristics of epiplexus 
macrophages match the characteristics of other mononuclear 
phagocytes comprising the MHC II, CD11b, CD68, and Iba-1 
marker proteins [12]. In addition, when culturing cells ex vivo, 
microgliocytes lose their characteristic features (morphological 
traits, genetic and epigenetic markers), and become virtually 
indistinguishable from macrophages [13]. In this regard, 
immunophenotyping of the CNS microglia and macrophages 
in vivo seems possible only in conjunction with morphological 
assessment.

Several experimental models simulating pathological 
features of certain diseases are currently used to study 
manifestations of neuroinflammation [14]. Thus, arterial 
hypertension, which is considered a serious health problem 
for people worldwide [15] and can be a neuroinflammation 
pathology model, is associated with impaired inflammation 
regulation. Spontaneusly hypertensive rats (SHR) are used for 
standardized hypertension. The research shows that in SHR 
the cerebral blood flow impairment associated with chronic 
hypertension leads to inflammation, which can result in 
neurodegeneration [16]. The results of the study focused on the 
brain immune system characteristics in arterial hypertension 
show that microglia of SHR shows morphological signs of 
activation [17–19]. Preliminary data were also obtained that 
made it possible to predict the type of polarization of activated 
microglial cells in SHR [20].

Disruption of the blood-brain and blood-cerebrospinal 
fluid barriers [16, 21] resulting from the decreased elasticity of 
cerebral blood vessels caused by remodeling of their cellular 
layers is a typical manifestation of arterial hypertension reported 
for SHR. Thus, the response of microglia and macrophages 
to systemic and local pro-inflammatory stimuli turns out to 
be most pronounced in the zones of the blood-brain, blood-

cerebrospinal fluid, and cerebrospinal fluid-brain barriers. 
Nevertheless, morphofunctional state of the brain’s immune 
cells in the zones of barriers in this disorder is still poorly 
understood.

The study aimed to assess functional activity and 
immunophenotype of microglia and macrophages in the 
subependymal zone of the lateral and third ventricles, as well 
as in the choroid plexus of the SHR brain.

METHODS

Brain specimens of male Wistar rats and SHR with the body 
weight of 250–300 g (age 3–4 months, n = 10) fixed in zinc-
ethanol-formaldehyde and paraffin-embedded in accordance 
with the standard method were used for immunophenotyping 
of microglia and macrophages in normotensive and 
hypertensive animals. When forming groups of animals with 
arterial hypertension, SHR with the average systolic blood 
pressure equal to or above 200 mHg were selected. Blood 
pressure of SHR was measured before biomaterial collection 
using the Systola noninvasive blood pressure measurement 
system (Neurobotics, Russia).

Identification of microglia and macrophages in brain 
sections was performed using antibodies against the Iba-1 
protein (ab5076, Abcam, UK and ET-1705-78, Huabio, China), 
CD68 lysosomal glycoprotein (GB113109, Servicebio, China), 
and CD206 mannose receptor (HA722892, Huabio, China).

Reagents from the UltraVision Quanto Detection System 
HRP (TL-060-QHL, Fisher Scientific, USA), anti-Goat HRP-
DAB Cell & Tissue Staining Kit (CTS008, R&D Systems, USA), 
Mouse and Rabbit Specific HRP/DAB IHC Detection Kit 
(ab236466, Abcam, UK) were used as secondary reagents. The 
3’3-diaminobenzidine chromogen from the Stable DAB/Plus kit 
(Diagnostic BioSystems, USA) was used for the monoenzyme 
reaction product visualization. For immunofluorescence, the 
sections incubated in secondary antibodies were treated with 
the Cy2 fluorochrome-conjugated streptavidin (016-220-084, 
Jackson ImmunoResearch, USA) and the solution of the Cy3 
fluorochrome-conjugated goat anti-horseradish peroxidase 
antibody (123-165-021, Jackson ImmunoResearch, USA).

The resulting preparations were assessed using the Leica 
DM750 microscope (Germany) and the LSM800 confocal 
laser microscope equipped with the Airyscan system. 
Immunomorphological analysis of microglia and macrophages 
was performed in the barrier zones adjacent to brain centers: 
ependyma of the lateral and third ventricles (in the area of 
striatum and mediobasal hypothalamus, respectively), pia 
mater, lateral ventricular choroid plexus. The expert, who 
performed morphological and quantitative assessment of the 
preparations obtained, was blinded in terms of information 
about the test objects.

Quantification involved enumeration of cells in three fields 
of view for each preparation using the ×10 and ×20 lens 
magnification, then standardization based on the scale length of 
1 mm2 was applied (the number of values used to calculate the 
mean for each case was 6). The percentage of cells containing 
two markers (Iba-1 and CD68) was calculated by dividing the 
Iba-1+/CD68+ cell counts by the Iba-1+ cell counts. To analyze 
the images, the ImageJ2 program in the FIJI extension was 
used (https://imagej.net/software/fiji/). The Coloc2 (https://
imagej.net/plugins/coloc-2) and Colocalization Finder (http://
rsb.info.nih.gov/ij/plugins/colocalization-finder.html) were used 
to assess co-localization of the studied markers. Pearson’s 
correlation coefficients were determined for various brain areas 
of Wistar rats and SHR: subependymal zone of the lateral and 
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Table 1. Systolic blood pressure in SHR 

Rat No.
Systolic blood pressure, mmHg

First measurement Second measurement Third measurement Mean

1 211 201 229 214

2 215 203 207 208

3 200 222 235 219

4 251 235 240 242

5 208 209 210 209

Fig. 1. CD206 in the choroid plexus of the brain of Wistar rats (А), SHR (B). Immunohistochemical staining of CD206 with hematoxylin staining of nuclei. The lateral 
ventricular cavity is marked by an asterisk. C. Difference between CD206+ counts in rats of different lineages, р-value < 0.01. The line inside the box plot represents 
the median (Ме). The scale bar is 50 µm
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third ventricles, choroid plexus. Statistical processing was 
performed in GraphPad Prism 8 (GraphPad Software, USA). 
The samples were tested for normality using the Shapiro–
Wilk test for small samples. The distribution was considered 
normal at р > 0.05. One-way and two-way ANOVA was used to 
compare the data, with subsequent comparison of the group 
using the post-hoc Tukey’s test and the Kruskal–Wallis test 
involving the use of the post-hoc Dunn’s test. The data were 
provided as the mean ± standard deviation. The differences 
were considered significant at р < 0.05.

RESULTS

The results of blood pressure measurement in the SHR selected 
for the study are provided in Table 1.

Immunohistochemical staining of CD206 in brain sections 
of Wistar and SHR revealed perivascular cells (in the nervous 
tissue of the brain and the choroid plexus) and cells of the 
pia mater (Fig. 1). No cells staining positive for CD206 were 
reported in the nervous tissue of the brain. The average CD206+ 
cell counts per 1 mm2 higher in rats with genetically determined 
arterial hypertension (t-test, р = 0.0007), these were 40.69 ± 4.87 
cells (vs. 28.73 ± 1.39 in Wistar rats).  

The use of double immunohistochemical staining made 
it possible to identify microglia and macrophages (Iba-1+) 
containing the CD68 protein (Fig. 2). These are found in all the 
studied barrier zones (subependymal zone of the lateral and 
third ventricles, choroid plexus) and have specific morphological 
features. Near the ependyma of the lateral and third ventricles 
these represent typical dendritic subependymal microgliocytes 
of the basket-like and spindle-like morphotype. The CD68+ 
granule distribution in the cytoplasm of these cells corresponds 
to general ideas about the localization of lysosomes. Cells of 
the choroid plexus are characterized by the sparsely-branched 
or spindle-like morphotype, and their CD68+ granules are also 
distributed in the areas of lysosome localization. We should 
also mention the cells associated with neither ependyma, nor 
choroid plexus, but distributed freely in the ventricular lumen. 
Such cells were usually found in the preparations from SHR. 
The CD68 protein granules in the intraventricular cells occupied 
almost the entire cytoplasm, concealing the nucleus (Fig. 2а). 

The differences in the quantitative distribution of Iba-1+/
CD68+ microgliocytes and macrophages in various barrier 
zones of the brain turn out to be region-specific, which is 
confirmed by the analysis of variance (F = 117.4, р < 0.0001). 
Thus, it has been shown that the highest percentage of 
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Fig. 2. Quantitative analysis results. Double immunohistochemical CD68 (red channel) and Iba-1 (green channel) stain. А–C. Overall view of subependymal microglia of 
the lateral (А) and third (B, C) ventricles. А. Subependymal and intraventricular microglia of SHR, 3D reconstruction of a series of optic slices,  measuring grid cell size 
10 × 10 µm, Wistar rats (B), SHR (C). D, E. Comparison results for the percentage of the cells staining positive for two markers, box plot (D) and pie chart (E). P-value: 
* — < 0.05; ** — < 0.01; *** — < 0.001. The line inside the box plot represents the median (Ме)

А

B

D

EC

100

60

20

80

40

0P
er

ce
nt

ag
e 

o
f 

Ib
a-

1+
/C

D
68

+
 c

el
ls

Lateral ventricles

III ventricle

Choroid plexus

Wistar Wistar

Lateral 
ventricles

Lateral 
ventricles

Total cells = 966 Total cells = 194 Total cells = 1246

Total cells = 1078Total cells = 121Total cells = 401

Choroid 
plexus

lba-1+/CD68+

lba-1+/CD68+

lba-1+/CD68–

lba-1+/CD68–

Choroid 
plexus

Wistar
III 

ventricle

SHR
III 

ventricle

WistarSHR SHR SHR

**
*

*

***

****

***

Table 2. Percentage of Iba-1+/CD68+ cells in various brain areas of Wistar rats and SHR. The data are provided as the mean ± standard deviation

Area Wistar SHR

Subependymal zone of the lateral ventricles 24.31 ± 11.68 30.99 ± 9.727

Subependymal zone of the III ventricle 7.435 ± 6.178 8.442 ± 6.987

Choroid plexus 52.34 ± 10.72 64.09 ± 12.75

Iba-1+/CD68+ cells is observed in the choroid plexus. In the 
subependymal zone of the lateral and third ventricles, the 
content of double-immunopositive cells is not so high (Table 2). 
Quantification revealed no significant differences between 
the groups of normotensive and hypertensive rats (F = 2.19, 
р = 0.16). However, the data of the SHR sample are slightly 
displaced relative to the Wistar rat sample (Fig. 2D, E) toward 
the increase in the percentage of the cells staining positive for 
two markers.

The analysis of co-localization (Fig. 3) yielded the average 
correlation values for each area in both groups (Wistar rats 
and SHR; Table 3). In all the cases, the correlation criterion 
accepts the values that are enough for co-localization to be 
considered non-random (the criterion values are different from 
zero). However, no apparent displacement of values associated 
with arterial hypertension was reported (two-way ANOVA, 
F = 0.56, р = 0.48). Furthermore, there were also no significant 
differences in the level of correlation of the Iba-1 and CD68 
revealed when analyzing different areas of interest (two-way 
ANOVA, F = 3.45, р = 0.06).

DISCUSSION

Macrophages play a special role in maintaining tissue 
homeostasis, neutralization of pathogens and aberrant cells, 
as well as initiation and modulation of adaptive immunity due 
to their phagocytic activity, capacity for efferocytosis and 
antigen presentation. The decades of research focused on 
physiological and cytochemical features of macrophages of 
various organs in inflammation made it possible to reveal two 
major functional states designated as M1 and M2 polarization 
types [22]. Later the scientific community gradually moved 
away from the rigid dichotomy concept and concluded that 
the macrophage functional states represented a wide range of 
phenotypes, from the pro-inflammatory M1 to the reparative 
M2 [23, 24]. Further division into subtypes made it possible to 
more accurately characterize the role of these cell populations 
in inflammation and develop individual therapeutic strategies 
for treatment of various disorders [25].

It is assumed that the brain’s microglia shows similar 
polarization features during activation [26], which enables 
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Fig. 3. Co-localization analysis results. Double immunohistochemical Iba-1 (green channel) and CD68 (red channel) stain. А. Pearson’s correlation coefficients in various 
brain areas of Wistar rats and SHR. B. Correlation diagram of two channels. C. Microglia of the third ventricular floor. D. Co-localization of Iba-1 and CD68. Sites of 
marker co-localization are highlighted in white in Fig. D. Arrows point at microglia, frames show the areas presented in Fig. D, the ventricular cavity is marked by an 
asterisk. The line inside the box plot represents the median (Ме)
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Table 3. Pearson’s correlation coefficient in various brain areas of Wistar and SHR rats. The data are provided as the mean ± standard deviation

Area Wistar SHR

Subependymal zone of the lateral ventricles 0.51 ± 0.08 0.49 ± 0.12

Subependymal zone of the III ventricle 0.4 ± 0.16 0.47 ± 0.11

Choroid plexus 0.5 ± 0.1 0.58 ± 0.08

the use of the existing paradigm for comparative studies 
and extrapolation of the results obtained for various organs. 
However, microgliocytes differ from other macrophages in both 
histogenesis and a number of structural characteristics [2, 27]. 
In this case, it is necessary to use a differentiated approach to 
assessment of microglia and macrophages considering their features.

The earlier reported study showed that microglia of the rats 
with genetically determined arterial hypertension could show 
increased phagocytic activity [11]. In this study, a hypothesis 
was tested about the possibility of M2а polarization of the 
brain’s microglia in SHR.

It is well known that the activated M2a macrophages are 
capable of endocytosis, these stimulate cellular growth and 
tissue regeneration [25]. In laboratory rodents, the most typical 

M2a subtype marker proteins include CD206, Fizz1, Ym1/2, 
and arginase 1 [28]. The CD206 mannose receptor was selected 
for assessment of functional activity of the brain’s immune cells 
based on the characteristics of the proposed markers [29] 
and the results of the screening immunohistochemistry testing 
involving the use of various antibodies.

The immunohistochemistry staining results obtained 
and subsequent quantification show a significant increase 
in CD206+ cell number in SHR, which may indicate a shift 
towards M2a polarization type. This allows us to provide further 
directions in the field of immunophenotyping of microglia and 
macrophages of the SHR CNS, for example, by multiplex 
immunohistochemistry involving the use of the broad antibody 
panel against proteins specific for the M2a phenotype.
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Identification of the role of macrophages in arterial 
hypertension attracts the researchers’ attention. It is noted 
that SHR have the increased levels of intestinal CD11b+ cells 
inhibiting the release of pro-inflammatory cytokines. However, 
the SHR levels of pro-inflammatory cytokines are also increased 
compared to the control group [30]. In contrast, it is noted that 
M1 macrophages predominate in the abdominal cavity by 
month 4, but the difference in the quantity of the M1- and 
M2-polarized cells becomes smaller as early as by month 
6 [31]. The authors assume that macrophages of different 
organs will also acquire different immunophenotypes, i.e. M1 
can predominate in one organ and M2 can predominate in 
another one. This can be due to the fact that tissue-resident 
macrophages can attract the immune cells arriving to the 
tissues from different sources, which, in turn, are influenced 
by the region-specific microenvironment. Apparently, in arterial 
hypertension, the nervous tissue microenvironment reinforces 
the need for at least CD206 expression increase and at most 
M2a polarization of the brain’s macrophages.

However, localization of those is limited to perivascular 
spaces, pia mater, and the choroid plexus. The cells staining 
positive for CD206 specifically in the brain’s nervous tissue 
were reported in none of the studied cases. 

The lack of CD206 marker in dendritic microglia and 
the fact of finding CD206 in typical macrophages only can 
indicate differences in the expression profiles of activation 
markers in microgliocytes and macrophages. Nevertheless, 
the results of certain studies are likely to be in conflict with this 
assumption. In one of the recent reports focused on functional 
heterogeneity of the CNS glial cells, the authors admit the 
possibility of existence of the CD206+ microglia population [13]. 
The original research results obtained by flow cytometry show 
that some human P2Y12+ cells can have low CD206 protein 
levels [32]. Another study reported simultaneous CD32 and 
CD206 expression in microgliocytes under combined exposure 
to electromagnetic field and the TNFα neuroinflammation 
inducer [33]. The authors interpret the emergence of such 
a combination of markers in favor of tissue restoration in 
response to damaging effects. In rodents, the emergence of 
CD206+ microglia was reported in spinal cord injuries [34] and 
during early postnatal development [35]. Considering the fact 
that the above studies involved cell cultures and the use of 
flow cytometry, these data are not strictly comparable with 
immunohistochemistry assessment results.

The presence of CD206 in the rat brain’s microglia detected 
by immunohistochemistry was, for example, reported in the 
paper focused on the effect of quercetin on activation of 
the brain’s immune cells [36]. Co-localization of Iba-1 and 
CD206 proteins is clearly visible in the brain sections acquired 
after the exposure to quercetin having anti-inflammatory and 
antioxidant effects and presumably contributing to type M2 
microglia activation. However, in ischemic/reperfusion damage, 
the microglial response to antiCD206 antibodies was rather 
weak, and there was no immunohistochemical response in 
the control group. In contrast, in mice with the Alzheimer's 
disease-associated neuroinflammation [37], no CD206 and 
Iba-1 co-localization was revealed. In this regard, the authors 
conclude that the CD206+ macrophages and Iba-1+ microglial 
cells represent different populations. Furthermore, the use of 
antibodies against marker proteins of macrophages (such as 
CD206 and Iba-1) also does not give us all information about 
the origin of the cells found in brain sections. That is why it 
seems difficult to perfectly distinguish microglia, microglia-
like cells, and macrophages that infiltrate the brain. Thus, the 
hypothesis about the possibility or impossibility of the CD206 

mannose receptor expression by microglia in rats with various 
nervous system states needs further verification.

The quantitative analysis results obtained in this study 
allowed us to determine readiness for phagocytosis of 
microglia cells and macrophages based on the presence of 
functional lysosomes that are detectable due to the presence 
of macrosialin (CD68), the transmembrane glycoprotein of 
lysosomes and phagosomes [38].

When assessing co-localization of the Iba-1 and CD68 
proteins, it was hypothesized that the Iba-1+/CD68+ microglia 
reported in the vicinity of brain barriers in SHR was in active 
state. The Pearson’s correlation coefficient was selected to 
compare Iba-1 and CD68 protein co-localization levels due to 
the ease of interpretation of values. Its values ​​vary from ‒1 to 
1, where “‒1” indicates a complete negative, “1” a complete 
positive, and “0” a random correlation [39]. In both Wistar rats 
and SHR, co-localization of proteins in all the studied zones was 
non-random (the spread in mean values was 0.4–0.6). However, 
the quantification performed suggests the lack of significant 
differences in Iba-1 and CD68 protein co-localization levels.

One more methodological approach involved quantitative 
assessment of the percentage of cells staining positive for two 
markers relative to the general population of Iba-1+ cells in the 
choroid plexus, as well as near the ependyma of the lateral and 
third ventricles. It was noted that the largest percentage of Iba-
1+/CD68+ cells was typical for the brain’s choroid plexus, where 
a specific macrophage population (Kolmer cells) was localized 
[40]. The nature of these cells is still a matter of debate, but 
their function is associated with active phagocytosis. The 
least percentage of double immunopositive cells is reported 
for the subependymal zone of the third ventricle in the area of 
hypothalamus, which is likely to result from the presence of 
specific glial cells (tanycytes) in the ependyma. Tanycytes 
ensure bidirectional transport of bioactive molecules between 
cerebrospinal fluid and blood [41]. The subependymal zone 
of the lateral ventricles, which does not have such a lining, 
occupies an intermediate position.

Despite the fact that the analysis of variance revealed 
no significant differences between the percentage of cells 
staining positive for Iba-1 and CD68 in different rat strain, the 
analysis of descriptive statistics shows that the data of the 
SHR sample are displaced relative to the Wistar rat sample 
towards the increase in the counts of such cells. In particular, 
the median, as well as minimum and maximum values can 
be higher (Fig. 2). The findings suggest heterogeneity of the 
studied SHR group, regardless of the selection performed 
based on blood pressure. Larger samples should be used for 
further research.

The data obtained suggest that rats with arterial hypertension 
can show activation of phagocytic activity of microglia 
and macrophages in the zones of the blood-brain, blood-
cerebrospinal fluid, and cerebrospinal fluid-brain barriers. 
Furthermore, considering the co-localization analysis results, it 
is necessary to emphasize that it is probably the number, but 
not the functional activity level of cells that changes.

CONCLUSIONS

Neuroinflammation caused by arterial hypertension in SHR 
results in polarization shift towards M2 variant in macrophages 
of the pia mater, choroid plexus, and perivascular spaces. The 
population affiliation of the brain’s CD206+ cells remains unclear 
and should be clarified through further research using double 
immunohistochemical labeling. Activation of microglia and 
macrophages in SHR is apparently not accompanied by the 
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ARTIFICIAL INTELLIGENCE ALGORITHMS FOR ASSESSMENT OF THE MAJOR VESSEL TORTUOSITY 

Tortuosity of the coronary, cerebral arteries, aorta and its branches remains an important vascular problem, which, on the one hand, complicates selection 

of the X-ray surgical treatment tactics, and on the other hand worsens the disease outcome. The lack of common standards for assessment of tortuosity of the 

coronary, cerebral arteries, aorta and its branches reduces the diagnosis accuracy in patients at high risk of cardiovascular events. The use of machine learning for 

automated tortuosity assessment represents one possible solution to this problem. The study aimed to analyze and compare accuracy, feasibility, and limitations 

of the available methods for automated assessment of tortuosity of the coronary, cerebral arteries, aorta and its branches using the machine learning tools. The 

systematic review was conducted in accordance with the PRISMA protocol. The search for papers published in 2015–2025 in the PubMed, Scopus, and eLibrary 

databases was performed using the following keywords: deep learning, machine learning, artificial intelligence, vessel tortuosity, curvature. Six papers out of 240 

were included in the analysis. The analysis has shown that 80% of approaches are based on convolutional neural networks, and skeletonization aimed to isolate 

small blood vessels from the artery represents an essential preprocessing phase. In 50% of papers, tortuosity was determined qualitatively based on the presence 

of bending angles over 45°. Quantitatively, tortuosity was determined as a distance coefficient and a measure of curvature. In three studies out of six, verification 

of estimates was carried out by comparing the results with expert opinions (accuracy was 0.92–0.94). The study limitations are as follows: monocentricity, the use 

of data from one type of equipment. 
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А. А. Ильина1,2      , И. А. Лакман2, А. Т. Бикмеев3, А. Р. Еникеева1, Е. А. Бадыкова1, Н. Ш. Загидуллин1, О. А. Брюханова1

АЛГОРИТМЫ ИСКУССТВЕННОГО ИНТЕЛЛЕКТА ДЛЯ ОЦЕНКИ ИЗВИТОСТИ 
МАГИСТРАЛЬНЫХ СОСУДОВ

Извитость коронарных, цереброваскулярных артерий, аорты и ее ветвей остается одной из значимых сосудистых проблем, которая с одной стороны 

осложняет выбор тактики рентгенохирургического лечения, а с другой — ухудшает прогноз самого заболевания. Отсутствие единых стандартов оценки 

извитости коронарных, цереброваскулярных артерий, аорты и ее ветвей снижает точность диагностики пациентов с высоким риском сердечно-

сосудистых событий. Одним из возможных решений данной проблемы является применение машинного обучения для автоматической оценки 

извитости. Целью исследования было провести анализ и сравнение точности, клинической применимости и ограничений существующих методов 

автоматической оценки извитости коронарных, цереброваскулярных артерий, аорты и ее ветвей с использованием инструментов машинного 

обучения. Систематический обзор проводили по протоколу PRISMA с поиском статей в базах данных PubMed, Scopus и eLibrary за период с 2015 

по 2025 гг. по ключевым словам: deep learning, machine learning, artificial intelligence, vessel tortuosity, curvature. Из 240 выявленных публикаций в 

анализ было включено шесть. Анализ показал, что 80% подходов основаны на сверточных нейронных сетях, обязательным этапом предобработки 

изображений является скелетирование для отсечения мелких сосудов от артерии. В 50% статей извитость артерий определяется качественно по 

наличию углов изгибов более 45°. Количественно извитость определяли как коэффициент расстояния и мера кривизны. Верификацию оценок в трех 

из шести исследований проводили при сравнении результатов с мнениями экспертов (точность составила 0,92–0,94). Ограничения исследования — 

моноцентричность, использование данных одного типа оборудования. 

Ключевые слова: извитость сосудов, коронарные артерии, цереброваскулярные артерии, аорта и ее ветви, машинное обучение, искусственный интел-
лект, количественная мера оценки извитости
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High arterial tortuosity induces arterial dysfunction due to a 
number of reasons: first, tortuous arteries can create turbulent 
and slow blood flow, leading to decreased efficiency of blood 
supply to tissues and organs [1]; second, increased stress on 
the vessel wall may occur due to uneven pressure distribution 
in the vessel, ultimately leading to endothelial damage [2]; third, 
difficulties arise with diagnostics (for example, when using 
angiography) and vascular surgery [3]. Furthermore, standard 
imaging methods and arterial tortuosity assessment based on 
these methods are a matter of debate [4]. 

Cardiovascular disorders associated with the coronary 
artery abnormalities remain one of the leading causes of 
premature death all over the world [5]. Radiology plays a key role 
in detection of those; coronary angiography is acknowledged 
as a gold standard due to high vascular structure imaging 
accuracy [6]. The available diagnostic methods usually do 
not focus on assessing the coronary artery tortuosity, despite 
possible relationship between tortuosity and adverse outcomes, 
such as ischemia, spontaneous blood vessel dissection, and 
complications associated with stent placement [7].

The lack of the common standard of arterial tortuosity 
assessment and severity limits the diagnostic accuracy [8]. 
Theoretically, machine learning algorithms, in particular 
machine vision algorithms, which are widely used in X-ray image 
recognition tasks, could help solve the problem [9]. However, 
there are many challenges to training intelligent algorithms in 
practice. Thus, the coronary angiography technical specifics, 
including the use of the limited number of standard views, do 
not allow one to obtain an integrated picture of the vascular bed 
anatomy. Imaging is also hampered by the overlap of vessels, 
their shadows, the presence of small branches and bone 
structures that obscure the image. Further complexities arise 
from the artifacts associated with the patient's heart movement 
and breathing, as well as from inconsistent rate and uneven 
filling of blood vessels with the contrast agent [10]. Therefore, 
there is a need to summarize the available research allowing 
for further evaluation of the potential of approaches capable 
of improving the assessment of arterial tortuosity, specifically 
tortuosity of the coronary arteries of the heart.

The study aimed to analyze and compare accuracy, 
feasibility, and limitations of the available methods for 
assessment of tortuosity of the coronary, cerebral arteries, 
aorta and its branches using machine learning tools.

METHODS

To answer the research question (“How to automatically 
determine the presence and degree of arterial tortuosity 
based on medical images?”) the PRISMA protocol was used 
that is conventionally used for systematic reviews. The search 
criterion was as follows: studies published not earlier than 
in 2015 and focused on the intelligent algorithms, methods, 
and techniques used to assess vascular tortuosity. The earlier 
studies were not considered due to the fact that the reported 
technologies were dated. The access to the paper full text 
was an essential selection criterion. PubMed, Scopus, 
eLibrary were the databases, in which the search for the review 
sources was performed. The keywords for the search query 
in English were as follows: deep learning, machine learning, 
artificial intelligence, computer vision, coronary, cerebral, 
carotid, aorta, vessel, artery, tortuosity, curvature. Accordingly, 
the following keywords in Russian were used: извитость, со-
суд, артерия, машинное обучение, компьютерное зрение, 
искусственный интеллект. The search queries were generated 
using the OR and AND logical operators for disjunction and 

conjunction of the terms. The search for papers in the PubMed 
and Scopus databases was accomplished using appropriate 
R libraries: pubmedR and rscopus (it was possible, since 
the authors previously registered in citation databases and 
got access via API). The “snowball” strategy was used for 
a broader search for papers in accordance with the research 
question: we found the necessary paper and conducted further 
search for the cited and citing sources. Inclusion criteria for the 
second paper selection phase: presence of characteristics 
of vascular tortuosity assessment algorithms, methods, and 
techniques, including information about their accuracy and 
feasibility. If the article mentioned image preprocessing and 
processing steps, these were also included in the analysis. 
Exclusion criteria: discrepancy to the review subject (for 
example, tortuosity of umbilical vessels). The study limitations 
and funding were not taken into account when selecting 
papers. Compliance of each paper with the inclusion criteria 
was assessed by two independent experts when performing 
manual selection of papers. In case of disagreement in their 
opinion regarding any paper, a verification expert was involved. 
The concurrence of opinions from experts was determined 
based on the Cronbach's alpha.

Criteria for inclusion of papers in the systematic review: 
fact of containing the description and/or name of the tortuosity 
assessment method/technique (TAМ-Т); fact of containing the 
description of the TAМ-Т results; fact of considering arteries 
only; analysis of blood vessels in adult patients with the mature 
vascular system (over the age of 18) only; fact of considering 
images of blood vessels obtained by coronary angiography 
(CAG), computed tomography (CT) or optical coherence 
tomography (OCT).

Exclusion criteria: no TAМ-Т results; description of the 
study of umbilical vein and/or vessel tortuosity; description 
of the study of blood vessels in patients under the age of 18; 
description of the animal study or study involving models, such 
as computer simulation and microfluid devices.

The sources selected were analyzed with regard to the 
following: what types of images were used to determine arterial 
tortuosity; what number of images was used to train machine 
learning algorithms; what machine learning algorithm was used 
to recognize images of blood vessels; how blood vessel images 
were pre-processed; how the arterial tortuosity was quantified; 
quality metrics for tortuosity assessment. 

RESULTS

Primary search in accordance with the specified strategy of 
combining keywords allowed us to find 240 papers in three 
databases. In this phase of paper selection, 82 duplicate 
studies were filtered out, and four papers were not selected 
due to other reasons (lack of available full-text versions). The 
remaining publications were re-screened for paper titles and 
abstracts that matched the answer to the research question, 
which allowed us to filter out another 69 studies. Full-text 
versions of the papers selected were analyzed when manually 
selected by experts, and only one paper was a matter of debate 
(Cronbach's alpha 0.96). Eventually, among full-test versions 
selected only six answered the research question, so six papers 
were selected to analyze and compare the vascular tortuosity 
assessment algorithms, methods, and techniques. The Figure 
presents the scheme of paper selection in accordance with the 
PRISMA protocol.

Convolutional neural networks were used as an arterial 
tortuosity modeling tool in five papers out of six selected. Thus, 
two convolutional neural network models (CNN and nnU-Net) 
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Fig. PRISMA paper selection scheme for the study 
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for automatic segmentation of coronary arteries and quantitative 
assessment of their morphological characteristics, including 
vascular tortuosity, were trained in 2024 [11]. This study involved 
the analysis of CT angiography images of 281 patients. The 
input information pre-processing included thresholding with 
the threshold for selection of blood vessel lumen tailored by an 
expert (radiologist). Manual adjustment was performed in the 
over-segmented and under-segmented regions of blood vessel 
images. Blood vessels were segmented manually using the 3D 
Slicer free open source software for medical imaging, then the 
automatic centerline extraction was performed (the so-called 
vessel skeletonization) using the VMTK (Vascular Modeling 
Toolkit) library integrated in the 3D Slicer, and the major 
morphological characteristics of the vessel were calculated. 
Several approaches were used to assess arterial tortuosity. 
Global tortuosity was defined as the ratio of the actual blood 
vessel path length to the direct distance between its ends. 
Local tortuosity was assessed along the centerline at each 
point using the 1 cm-long support arcs centered at the point 
considered. In addition, the tortuosity angle was calculated 
as arccosine of the scalar product of vectors approximating 
the blood vessel arc ascending and descending sections by 
the least squares method. The resulting tortuosity index of 
blood vessels assessed was determined for each patient as a 
number of vascular branches having at least three bends with 
the angle ≥ 45°. In this study, a convolutional neural network 
(CNN) was trained for automatic blood vessel segmentation, 
and morphological characteristics were assessed using the 
nnU-Net neural network-based two-stage cascade approach 
[11]. At the first stage the multi-view 2.5D U-Net was created. 
For that three 2D models were trained using the images sliced ​​

in orthogonal directions (sagittal, coronal, and axial). Such 
an approach to vascular tortuosity assessment is particularly 
useful, since tortuosity can be found in only one view, while in 
another view it is not always noticeable. At the second stage 
the data obtained were combined with the original image and 
used to train the 3D U-Net network. It is noteworthy that the 
authors assessed the strength of their findings, for that they 
compared the results of the multi-view 2.5D model and the 
cascade 3D model. As a result, the value of the Dice coefficient 
averaged across all patient blood vessel images, as a measure 
of the quality of image recognition accuracy, increased from 
0.791 [0.60; 0.88] to 0.895 [0.75; 0.92]. The fact that all the 
images used for training were obtained at the same center with 
the same CT scanner can be noted as a drawback. The use of 
data from different sources, including open sources, including 
images of blood vessels of healthy volunteers, might improve 
stability of the tortuosity assessment model.

In 2023, an automatic segmentation, labeling, and arterial 
tortuosity assessment method based on artificial neural 
networks was proposed [12]. To train models, the authors 
formed a dataset of 566 CT angiography scans from acute 
ischemic stroke patients, among which 165 images were 
randomly selected. The pre-processing phase included spatial 
alignment and intensity normalization. The experts performed 
segmentation manually, as in the previous solution, in 3D 
Slicer. The authors tested three segmentation model variants 
(based on the nnU-Net, UNETR, SwinUNETR neural network 
models), and nnU-Net turned out to be the most effective 
(the Dice coefficient was 0.93 ± 0.02). Training involved data 
augmentation and five-fold cross-validation (additional cross-
verification). Next, like in the study [11], the surface model of 
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Table. Characteristics of the studies included in the systematic review 

Authors, year 
of the study, 

reference

Type of images 
analyzed

Image 
pre-processing 

methods

Image processing 
methods

Machine 
learning 
method

Sample 
characteristics

Vessel tortuosity 
assessment 

method

Model 
quality 
metrics

Nannini G. 
et al., 2024 
[11]

CT angiography Thresholding with 
manual selection 
of the cut-off value

Manual blood vessel 
segmentation (3D Slicer), 
centerline extraction

CNN, 
U-Net

281 patients ≥ 3 bends > 
45°, distance 
coefficient

Dice 
coefficient: 
0.895

Canals P. et 
al., 2023 [12]

CT angiography Spatial alignment, 
color intensity 
normalization

Manual blood vessel 
segmentation (3D Slicer), 
anatomical landmarks, 
centerlines, calculation 
of morphological and 
geometric characteristics

nnU-Net, 
gU-Net

566 stroke 
patients

Blood vessel 
diameter and 
length, angles of 
deflection

No

Cobo M. et 
al., 2023 [13]

Coronary 
angiography

Cropping No Convolutional 
neural 
network 
(Xception)

401 patients , 
658 images

≥ 3 bends with 
the angle ≥ 45°

Accuracy: 
0.87, 
sensitivity 
0.87, 
specificity 
0.88

Nageler G. 
et al., 2023 
[14]

CT angiography No Segmentation nnU-Net, 3D 
CNN

379 post EVT 
due to acute 
ischemic stroke

< 90 acute, > 90 
obtuse

AUC: 0.92

Gao H. et al., 
2022 [15]

3DRA 
angiography

Segmentation 
involving the use 
of thresholding, 
smoothing, removal 
of disconnected 
branches, aneurysm 
removal

Calculation of geometric 
characteristics

Logistic 
regression, 
ENT, SVM, 
XGBoost, 
Random 
Forest

226 patients 
post DSA

Curvature, 
torsion, distance 
coefficient

Best AUС — 
0.762 (SVM)

Witherford M. 
et al., 2022 [16]

CT angiography No Creation of a 3D model 
of blood vessels

–
234 patients with 
aortic aneurysm

Distance 
coefficient

–

blood vessels was extracted from the binary image map using 
the VMTK library, then filtering and smoothing were applied. A 
total of 24 characteristics were calculated for each node based 
on the centerlines obtained, including radii (mean, proximal, 
distal, minimum and maximum), proximal to distal radius ratio, 
relative segment length, directions (total and initial), number of 
points per segment, segment's center of mass coordinates. 
The authors formed a graph of blood vessel centerlines, the 
nodes of which denoted vascular segments with the artery 
names specified. Segments were classified using the graph 
U-Net neural network after normalization of characteristics and 
increasing the graph connectivity. The researchers identified 
and analyzed 33 geometric and morphological characteristics 
of vascular tortuosity. These included blood vessel diameter, 
relative segment length, and absolute and relative deflection 
angles for the major arteries (aorta, brachiocephalic trunk, 
common carotid and subclavian arteries). Morphological 
characteristics included the aorta type and the presence of 
the bovine aortic arch variant. The authors did not calculate 
a unified tortuosity coefficient, but performed comparative 
analysis of tortuosity parameters in various groups of patients. 
They developed an algorithm allowing them to identify the 
abnormally tortuous blood vessels. All the data used were 
obtained from the same medical center and one CT equipment 
manufacturer, which limited generalizability of the results and 
the method versatility. The automatic analysis sometimes made 
serious mistakes when determining the key points, which 
reduced measurement reliability compared to the manual 
approach. The main sources of error were related to improper 
blood vessel labeling, segmentation inaccuracy, erroneous 
centerline extraction and data processing, which affect the 
overall method accuracy. However, blind validation yielded the 
recognition accuracy of 0.94. 

In 2023, the authors of another paper also used a 
convolutional neural network, but they proposed an alternative 
approach to vascular tortuosity assessment that was different 
from the conventional sequence of actions algorithm [13]. The 

method to directly classify angiography scans based on the 
use of convolutional neural networks (CNN) determining the 
presence or absence of vascular tortuosity was developed. The 
source material was the dataset of 658 coronary angiography 
images obtained from 401 patients. To expand the sample, 
two views were used: Spider (in the form of images taken at 
a random angle forming a “web”) and 45°. Due to the limited 
amount of data, the image augmentation technology was used 
(scaling, shifting and changing the brightness of images). As a 
result, the authors defined tortuosity as the presence of three 
or more successive bends with the angle ≥ 45° in any part of 
the coronary artery. Images were segmented with the Xception 
convolutional neural network using early stopping in order to 
avoid retraining of the image recognition algorithm. The so-called 
transfer learning was used to optimize the algorithm training 
task, the essence of which was as follows: in the neural network 
model pre-trained on ImageNet, the last fully connected layer 
was replaced with the one adapted for the binary classification 
task. Such an approach made it possible to preserve universal 
features from ImageNet and adapt these to the medical image 
specifics. Standard parameters were calculated to estimate 
the proposed model quality: accuracy (0.87), sensitivity (0.87), 
specificity (0.88). The main limitations of the method proposed 
are associated with the image quality and resolution, insufficient 
variety of images showing different vascular tortuosity types.

In the same year, the automatic method for classifying the 
internal carotid artery based on the bending angle value was 
developed [14]. A total of 379 CT angiography scans were used 
to train algorithms. To expand the sample, both left and right 
internal carotid arteries of each patient were included in the 
analysis. As in the above studies, segmentation was performed 
manually with 3D Slicer using three tags: aorta, left common 
carotid artery (CCA) + internal carotid artery (ICA), right CCA + 
ICA. To automate the process of artery segmentation, a neural 
network with the nnU-Net architecture was trained. Then the 
hybrid segmentation involving the use of automated prediction 
with manual verification and adjustment was applied.
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The 3D Slicer angle tool was used to measure the ICA 
bending angles allowing for more accurate consideration of 
spatial arrangement of individual blood vessels. Angles were 
classified as acute (≤ 90°) or obtuse (> 90°) depending on 
their effect on the endovascular intervention duration (angles 
≤ 90° turned out to be associated with longer endovascular 
interventions).

At the image pre-processing stage the following was 
performed to train the model: cropping of the volume based on 
segmentation, distinction between the left and right ICA, voxel 
size unification (0.5 mm), extending the volume size to 400 × 
× 400 × 605 voxels, and rescaling (a procedure that adds pixels 
and performs smoothing) to 128 × 128 × 196. The CCA + ICA 
was the network input, and the binary class (angle > 90° or 
angle ≤ 90°) was the output. Based on the testing results, the 
model constructed by the authors showed the AUC classifier 
evaluation metrics (area under the ROC curve) of 0.92. The 
major study limitations include the monocentric design, lack 
of external data validation, planar measurement of angles on 
3D segmentations, and loss of information when dichotomizing 
angles. Furthermore, it was impossible to assess some ICA 
segments due to insufficient contrast enhancement, which 
could result in bias of results.

In another study (2022), comparative analysis of the 
applicability of several machine learning algorithms for the 
internal carotid artery tortuosity assessment was performed [15]. 
The analysis included 3DRA angiography scans of 62 patients. 
At the pre-processing stage, segmentation, smoothing, and 
removal of the unconnected blood vessel branches were 
performed using Mimics and Geomagic Studio, then the VMTK 
library was used for aneurism removal to construct the maternal 
artery model. Centerlines were calculated in Aneufuse, and the 
following characteristics were used for tortuosity assessment: 
curvature, torsion, and the distance coefficient calculated as the 
ratio of the direct distance between the segment starting and 
ending points to the centerline length. The average, maximum 
and range curvature and torsion values ​​ were calculated. As 
a result, the machine learning model for predicting the in-stent 
stenosis was constructed based on 75 clinical, structural, and 
morphological variables. The model was trained using logistic 
regression and four machine learning algorithms: Elastic Net 
neural network, Support Vector Machines, extreme Gradient 
Boosting, and Random Forest. When performing test validation, 
the Support Vector Machines (SVM) algorithm had the best 
parameters of the AUC-ROC metrics (SVM): 0.891 (test set) and 
0.762 (validation set). Among tortuosity parameters, the length 
coefficient and maximum curvature affected the prognosis 
most. The key drawbacks of the study, i.e. small sample size 
(62 patients) and the retrospective single-center design, lowered 
generalizability of the data obtained. The tortuosity analysis was 
performed at a global level, without taking into account local 
blood vessel characteristics, which could affect the accuracy of 
assessing the relationship with treatment outcomes.

In 2022, the analysis of preoperative anatomy and 
intraoperative arterial deformities in patients with aortic 
aneurysms was also conducted [16]. Multiplanar reconstruction 
with subsequent construction of the 3D blood vessel model was 
performed in 234 patients. Models were constructed using the 
CYDAR proprietary software based on preoperative CT scans, 
where branches of the major arteries were marked (celiac trunk, 
superior mesenteric, renal and iliac ones). These models were 
used to create interactive maps during surgery, which allowed 
for adjustment of anatomical marker positions in three planes in 
the real-time mode. To assess vascular tortuosity, the tortuosity 
coefficients were calculated as a ratio of the direct distance 

to Euclidean distance for the key segments: visceral region 
(from the celiac trunk to the inferior renal artery), common 
iliac arteries, and the entire iliac segment. When conducting 
research, the authors adhered to the standards of the Society 
for Vascular Surgery in terms of measurement standardization.

The table providing the main characteristics of the arterial 
tortuosity assessment methods and algorithms was created to 
summarize the analysis results.

DISCUSSION

The systematic review conducted allowed us to identify six 
published studies answering the research question (“How to 
automatically determine the presence and degree of arterial 
tortuosity based on medical images?”). All the studies were 
novel, these were published in 2022–2024. The authors of 
three papers out of six examined tortuosity of the internal 
carotid artery and supraaortic vessels, in one study — the 
aorta; in two studies, tortuosity of the coronary arteries was 
assessed. In five studies out of six, neural networks were used 
as the main machine learning algorithm; in 50% of papers, 
3D Slicer, the freely distributed software for analyzing medical 
(primarily X-ray) images, was used as a pre-processing tool. In 
all papers, skeletonization was accomplished at the preliminary 
stage of the blood vessel image analysis, which was especially 
important for recognizing and separating the main blood 
vessels from branches of small vessels, and in three of the 
six studies, the open source library VMTK was used for this 
purpose. In three studies out of six, verification was performed 
when comparing the results with the expert opinions.

As for the answer to the research question, only three 
papers considered the use of the exact number in the form 
of the distance coefficient for vascular tortuosity quantification. 
Furthermore, in one paper, the curvature coefficient (through 
the second derivative of the approximated function describing 
the vessel) was also calculated, along with torsion. In three 
other papers, tortuosity of blood vessels was qualitatively 
assessed. Any quantification allows one to assess the vessel 
tortuosity degree, but automatic assessment of the presence 
of tortuosity itself as a fact of the presence of abnormality is 
also important. Thus, it has been shown that the presence of 
coronary artery tortuosity is associated with the early arterial 
hypertension manifestation [17]. Furthermore, automatic 
assessment of the presence of vascular tortuosity is important 
for planning, monitoring and evaluation of the consequences 
of surgical intervention for stenting. For example, in 2021 the 
effect of vascular tortuosity on clinical sequelae after stent 
placement was studied, and conclusions were made that stent 
implantation in tortuous coronary arteries in pregnancy was 
associated with the increased rate of coronary artery thrombosis 
based on the aggregated data of six studied [18]. The paper 
by other researchers (2021) provides the research results 
proving that the presence of coronary tortuosity is associated 
with hypertension, hyperlipidemia, and left ventricular diastolic 
dysfunction (it is noteworthy that in this study tortuosity was 
defined as the presence of ≥ 3 bends at an angle greater than 
45°) [19].  At the same time, the tortuosity degree quantification 
allows one to assess the relationship between tortuosity and 
coronary blood flow alteration, which can cause the decrease in 
perfusion pressure and, as a consequence, lead to myocardial 
ischemia [20]. It is noteworthy that the qualitative and quantitative 
approaches to tortuosity assessment were compared in terms 
of their effects on the development of coronary artery disease 
(CAD) [21]. The authors determined tortuosity qualitatively 
based on angle measurement. They showed that patients with 
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the coronary artery tortuosity were more common in the group 
of patients with nonobstructive CAD. The authors quantified 
tortuosity by determining the tortuosity index, based on which 
they showed that the highest coronary artery tortuosity index 
values were reported in patients with ischemia of the lateral wall 
supplied by the left circumflex artery. It was concluded that both 
qualitative and quantitative coronary blood vessel tortuosity 
assessment was important for detection of the coronary artery 
disease predictors. The study conducted in 2023 showed that 
cerebrovascular tortuosity also affects plaque formation in 
the carotid bulb [21]. Furthermore, there are data (2024) that 
tortuosity is a risk factor of the cervicocerebral artery dissection 
representing the cause of ischemic stroke in the young [22], 
which once more emphasizes the need for automatic arterial 
tortuosity assessment with the use of AI tools.

The use of arterial tortuosity quantitative assessment 
models in clinical practice is associated primarily with the 
possibility of its seamless integration into clinical scales for 
stratifying the risk of vascular surgery complications, as well as 
implementation in the form of separate modules and a system 
for supporting medical decision-making. For example, SYNTAX 
Score and SYNTAX Score II consider arterial tortuosity, and 
according to the papers by domestic authors, these scores 
are significantly correlated to clinical outcomes in patients with 
severe coronary artery lesions post percutaneous coronary 
interventions. In 2019 it was shown that the higher coronary 
bed structural complexity reflected by the SYNTAX Score was 
associated with the worse outcome within four years of follow-
up after PCI [23]. According to some data, the revascularization 

technique selection (PCI or CABG) has a significant impact on 
clinical outcomes in patients with high SYNTAX Score values 
[24]. However, the disadvantage of these scores is that the 
tortuosity assessment remains subjective. Considering the 
fact that coronary artery tortuosity directly affects the vascular 
bed geometry, intervention complexity, risk of incomplete 
revascularization and stent thrombosis, the automatic 
quantitative tortuosity assessment by artificial intelligence 
methods can be considered as a potential additional parameter 
to refine the lesion structural complexity. This opens up the 
possibility for more objective preoperative stratification of 
patients, optimization of the choice of revascularization tactics 
and, as a consequence, reduced incidence of ischemic and 
thrombotic complications.

CONCLUSIONS

The systematic review allowed us to summarize the options for 
automatic assessement of tortuosity of the coronary, cerebral 
arteries, aorta and its branches. Arterial tortuosity affects the 
decision-making tactics when analyzing coronary angiography 
scans, for example, to assess the possibility of coronary 
artery stenting or bypass surgery. In this regard, the automatic 
qualitative tortuosity assessment is important in terms of the 
speed of decision-making in the operating and preparation 
rooms. Automatic quantitative assessment of the arterial 
tortuosity degree is also important, since it can be used as a 
predictor of adverse cardiovascular events and cerebrovascular 
disorders.
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LINGUO-SEMANTIC DESCRIPTORS OF PAINFUL SENSATIONS AS A MIRROR THERAPY 
EFFECTIVENESS CRITERION IN TRAUMA-RELATED AMPUTATION

Assessment of phantom pain linguosemantic descriptors in patients with traumatic amputation during the use of mirror visual feedback is conditioned by the need 

to find criteria for the psychological phantom pain adjustment effectiveness. The study aimed to assess the dynamic changes in linguosemantic pain descriptors 

in patients with traumatic amputation showing manifestations of phantom pain syndrome as a criterion for evaluating the effectiveness of mirror visual feedback. 

The total sample size was 87 males post traumatic amputation of one lower limb (age 23–55 years). The research methods were as follows: Mini Mental State 

Examination (MMSE), original form for registering linguosemantic descriptors of phantom painful sensations, Visual Analog Scale (VAS) for phantom pain. The 

detected dynamic changes in linguosemantic descriptors of phantom painful sensations in patients with traumatic amputation of the limb showing manifestations of 

phantom pain syndrome during treatment involving the use of mirror visual feedback makes it possible to consider the following as effectiveness criteria: an increase 

in the number of pain descriptors represented mainly by concrete and tangible nouns (makes it possible to reduce phantom pain severity rated using a 10-point 

scale), as well as the increase in the number of descriptors that characterize non-painful unpleasant sensations at the linguosemantic level.

Keywords: manifestations of phantom pain syndrome, descriptors of phantom pain, linguistic and semantic descriptors, mirror visual feedback
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Е. А. Петраш1      , В. Б. Никишина1, Н. Ю. Юнина-Пакулова1, А. С. Минаев1, Г. Г. Мелконян2, К. А. Лыткина2, А. С. Карпенко3 

ЛИНГВОСЕМАНТИЧЕСКИЕ ДЕСКРИПТОРЫ БОЛЕВЫХ ОЩУЩЕНИЙ КАК КРИТЕРИЙ ОЦЕНКИ 
ЭФФЕКТИВНОСТИ ЗЕРКАЛЬНОЙ ТЕРАПИИ ПРИ ТРАВМАТИЧЕСКОЙ АМПУТАЦИИ

Изучение лингвосемантических дескрипторов фантомно-болевых ощущений у пациентов с травматической ампутацией в процессе применения 

зеркальной визуальной обратной связи обусловлено необходимостью поиска критериев эффективности психологической коррекции фантомно-

болевых ощущений. Целью исследования было изучить динамику лингвосемантических дескрипторов болевых ощущений у пациентов с травматической 

ампутацией с проявлениями фантомно-болевого синдрома как критерия оценки эффективности зеркальной визуальной обратной связи. Общий 

объем выборки составил 87 мужчин, перенесших травматическую ампутацию одной нижней конечности (возраст — 23–55 лет). Методы исследования:

краткая шкала оценки психического статуса MMSE, авторская форма регистрации лингвосемантических дескрипторов фантомно-болевых ощущений, 

визуальная аналоговая шкала (ВАШ) для оценки интенсивности фантомно-болевых ощущений. Выявленная динамика лингвосемантических 

дескрипторов фантомно-болевых ощущений у пациентов с травматической ампутацией конечностей с проявлениями фантомно-болевого синдрома 

в процессе терапии с использованием зеркальной визуальной обратной связи позволяет в качестве критериев эффективности рассматривать 

следующие: увеличение количества дескрипторов болевых ощущений, представляемых преимущественно в форме конкретных и вещественных 

существительных (позволяет снизить интенсивность выраженности фантомно-болевых ощущений, оцениваемой по десятибалльной шкале), а также 

увеличение количества дескрипторов, на лингвосемантическом уровне характеризующих неболевые неприятные ощущения.

Ключевые слова: проявления фантомно-болевого синдрома, дескрипторы фантомно-болевых ощущений, лингвосемантические дескрипторы, зеркальная 
визуальная обратная связь
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Fig. 1. Scheme hierarchical organization of the mechanisms underlying the emergence of phantom pain 
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The relevance of studying linguistic and semantic descriptors of 
painful sensations in patients with trauma-related amputation 
showing manifestations of phantom pain syndrome when using 
mirror visual feedback results from the fact that manifestation of 
phantom pain in patients with  trauma-related amputation is, on 
the one hand, combined with manifestations of post-traumatic 
stress disorders, adjustment disorders, etc., and on the other 
hand the fact of having phantom pain manifestations affects 
and sometimes alters motivation for treatment in this group 
of patients. This impairs social and psychological adaptation, 
along with socialization in general in the long run [1]. According 
to the earlier research data, a large proportion of patients with 
amputations report severe manifestations of phantom pain, 
which requires special attention during psychological follow-up, 
rehabilitation training, and rehabilitation of such patients [2]. 

The mechanism underlying the phantom pain phenomenon 
is still a matter of debate. When considering the mechanisms 
underlying the emergence of phantom pain, four major 
groups can be distinguished formed based on the perceptual 
organization levels: peripheral, spinal, subcortical, and cortical 
mechanisms of phantom pain development [3] (Fig. 1).

At the peripheral level of perceptual organization the 
mechanism underlying the development of phantom painful 
sensations is determined by neuroma formation in the damaged 
area. Peripheral mechanisms can affect the processes occurring 
in the upstream structures, but do not cause phantom painful 
sensations [4]. At the spinal level of perceptual organization the 
emergence of phantom painful sensations results from alteration 
of the neuronal synaptic activity and involvement of nociceptive 
neurons due to the increased afferent innervation area. This 
leads to the formation of the abnormal algia system producing 
painful sensations. Furthermore, the activity of inhibitory neurons 
is significantly decreased, which interferes with the inhibition of 
afferent impulses transmitted to the brain [5, 6].

At the subcortical level of perceptual organization the 
mechanism underlying the development of phantom painful 

sensations is determined primarily by specific functioning of 
thalamic structures associated with amputation of any part of 
the body [7–9]. The thalamus can become sensitized due to 
the increase in the number of Na+ channels in thalamic neurons 
(this has much in common with peripheral sensitization). As a 
result, pain sensitivity may increase again [9]. The cortical level 
is represented by three mechanisms underlying the emergence 
of phantom pain. The first mechanism is associated with 
functional alterations in the somatosensory and primary motor 
cortex resulting from the loss of any body part [10–15]. The 
second one is related directly to the processes associated 
with the body schema functions within the framework of the 
proprioceptive memory concept [16–20]. The third central 
mechanism underlying the development of phantom painful 
sensations is considered within the framework of the integrative 
model referred to as neuromatrix [14, 21, 22].  

Regardless of the mechanisms underlying the development 
of phantom painful sensations, a unique role in psychological 
follow-up of patients with trauma-related amputation of the limb 
showing manifestations of phantom pain syndrome is played by 
subjective experiences of pain in the amputated limb. In addition 
to somatic (physical) sensations, subjective experience of pain is 
accompanied (characterized) by psychological perception of a 
physical defect, as well as the experience of traumatic situation 
of the limb amputation. Psychologically, the phenomenon of 
subjective experience of pain associated with the loss of the limb 
(phantom painful sensations) is determined as a combination 
of pseudo-sensory sensations developed post amputations and 
is manifested by the illusion of the presence of the body part lost 
[23–26]. Subjectively, the phantom painful sensations are described 
using the characteristics of their localization, nature (burning, 
twisting, sharp, etc.), as well as subjective intensity assessment. 

Thus, subjective experiences of phantom painful sensations 
in patients with amputation of the limb represent a target for 
psycho-corrective interventions when dealing with this group 
of patients. 
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Fig. 2. Scheme of the conceptual model of the dynamic changes in linguistic and semantic descriptors of painful sensations in patients with trauma-related amputation of the 
limb showing manifestations of phantom pain syndrome during therapy involving the use of mirror visual feedback 
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In the today’s practice of psycho-correction of the phantom 
pain syndrome manifestations, there is a wide variety of 
methods aimed at different targets and with different levels of 
evidence [27–30]. In this paper we will present the procedure of 
using the mirror visual feedback (mirror illusion) method during 
psycho-correction of phantom painful sensations, as well as 
the criteria to assess the procedure effectiveness.

V.S. Ramachandran was the first to propose the use of the 
mirror visual feedback (or mirror illusion) [13]. In the further studies 
conducted by both foreign (Deconinck F.J.A., Smorenburg 
A.R.P., Benham A., Ledebt A., Feltham M.G., Savelsbergh 
G.J.P., 2015; Zhang JJQ, Fong KNK, Welage N, Liu KPY., 2018) 
[31, 32] and domestic (Mokienko О.А., Bobrov P.D., Soloveva 
А.А., Isaev М.R., Kerechanin Ya.V., Ratnikova V.Yu. et al. 2025) 
[33] researchers, it has been reliably determined that the  mirror 
visual feedback ensures activation of mirror neurons and motor 
structures of the brain in the hemisphere ipsilateral relative to 
the active arm, triggering activation of  brain plasticity processes 
[31, 32]. These neurophysiological mechanisms provided the 
basis for mirror therapy [33]. The efficacy of using mirror visual 
feedback to adjust the phantom pain syndrome manifestations 
has been proven at the level of clinical (neurophysiological) 
manifestations [26, 31, 33]. However, there is no consensus on 
the criteria of the effectiveness of using this method to adjust 
manifestations of subjective pain experiences in patients with 
amputation of the limb. 

Considering pathophysiological basis of the emergence of 
phantom painful sensations, it can be noted that during cortical 
rearrangement reported in specific cortical areas of the brain, 
during therapy involving the use of mirror visual feedback, 
the subjective experience of  phantom painful sensations is 
transformed, which is manifested at the level of linguistic and 
semantic components (sensory linguistic descriptors and 
metaphorical constructs — representations of pain), as well 

as subjective assessment of their intensity. The mechanism 
underlying the effect of mirror visual feedback during therapy 
of phantom painful sensations is based on eliminating 
conflict between the visual and somatosensory afferentation 
(proprioceptive memory concept) and blocking maladaptive 
rearrangement processes in specific cortical areas (Fig. 2).

The phantom painful sensations occurring in patients with 
trauma-related amputation of the limb are designated and 
marked using the verbal (speech) means studied in linguo-
semantic characteristics — descriptors. The linguo-semantic 
descriptors of phantom painful sensations are represented 
by various components: sensory descriptors, metaphorical 
constructs, affective-evaluative markers, and discursive 
strategies. The specifics of using linguo-semantic constructs to 
describe phantom painful sensations can include pain severity 
characteristics. The corrective effect of using mirror visual 
feedback is based on the fact that these components are 
influenced by visual stimulation, somatosensory effect, motor 
effect, and the linguo-semantic designation processes. The 
mechanism of the use of mirror illusion is based on eliminating 
conflict between the visual and somatosensory afferentation 
(proprioceptive memory concept) and blocking maladaptive 
rearrangement processes in specific cortical areas. 

The study aimed to assess the dynamic changes of 
linguistic and semantic descriptors of painful sensations in 
patients with trauma-related amputation of the limb showing 
manifestations of phantom pain syndrome as a criterion to 
assess the effectiveness of using the mirror visual feedback. 

METHODS

The study involved males aged 23–55 years post trauma-related 
amputation of lower limbs, presenting with phantom painful 
sensations. The sample size was 87 individuals post amputation 
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Fig. 3. Example form in the phase of psychological diagnosis of linguo-semantic descriptors of pain in patients with trauma-related amputation showing manifestations 
of phantom pain syndrome 

No 
pain 

0

0

2

2

5 91 4

4

10-point pain scale

8

8

3 76

6

10

10

Mild 
pain

Moderate 
pain

Severe 
pain 

Extremely 
severe pain 

Intolerable 
pain

of one lower limb (being through rehabilitation in a specialized 
medical institution, 6–18 months had passed since the date of 
amputation). All the respondents, who were through rehabilitation 
at the time of assessment, received pain management medications 
and physiotherapy prescribed by primary care physicians. 
Inclusion criteria: preserved cognitive function estimated using 
MMSE (Mini-Mental State Examination) — score 26–30 in 
quantitative terms. Exclusion criteria: postoperative period (post 
amputation of the limb); early recovery period (up to 6 months 
since the date of amputation); severe pain syndrome; other 
medical contraindications determined by a rehabilitation physician.  

Research phases 

A common form for recording of phantom pain manifestation 
was developed in order to implement the first (diagnostic) 
research phase. The form consists of four sections to be filled 
sequentially one after another, starting from the first one. At first, 
during the clinical interview, the patient named and recorded 
certain characteristics of phantom painful sensations (phantom 
pain descriptors), without limiting the number of those, and 
recorded the severity score (1–10 points) for each specified 
descriptor. Then he formulated and recorded a holistic image 
of pain (as a verbal description) in the form, and also noted pain 
severity on a scale ranging from 1 to 10. After that, he had to 
indicate the level of amputation of the lower limb on the body 
projections using a black pen, and then shade the regions of the 
amputated limb where phantom pain was localized with a blue 
pen. Furthermore, the regions of localization for the phantom pain 
descriptors recorded in the initial section of the questionnaire 
were marked with arrows in the body projections, adjacent to 
the shaded areas. At the final stage of filing the form, the patient 
had to assess the overall phantom pain severity using the Visual 
Analog Scale (VAS) and circle the number from 1 to 10 (Fig. 3).

The second research phase (phase of psychological 
correction) involved 40 patients, who were assessed by the 
rehabilitation physician and admitted to remedial classes before 

the psychological correction course involving the use of the 
FaBo mirror [34]. Among 47 patients, who were not involved 
in the phase of psychological correction using FaBo mirror, 
21 individuals had pulled out; 26 individuals were not admitted 
to mirror therapy by a rehabilitation physician for medical reasons.   

The algorithm for conducting training sessions is illustrated 
in Fig. 4.

Each patient with lower limb amputation attended five training 
sessions within the mirror visual feedback program for adjustment 
of phantom painful sensations.

The results obtained were quantified using the following 
methods: descriptive statistics (the mean, standard deviation, 
frequency analysis, mode, median, range) and comparative 
statistics (Wilcoxon signed-rank test, Fisher angular transformation, 
р ˂ 0.05).  

RESULTS

The relationship between the subjective phantom painful 
sensation severity estimates and the rates of selecting the 
descriptors to describe phantom painful sensations allowed 
us to reveal high variability in both the number of descriptors 
and the descriptor severity levels. However, the most common 
ones (central descriptors) are represented by three variants: 
“burning”, “shots”, and “tingling” (Fig. 5).  

The rates of sensory descriptors in the group of war 
veterans with amputation of the lower limb are distributed 
as follows: “burning” (60%), “shots” (60%), “tingling” (46%), 
“nagging pain” (20%), “spasm” (16%), “throbbing pain” (6%), 
“freezing” (4%), “pulling pain” (12%), “itching” (12%), “twisting” 
(18%), “chills” (4%), “numbness” (8%), “compression” (12%), 
“dull ache” (6%), “shock” (10%), “lancinating pain” (6%). 
When comparing the rates of linguo-semantic descriptors with 
their intensity on a 10-point scale, discrepancy is reported: with 
the maximum rates of phantom painful sensations in the form 
of burning, shots, and tingling, the most intense are dull ache 
and the sensation referred to as “itching”. 
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Fig. 4. Algorithm to conduct the psychological correction procedure involving the use of the FaBo mirror in patients with trauma-related amputation of lower limbs 
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We differentiate linguo-semantic descriptors of phantom 
painful sensations into two groups: the descriptors, the names 
of which are based on nouns, and the descriptors, the names 
of which are based on adjectives. The noun-based linguo-
semantic descriptors are, in turn, divided into two groups: 

the descriptors designated by concrete and material nouns; 
the descriptors designated by verbal nouns. The share of the 
linguo-semantic descriptors represented by the adjectives 
describing qualitative characteristics of phantom painful 
sensations is 25%. The share of concrete and material nouns 
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Fig. 6. Scheme of phantom painful sensation localization in patients with trauma-related amputation of lower limbs 
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characterizing individual meanings, personal meanings, and 
categorical structures of consciousness in designation of 
linguo-semantic descriptors is 31% of the total number of 
descriptors. The vast majority of descriptors are designated 
by patients with trauma-related amputation of lower limbs with 
verbal nouns, denoting the objectification of action. This linguo-
semantic descriptor form, transforming the dynamic process 
into a static term, consolidates phantom painful sensations at 
the level of linguistic semantic meaning. 

As for their qualitative characteristics, the descriptors were 
divided into two groups based on the criterion of painful nature: 
naturally, painful sensations predominate and account for 75% 
of the total number of descriptors (“burning”, “shots”, “tingling”, 
“nagging pain”, “spasm”, “throbbing pain”, “pulling pain”, 
“twisting”, “compression”, “dull ache”, “shock”, “lancinating pain”). 
The non-painful descriptors characterizing unpleasant sensations 
in the phantom limb that are not pain account for 25% and include 
such labels, as “freezing”, “itching”, “chills”, “numbness”.

The following trends are distinguished based on the subjective 
assessment of phantom painful sensation localization: in the distal 
part of the amputated limb — 34%, in the distal to central part 
of the amputated limb — 18%, the entire amputated part of the 
limb — 22%, the proximal to distal part of the amputated limb — 
6%, the entire amputated part of the limb with the spread onto 
the intact part of the stump — 8%, central part of the amputated 
limb — 4%, proximal to central part of the amputated limb — 6%, 
proximal part of the amputated limb — 2% (Fig. 6). 

According to the results of the painful sensation localization 
subjective assessment, the vast majority of patients with 
amputation of lower limbs specify the distal part of the amputated 
limb, which is most distant from the stump, — 88% of cases.  

In addition to quantitative analysis, qualitative analysis was 
also carried out. The patients had to provide the description 
of a phantom painful sensation holistic image and estimate 
its subjective severity on a 10-point scale. A total of 88% of 
patients with phantom painful sensations were able to provide 

holistic images of pain. Three groups were formed based on 
the phantom pain image characteristics. The first group of 
images is characterized by involuntary movement of various 
parts of the amputated limb (in 61% of patients). The following 
speech constructs are used to describe the image of phantom 
pain sensations: “toes curl”, “toes are twisted”, “toes bend”, 
“the foot bends”, “the toes are stretching”. Clinical example: 
“the toes are intertwined and one of those digs its nail into the 
other and pierces it through”. The second group of images 
is characterized by changes in the size and integrity of the 
amputated part of the limb; it is represented in 20% of patients 
with amputation of lower limbs. When talking, the patients use 
such speech construct, as “the leg is swelling”, “a piece of 
meat was torn off”, “the nail digs into another toe”, “the leg has 
grown and is resting against the back of the bed”, “the nails are 
moving away from the toes”. Such representation of the holistic 
image of phantom painful sensations, as “the leg has grown 
and is resting against the back of the bed”, can be considered 
the clinical example. Patients of the third group represent the 
images through description of the exposure to the external 
stimulus (43% of patients). Such speech constructs, as 
“someone is pressing a bone on the skin”, “the toes are burnt 
with a lighter”, “the leg is in the water”, “the leg is clamped in a 
vice”, “the leg is pierced with an awl”, “an object falls on the 
foot”, were used to verbally describe the holistic image. 

The correlation analysis procedure allowed us to distinguish 
two strategies of linguo-semantic designation of phantom 
painful sensations in patients with trauma-related amputation 
of lower limbs. The first strategy is determined by high 
differentiation of descriptors with their low intensity in terms 
of differentiation, but high aggregate intensity. This strategy 
is confirmed by the identified inverse significant correlations 
between the intensity of distinct linguo-semantic descriptors 
and the total number of descriptors describing phantom pain 
manifestations; as well as by the direct significant correlations 
(r = 0.424) between subjective estimates of the holistic image of 
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Fig. 7. Relationship between the phantom pain descriptor rates and manifestation intensity in patients before and after the training course involving the use of the FaBo mirror  
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phantom painful sensations and the VAS pain severity scores. This 
system of correlations includes the descriptors characterized by 
maximum rates or maximum intensity. Thus, the total number of 
descriptors is related to the intensity of burning (r = –0.536) and 
tingling (r = –0.429) being the most common descriptors; when 
the intensity is high, the number of descriptors is correlated to the 
intensity of nagging pain (r = –0.418) and twisting (r = –0.504). 
The data obtained suggest that the more differentiated is the 
linguo-semantic designation of the phantom pain manifestation, 
the lower is the intensity of single manifestations characterizing 
the phantom pain painful nature. 

The second strategy of the linguo-semantic designation 
of phantom painful sensations in patients with trauma-related 
amputation of lower limbs is manifested by low differentiation of 
the descriptors with their high intensity (both aggregate intensity 
and intensity of distinct descriptors). This strategy is confirmed 
by the identified direct significant correlations between the total 
number of descriptors and the intensity of low-rate linguo-
semantic descriptors: chills (r = 0.522), numbness (r = 0.427), 
freezing (r = 0.416), pulling (r = 0.402) and clenching (r = 0.411) 
pain; as well as between subjective estimates of the intensity 
of distinct descriptors and the VAS pain severity scores. Thus, 
it is clear that the more differentiated descriptors are used by 
the patient to designate the phantom pain manifestations, the 
higher the intensity of non-painful sensations represented by war 
veterans with amputation of lower limbs in the linguo-semantic 
constructs describing the phantom pain manifestations. 

The second phase of the study involved 36 individuals 
admitted to remedial classes involving the use of mirror visual 
feedback out of 40 patients with trauma-related amputation 
of lower limbs; they completed the full course, consisting of 
five training sessions. Re-evaluation was conducted after 
completing the training course. 

Assessment of the significance of differences in the 
number of descriptors and intensity of their manifestations 
revealed significant differences in both rates of descriptors 
and subjective estimates of their intensity. This shows that 
the rate of such descriptors, as “burning” (р = 0.021), “shots” 
(р = 0.018), and “tingling” (р = 0.018), which prevailed before 
the remedial training course, significantly decreased after 
completing the course of five training sessions. However, these 
descriptors remained predominant. We should also note a 

significant increase in the rates of the linguo-semantic meaning 
the non-painful sensations: “freezing” (р = 0.024), “itching” 
(р = 0.031), “chills” (р = 0.019), “numbness” (р = 0.021), and 
“compression” (р = 0.022) (Fig. 7). 

Assessment of the dynamic changes in the relationship of 
the linguistic forms used to designate the descriptors of painful 
sensations and their semantic contents after the end of the 
remedial training course involving the use of mirror visual feedback 
also revealed significant differences. The percentage of verbal 
nouns decreased significantly (from 44 to 35%), which suggests a 
shift towards predominance of concrete and material nouns. The 
percentage of the descriptors characterizing painful sensations 
also decreased with increasing percentage of the descriptors 
describing unpleasant (non-painful) sensations (from 75 to 68%). 
According to reliable indicators, the system of correlations between 
the number of descriptors of painful sensations in patients with 
trauma-related amputation of lower limbs having phantom pain 
and the intensity of painful sensations remained unchanged after 
the remedial training course (the changes affected the values of 
significant correlation coefficients only). 

Thus, the research results obtained showed that mostly 
verbal nouns characterizing the painful sensations’ duration 
(meaning an action, process, or result of an action) are used 
as linguo-semantic descriptors of phantom painful sensations 
in patients with trauma-related amputation of lower limbs 
showing manifestations of phantom pain syndrome with the 
pronounced intensity that describe various painful sensations. 

It should be noted that four patients with trauma-related 
amputation of the lower limb showing manifestations of phantom 
pain out of 40 refused further procedures, reporting increased 
phantom painful sensations, after one or two training sessions. 
Patients complained that during and after the procedures, 
the intensity of phantom painful sensations increased, arising 
against the background of involuntary phantom movements of 
the amputated part of the limb, which imitated the exercises and 
movements performed during the procedure: “I feel the amputated 
part more clearly, how it bends and flexes, aches and hurts”.

     
DISCUSSION

The image of pain is a holistic linguo-semantic structure, 
the result of integration of various sensory modalities of 
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painful sensations. The image of phantom painful sensations 
presented in the authors’ interpretation is most close to 
the linguo-semantic metaphorical constructs — figurative 
expressions that contain causal and affective interpretations. 
Such constructs often reflect not only the intensity of phantom 
painful sensations, but also the patient’s attitude towards 
this [35]. The differentiated nature of the verbal description of 
phantom painful sensations in patients with trauma-related 
amputation of the limbs involving the use of linguo-semantic 
descriptors is in line with the results of the studies focused on 
neurophysiological correlates involving the use of mirror visual 
feedback, i.e. bilateral activation of primary sensorymotor areas 
of the cerebral cortex [33], which, in turn, corresponds to the 
cortical level of perceptual organization of the mechanisms 
underlying the emergence of phantom painful sensations. 
Subjective assessment of the phantom painful sensation 
localization mainly in distal parts of the amputated limb can 
be considered as the indirect evidence of the peripheral level 
of perceptual organization of the mechanisms underlying the 
emergence of phantom painful sensations [4].  

The image of phantom painful sensations is represented 
by variability of linguo-semantic descriptors and the image 
description reflects the contents of the unique experience of 
reliving and interpretation of various phantom painful sensations. 
Integration of various sensation types in the verbal description of 
the image of pain (tactile, muscular, stereognostic) suggests the 
involvement of the associative cortex of posterior brain regions 
ensuring synthesis and processing of multimodal information, 
along with the primary motor and somatosensory cortex.

CONCLUSIONS

The linguo-semantic representation of the image of phantom 
painful sensations with involuntary movement of various 
parts of the amputated limb and disruption of the integrity of 
these parts is characterized by qualitative differences from the 
phantom pain representation described in terms of exposure 
to the external stimulus. The other two groups of the linguo-
semantic representation of the holistic image of pain (in terms of 
the external influence or changes in the size and integrity of the 
amputated limbs) reflect the verbalized process of experiencing 
the maladaptive cortical rearrangement in the primary motor and 
somatosensory cortex, rearrangement of  sensory maps, while 
the latter group at the level of the linguo-semantic characteristics 
represents the holistic image of phantom painful sensations in 
terms of the subjective sensory-perceptive experience allowing 
one to explain the origin of such sensations “as if I were holding 
my hands over a fire,” “as if I were standing with my foot in 
water”). The identified dynamic changes of the linguo-semantic 
descriptors of phantom painful sensations in patients with 
trauma-related amputation of the limbs showing manifestations 
of phantom pain syndrome during therapy involving the use of 
mirror visual feedback allows one to consider the following as the 
effectiveness criteria: the increase in the number of descriptors 
of painful sensations represented mainly in the form of concrete 
and material nouns (allowing one to reduce the intensity of 
phantom painful sensation assessed on the 10-point scale), as 
well as the increase in the number of descriptors characterizing 
non-painful unpleasant sensations at the linguo-semantic level.
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RESULTS OF SIMULTANEOUS COMBINED LASER TREATMENT OF NEWLY DIAGNOSED 
PRIMARY OPEN-ANGLE GLAUCOMA

Today, selection of the optimal treatment method in patients with the early-stage primary open-angle glaucoma (POAG) remains an urgent problem of ophthalmology. 

There are various approaches to treating such patients, including the use of topical therapy and laser treatments. The study aimed to assess the hypotensive effect 

and clinical and functional outcomes of the simultaneous combined laser treatment, including YAG-LAT and the subsequent one-time SLT in the same localization 

zones, in patients with the newly diagnosed early-stage POAG and moderately elevated intraocular pressure (IOP). The study included 100 eyes with stage I POAG, 

which were divided into two groups: group I — 50 eyes before and after YAG-LAT and SLT; group II – 50 eyes that underwent SLT only. The follow-up period was 

12 months. In patients of groups I and II, a decrease in IOP by 28 and 30.5% relative to the baseline IOP was reported at 1 month, and by 32.2 and 32% at 3 months, 

respectively. The intergroup difference in the extent of IOP decrease at 1 and 3 months was non-significant (р > 0.05). There was still good hypotensive effect, up 

to 29.3% of the preoperative value, 12 months after YAG-LAT and SLT. Twelve months after SLT, the hypotensive effect was 17%. The intergroup difference in the 

extent of IOP decrease at 12 months was significant (р < 0.05). Glaucoma stabilization was reported in groups I and II, but in group II, antihypertensive therapy was 

required in 63% of cases. The simultaneous combined laser treatment technology (YAG-LAT and SLT) showed a pronounced, persistent hypotensive effect and 

glaucoma stabilization when used for treatment of the newly diagnosed early-stage POAG.

Keywords: newly identified primary open-angle glaucoma, first-line therapy, selective laser trabeculoplasty, YAG laser activation of the trabecula, alternative drug 
therapy strategy, hypotensive therapy
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Х. П. Тахчиди1, А. В. Дога2, К. В. Ободова3 

РЕЗУЛЬТАТЫ ОДНОВРЕМЕННОГО КОМБИНИРОВАННОГО ЛАЗЕРНОГО ЛЕЧЕНИЯ 
ВПЕРВЫЕ ВЫЯВЛЕННОЙ ПЕРВИЧНОЙ ОТКРЫТОУГОЛЬНОЙ ГЛАУКОМЫ

На сегодняшний день выбор оптимального метода лечения пациентов с начальной стадией первичной открытоугольной глаукомы (ПОУГ) остается 

актуальной проблемой в офтальмологии. Существуют различные подходы к лечению таких пациентов, среди которых использование местной топической 

терапии и лазерные методы лечения. Целью работы было провести исследование состояния гипотензивного эффекта и клинико-функциональных 

результатов одновременного комбинированного лазерного лечения, включающего YAG-ЛАТ и последующую за ней, по тем же зонам локализации, 

одномоментную СЛТ у пациентов с начальной стадией впервые выявленной ПОУГ с умеренно повышенным уровнем ВГД. В исследование вошли 

100 глаз с ПОУГ I стадии, они были разделены на две группы: I группа — 50 глаз до и после проведения YAG-ЛАТ и СЛТ; II группа — 50 глаз, которым 

была выполнена только СЛТ. Срок наблюдения — 12 месяцев. У пациентов I и II групп через месяц отмечено снижение ВГД на 28 и 30,5%, через 

3 месяца на 32,2 и 32% от исходного уровня ВГД соответственно. Различие между группами по степени снижения ВГД через 1 и 3 месяца было 

статистически незначимым (р > 0,05). Через 12 месяцев после YAG-ЛАТ и СЛТ сохранялся хороший гипотензивный эффект, составивший до 29,3% от 

его дооперационного значения. После СЛТ гипотензивный эффект через 12 месяцев достигал 17%. Различие между группами по степени снижения 

ВГД через 12 месяцев статистически значимо (р < 0,05). В I и II группах наблюдалась стабилизация глаукомного процесса, но во II группе в 63% случаев 

потребовалась гипотензивная терапия. Технология одновременного комбинированного лазерного лечения (YAG-ЛАТ и СЛТ) показала выраженный, 

стойкий гипотензивный эффект и стабилизацию глаукомного процесса при лечении начальной стадии впервые выявленной ПОУГ.

Ключевые слова: впервые выявленная первичная открытоугольная глаукома, терапия первой линии, селективная лазерная трабекулопластика, YAG-лазерная 
активация трабекулы, альтернативная стратегия медикаментозной терапии, гипотензивная терапия
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Glaucoma is a chronic progressive disease of the optic nerve 
that finally results in irreversible blindness, if left without proper 
and timely treatment. According to the federal statistical 
observation data, a total of 1,249,617 glaucoma patients aged 
over 18 accounting for 1077.8 per 100,000 adult population of 
the Russian Federation (RF) were registered in 2022 in the RF 
[1]. The number of glaucoma patients increases annually: 57.5 
million people were affected in 2015, their number increased 
to 65.5 million by the year 2020 [2]. All these data confirm 
that primary open-angle glaucoma (POAG) is one of the most 
important socially significant problems all over the world [3]. 
The early-stage glaucoma has no specific symptoms. Visual 
acuity usually does not decrease. However, despite this fact, 
the programmed death of nervous cells and optic nerve fibers 
is triggered. In this regard, it is necessary to start glaucoma 
treatment as early as possible, at early stages, to reduce much 
of the cases of blindness due to glaucomatous optic atrophy 
[4]. The potential of modern diagnosis methods allows one 
to detect the slightest glaucomatous alterations in patients. 
A multicenter scientific-analytical cohort study of 6,407 
individuals (12,814 eyes) was conducted in the RF between 
December 2019 and October 2020, based on the results of 
which stage I glaucoma was diagnosed in a half of cases in the 
group with POAG (1995 eyes). This confirms good prospects in 
the diagnosis and treatment of glaucomatous optic neuropathy 
(GON) [5]. Therefore, the proper and timely treatment of early-
stage glaucoma with the stable hypotensive effect determines 
the good prognosis in terms of vision for this disorder. 
According to the Russian (POAG Clinical Guidelines, RF 2024) 
and foreign regulatory documents, topical drug therapy and 
selective laser trabeculoplasty can be prescribed as a starter 
treatment method for early-stage POAG [6]. In the world today, 
considering the laser technology active development, laser 
treatment methods are extensively used to treat early-stage 
POAG. One of the main reasons to switch from hypotensive 
eyedrops to laser surgery when treating  early-stage POAG 
is low patient compliance with the topical hypotensive therapy 
due to possible local and systemic side effects [7–9]. 

The majority of topical hypotensive drugs used to treat 
glaucoma contain preservatives, which, in turn, negatively affect 
the condition of the ocular surface and conjunctiva. Considering 
the fact that glaucoma is a chronic disorder and that treatment 
with hypotensive eyedrops is lifelong, the long-term use of such 
drugs lower the efficacy of glaucoma surgery [10]. According to 
foreign studies, the common cause of intraocular pressure (IOP) 
decompensation in patients with POAG post filtering surgery is 
scarring of the artificially created pathways for the intraocular 
fluid drainage due to the long-term use of the preservative-
containing topical hypotensive drugs [11]. The approaches to 
treatment of early-stage POAG change due to the personalized 
medicine development. Therefore, in addition to achieving the 
target IOP it is necessary to consider the influence of treatment 
on the patient’s quality of life. Treatment must be safe, cost-
effective, and efficient.

Selective laser trabeculoplasty (SLT) is successfully used 
as a first choice intervention. This is a more cost-effective 
treatment option for POAG, than drug therapy [12]. SLT is 
recommended by the European Glaucoma Society and the 
World Glaucoma Association as first-line therapy for glaucoma. 
This is due to the fact that it helps stabilize IOP in a few years 
without using topical hypotensive therapy, thereby increasing 
patient compliance with treatment. The patient stops 
experiencing side effects of topical hypotensive drugs, and no 
monthly financial costs are required, so SLT is a cost-effective 
method to treat glaucoma [13, 14]. According to the Russian 

literature, the studies focused on the SLT efficacy when used 
as first-line therapy showed that the hypotensive effect of this 
laser surgical procedure was not durable enough, it accounted 
for 11–20% of the baseline IOP by month 12 of follow-up 
[15, 16]. Due to this fact the new combination laser technologies 
having a more pronounced hypotensive effect have started 
appearing in Russia. 

A combination laser technology using different mechanisms 
of affecting the trabecular mesh (YAG laser activation of the 
trabecula and SLT), which complement each other based on 
the mechanism of action and ensure the more pronounced 
persistent hypotensive effect at various glaucoma stages, was 
developed and patented in 2024 at the glaucoma diagnosis and 
treatment department of the Yekaterinburg Eye Microsurgery 
Center [17]. According to the authors, the YAG-LAT + SLT 
technique developed ensured the glaucomatous process 
stabilization through achieving the necessary target intracranial 
pressure (ICP) depending on the glaucoma stage [18].

We found no data on the simultaneous use of combination 
laser techniques for treatment of the newly diagnosed POAG 
before hypotensive therapy prescription in the literature.

The study aimed to assess the hypotensive effect 
and clinical and functional outcomes of the simultaneous 
combination laser treatment, including YAG laser activation 
of the trabecula (YAG-LAT) and the subsequent one-time 
selective laser trabeculoplasty (SLT) in the same localization 
zones, in patients with the newly diagnosed early-stage POAG 
and moderately elevated IOP.

METHODS

Clinical assessment was based on evaluation of the clinical 
and functional state of 100 patients (100 eyes) with the 
newly diagnosed early-stage POAG aged 37–83 years. The 
nonrandomized prospective clinical and functional analysis 
of treatment outcomes in these patients was conducted. 
The gender distribution was as follows: 38 males (38%) and 
62 females (62%). The follow-up period was 12 months. 

Patients were divided into two groups. Group I included 
50 patients (50 eyes), who underwent simultaneous YAG-LAT 
and SLT. The gender distribution was as follows: 30 females 
(60%) and 20 males (40%). The patients’ age was 37–80 years.  

Group II included 50 patients (50 eyes), who underwent SLT 
only. The gender distribution was as follows: 32 females (64%) 
and 18 males (36%). The patients’ age was 38–83 years. The 
gender and age differences between groups of patients were 
non-significant.

Inclusion criteria: newly diagnosed stage I POAG (before 
prescription of hypotensive eyedrops) with the moderately 
increased IOP (Ро, 22–28 mmHg), II–III degree of pigmentation 
on the anterior chamber angle.

Exclusion criteria: bullous keratopathy, high IOP (Ро, 
≥ 29 mmHg), corrected visual acuity less than 0.4; reduced 
transparency of optical media that interfere with the computed 
perimetry, poor computed perimetry quality (fixation loss > 25%, 
false positives and false negatives > 25%); high refractive 
errors; central retinal dystrophy.

Monitoring of the clinical and functional analysis in patients 
with the newly diagnosed POAG was performed before using 
the combination laser technique, as well as 1, 3, 6, and 12 months 
after laser treatment. 

The clinical and functional analysis of patients with the 
newly diagnosed POAG conducted at all the follow-up terms 
specified included the following: visometry, gonioscopy, 
slit lamp examination, induction-based tonometry with the 
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Table 1. Mean values of clinical and functional parameters in groups I and II before laser surgery, М ± σ

Note: BCVA — best-corrected visual acuity; RNFL — retinal nerve fiber layer.

Parameter Group I Group II p

BCVA 0.8 ± 0.1 0.8 ± 0.2 > 0.05

IOP, mmHg 26.0 ± 1.7 26.3 ± 1.5 > 0.05

MD, dB 2.6 ± 1.5 2.4 ± 1.7 > 0.05

sLV, dB 3.7 ± 1.9 3.0 ± 1.5 > 0.05

Average RNFL, µm 98.0 ± 5.2 100.5 ± 4.9 > 0.05

Average GCC, µm 90.0 ± 4.2 92.0 ± 4.8 > 0.05

use of the iCare TA01i tonometer (Icare Finland Oy, Finland), 
indirect ophthalmoscopy. The IOP values measured using the 
iCare tonometer were considered as “true” IOP (Ро), since 
this tonometry type has a slight effect on the eye’s fibrous 
membrane.

To accurately diagnose early-stage POAG, the optical 
coherence tomography (RTVue 100 system, Optovue, USA) 
data were used, i.e. the retinal nerve fiber layer and ganglion 
cell complex thickness, optic nerve head profile, along with the 
unconventional computed perimetry methods (Octopus 600 
system, Haag-Streit Diagnostics, Switzerland). The PULSAR 
perimetry was used to diagnose the visual field, since this 
method was developed specifically for early detection of 
glaucoma; it showed sensitivity and specificity, when used 
to detect early-stage glaucoma [19]. When using computed 
perimetry, the G pattern and dynamic strategy were used. The 
G pattern is characterized by high density of test points in the 
paracentral zone for increasing the likelihood of detecting the 
glaucomatous optic neuropathy (GON) early signs. 

Patients of group I underwent combination treatment (YAG-
LAT and SLT) as follows.

At first, in phase I, the Visulas YAG-3 Nd:YAG laser 
(wavelength 1064 nm) (Carl Zeiss Meditec Inc., Germany) 
was used to perform YAG-LAT in the lower part of the anterior 
chamber angle (180 degrees) via application of 50–60 single 
pulses with the energy of 0.9–1.0 mJ at equal distances from 
one another; the spot diameter was 8–10 µm, and the laser 
exposure time was 3 ns [20]. 

 Then, in phase II, we switched to the Ellex Solo Nd:YAG 
laser (Ellex Medical Pty Ltd., Australia) with frequency doubling 
(532 nm) to perform SLT in the same zone of the lower part 
of the anterior chamber angle (180 degrees) with 70–75 non-
overlapping laser applications with the energy of 0.5–0.6 mJ; 
the spot diameter was 400 µm, and the laser exposure time 
was 3 ns.

Patients of group II received only SLT performed using the 
doubled-frequency (532 nm) Ellex Solo Nd:YAG laser (Ellex 
Medical Pty Ltd., Australia); the spot diameter was 400 µm, 
and the laser exposure time was 3 ns; 70–80 non-overlapping 
laser applications with the energy of 0.7–0.9 mJ were used in 
the lower part of the anterior chamber angle (180 degrees).

In the postoperative period, patients of group I, who 
received simultaneous combination laser treatment, were 
prescribed instillation of nonsteroidal anti-inflammatory 
drugs for 7 days (bromfenac 0.09%, 1 drop once a day); 
topical hypotensive therapy was not prescribed.

After receiving SLT only (group II), no anti-inflammatory 
agent instillation or topical hypotensive therapy was prescribed.

According to the preoperative assessment data, the average 
baseline IOP was 26.1 ± 1.7 mmHg in patients of group I 
without local hypotensive therapy, while in patients of group II 
without topical hypotensive therapy it was 26.3 ± 1.5 mmHg; the 
intergroup difference is also non-significant (p > 0.05).

Mean clinical and functional parameter values in patients 
of groups I and II before laser surgery are provided in Table 1.

Statistical analysis of the results was conducted using 
STATISTICA 10.0 and Excel 2020. The data obtained were 
processed using variation statistics with normal distribution 
determined using the Shapiro–Wilk test. The data are 
presented as the mean (M) and standard deviation (σ), (М ± σ). 
Student’s t-test was used to compare mean values and assess 
significance of differences. The differences were considered 
significant at р < 0.05. Significance of differences between 
identical indicators was calculated using the Mann–Whitney 
U-test; significance of differences between the indicators 
reported before and after treatment within the same group was 
calculated using the Wilcoxon test.

RESULTS

The IOP decreased by 28% of the baseline a month after 
using the combination laser treatment involving YAG-LAT 
and SLT (group I); at 3 months it decreased by 32.2% of the 
baseline IOP. In patients, who received SLT only (group II), the 
IOP decrease relative to baseline was 30.5% within a month 
and 32% within 3 months. The difference in the extent of IOP 
decrease reported within a month and 3 months between 
groups I and II was non-significant (р > 0.05). 

There was still persistent hypotensive effect that accounted 
for 29.3% of the preoperative value 12 months after the 
simultaneous combination laser treatment involving YAG-LAT 
and SLT. There was no persistent hypotensive effect in the 
long term after SLT (within 12 months), and the IOP decrease 
relative to baseline was 17%. The differences in the extent of 
IOP decrease relative to baseline between groups I and II were 
significant (р < 0.05) in the long term (within 12 months). 

The IOP values (Ро, mmHg) reported at various follow-up 
terms are provided in Table 2.

In the long term (within 12 months) after the simultaneous 
combination laser treatment (YAG-LAT + SLT), the target IOP 
was achieved in 82% of cases (41 eyes out of 50); in 18% 
of cases (9 eyes out of 50), normal IOP was achieved by 
prescribing topical hypotensive therapy (latanoprost 0.005% 
once daily). In a year, in patients post SLT only, the target IOP 
was achieved in 37% of cases (18 eyes out of 50), while in 63% 
of cases (32 eyes out of 50) there was a need for prescription 
of topical hypotensive therapy (latanoprost 0.005% once 
daily). The target IOP values were determined by the Russian 
regulatory documents (POAG Clinical Guidelines, RF 2024): Ро 
16–18 mmHg. The slit lamp examination of individuals in groups 
I and II revealed dystrophic changes in the anterior segment of 
the eye, exogenous pigmentation and pseudo-exfoliation of the 
iris and lens. Gonioscopy showed that the anterior chamber 
angle was of medium width or wide, open, with the II–III degree 
of pigmentation. Ophtalmoscopy showed that individuals in 
groups I and II had the pale pink optic disc with clear margins; 
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Table 3. Dynamic changes of the average clinical and functional parameter values in patients of groups I and II before laser surgery and after 12 months, М ± σ

Parameter
Before laser surgery After 12 months р

Group I

BCVA 0.8 ± 0.1 0.8 ± 0.1 > 0.05**

MD, dB 2.6 ± 1.5 2.72 ± 1.4 > 0.05**

sLV, dB 3.7 ± 1.9 3.6 ± 1.7 > 0.05**

Average RNFL, µm 98.0 ± 5.2 101.0 ± 4.6 > 0.05**

Average GCC, µm 90.0 ± 4.2 92.0 ± 3.8 > 0.05**

Group II

BCVA 0.8 ± 0.2 0.8 ± 0.1 > 0.05**

MD, dB 2.4 ± 1.7 2.5 ± 1.5 > 0.05**

sLV, dB 3.0 ± 1.5 3.2 ± 1.3 > 0.05**

Average RNFL, µm 100.5 ± 4.9 100.9 ± 5.1 > 0.05**

Average GCC, µm 92.0 ± 4.8 92.9 ± 4.2 > 0.05**

р > 0.05* > 0.05*

Note: * — р > 0.05, the difference between indicators in two groups; ** — р > 0.05, difference between pre-treatment and post-treatment values within a group.

Table 2. Mean IOP, Ро (mmHg), at various follow-up terms, М ± σ 

Group Before surgery
After surgery

1 month 3 months 6 months 12 months

I (n = 50) 26.1 ± 1.7 18.8 ± 2.1 17.7 ± 1.9 18.8 ± 2.5 18.7 ± 2.6

II (n = 50) 26.3 ± 1.5 18.3 ± 2.9 17.9 ± 1.5 20.5 ± 2.8 21.9 ± 2.5

р > 0.05 > 0.05 > 0.05 < 0.05 < 0.05

in the central retinal area, foveal and macular reflexes were 
preserved, no abnormalities were revealed.

During the 12-month follow-up all patients of group I (50 eyes) 
showed stabilization of visual functions and glaucomatous 
process; the glaucomatous process stabilization was also 
reported in all patients of group II (50 eyes), but in this group it was 
achieved by prescribing topical hypotensive eyedrops, which were 
necessary in 63% of cases (31 eyes). The glaucomatous process 
stabilization in patients with early-stage glaucoma was confirmed 
by computed perimetry and optical coherence tomography (OCT) 
of the optic disc and retinal ganglion cells. The difference in this 
parameter reported for patients of groups I and II by the end 
of follow-up (after 12 months) was non-significant (р > 0.05).

The dynamic changes of the average clinical and functional 
parameter values in patients of groups I and II before laser 
surgery and after 12 months are provided in Table 3.

In the early postoperative period, 10% of patients with early-
stage POAG and moderately increased IOP post simultaneous 
combination laser treatment (group I, 5 eyes) reported eye 
redness and light sensitivity; the slit lamp examination revealed 
conjunctival injection without any signs of inflammation in the 
anterior chamber. All the above symptoms disappeared during 
topical anti-inflammatory treatment in the form of bromfenac 
0.09% eyedrops once daily for 7 days. 

As for patients with early-stage POAG post SLT (group 
II), in the early postoperative period 14% (7 eyes) showed the 
reactive IOP increase, which recovered spontaneously without 
hypotensive therapy prescription; in 16% of cases (8 eyes), 
inflammatory eye injection occurred, which was jugulated 
by topical steroid anti-inflammatory therapy in the form of 
dexamethasone 0,1% eyedrops 3 times daily for 7 days.

DISCUSSION

In contrast to the use of SLT only, the simultaneous combination 
laser surgery technique (YAG-LAT and SLT) used for treatment 
of patients with the newly diagnosed early-stage POAG 
makes it possible to achieve the more pronounced persistent 
hypotensive effect of surgery within 12 months (up to 29.3% 
of baseline IOP within a year after laser surgery). The fact of 
achieving the target IOP (Ро 16–18 mmHg) was reported in 
82% of patients in group I, who received no topical hypotensive 
therapy. In a comparative aspect with group II of patients, who 
received SLT only, the IOP decrease within a year accounted for 
17% of baseline IOP values, and the target IOP (Ро 16–18 mmHg) 
was achieved only in 37% of patients with the newly diagnosed 
early-stage POAG. In group II, the extent of IOP decrease 
within 6–12 months is comparable with the Russian literature 
data on the efficacy of SLT as first-line therapy for glaucoma.  
Thus, it was shown in 2014 that the extent of IOP decrease 
within 12 months after using SLT as first-line therapy was about 
20% [15]; similar data were obtained by other researchers [20]. 

There is a causal relationship between the laser exposure 
mechanism and the pronounced persistent hypotensive effect 
when using the simultaneous combination laser treatment. 
The simultaneous combination laser treatment (YAG-LAT 
and SLT) involves various mechanisms. In the first phase, 
when performing YAG laser activation of the trabecula, the 
main mechanism underlying the effect is related to the micro-
hydraulic shock wave generated by laser energy and directed at 
the trabecula. On the one hand, the wave fragments biomaterial 
in the trabecular zone (primarily pigment) that impairs drainage 
and moves biomaterial deeper into the trabecular mesh lumens. 
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GAIT PARAMETER ADJUSTMENT AFTER KNEE ARTHROPLASTY BY KINESIOTHERAPY IN SUSPENSION 

The study is relevant due to persistent postural control impairment and gait disorder in patients post total knee arthroplasty (TKA), despite pain relief and restoration 

of the range of motion. The study aimed to assess the effects of kinesiotherapy in suspension on the patients’ stabilometry and gait phase parameters in the long 

term after TKA. A prospective comparative study was conducted that involved 93 patients (39 males and 54 females; average age 62.3 ± 5.1 years) enrolled 

36 months after surgery. The patients were randomized into the index group (standard rehabilitation involving kinesiotherapy in suspension) and comparison group 

(standard program). The efficacy was assessed using stabilometry and gait phase analysis before and after the 3-week rehabilitation course. In the index group, 

a significant decrease in the normalized vectorogram area from 320 ± 60 to 190 ± 40 mm2 (p = 0.001) and mean center of pressure movement linear speed from 

15.5 ± 2.8 to 8.7 ± 2.1 mm/s (p = 0.002) was revealed. The stance phase duration increased by 18%, and the walking phase symmetry increased from 74 ± 5 to 

90 ± 4% (p < 0.01). In the comparison group, the changes were non-significant (p > 0.05). The decrease in WOMAC scores was reported for both groups, there 

were no intergroup differences. The data obtained confirm the efficacy of using kinesiotherapy in suspension to adjust postural and locomotor disorders after TKA.
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Б. Ш. Минасов1, Р. Р. Якупов1, В. Н. Акбашев1      , И. О. Евграфов1, Ю. М. Мальсагов3, К. К. Каримов2, И. Б. Минасов1, А. А. Ахмельдинова1, 
А. А. Швейкин1

КОРРЕКЦИЯ ПАРАМЕТРОВ ПОХОДКИ ПОСЛЕ ЭНДОПРОТЕЗИРОВАНИЯ КОЛЕННОГО СУСТАВА 
МЕТОДОМ АППАРАТНО-ПОДВЕСНОЙ КИНЕЗИОТЕРАПИИ

Актуальность исследования обусловлена сохраняющимися нарушениями постурального контроля и походки у пациентов после тотального 

эндопротезирования коленного сустава (ТЭКС), несмотря на устранение болевого синдрома и восстановление объема движений. Целью исследования 

было оценить влияние аппаратно-подвесной кинезиотерапии на стабилометрические и фазовые параметры походки у пациентов в отдаленные сроки 

после ТЭКС. Проведено проспективное сравнительное исследование с участием 93 пациентов (39 мужчин и 54 женщины; средний возраст 62,3 ± 5,1 

года), включенных через 36 месяцев после операции. Пациенты были рандомизированы в основную группу (стандартная реабилитация с включением 

аппаратно-подвесной кинезиотерапии) и группу сравнения (стандартная программа). Эффективность оценивали с использованием стабилометрии 

и фазового анализа походки до и после трехнедельного курса реабилитации. В основной группе выявлено достоверное снижение нормированной 

площади векторограммы с 320 ± 60 до 190 ± 40 мм2 (p = 0,001) и средней линейной скорости перемещения центра давления с 15,5 ± 2,8 до 8,7 ± 2,1 мм/с 

(p = 0,002). Длительность фазы опоры увеличилась на 18%, симметрия фаз ходьбы — с 74 ± 5 до 90 ± 4% (p < 0,01). В группе сравнения изменения были 

недостоверны (p > 0,05). Снижение показателей WOMAC отмечено в обеих группах без межгрупповых различий. Полученные данные подтверждают 

эффективность аппаратно-подвесной кинезиотерапии в коррекции постуральных и локомоторных нарушений после ТЭКС.

Ключевые слова: тотальное эндопротезирование коленного сустава, медицинская реабилитация, кинезиотерапия, стабилометрия, походка, осевой 
скелет, фаза опоры
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Under conditions of the increasing prevalence of degenerative-
dystrophic lesions of large joints, the modern clinical practice 
is shaped as an integrated medical rehabilitation system based 
on combining medicinal, surgical, and functional technologies 
[1, 2]. Motor activity that ensures regulation of the connective 
tissue structural and functional state and the physiological 
motor stereotype development represents the key mechanism 
underlying restoration. The key role in these processes is 
played by the central and peripheral postural regulation links, 
and the strength imbalance results in the coordination disorder 
and decreased neuromuscular regulation efficiency  [3]. 

Reduced motor activity is associated with the increase in 
the prevalence of musculoskeletal degenerative-dystrophic 
disorders, including those affecting large joints and segments 
of the pelvic girdle, which are accompanied by chronic 
systemic disorders with mostly local clinical manifestations [4]. 
Decompensated knee osteoarthritis reflecting the progressive 
structural and functional balance loss is accompanied by 
pain, hypodynamia, and involvement of various organs and 
systems [5, 6].

Despite the total knee arthroplasty high efficacy for pain 
relief and restoration of the range of motion, the long-term 
functional outcome is largely determined by the quality of 
medical rehabilitation considered as a continuous adaptation 
process aimed at restoring movement and ensuring the 
patient’s social re-integration [7]. One of the factors limiting the 
physiological gait restoration is insufficient stabilization of the 
axial skeleton, primarily the lumbopelvic complex. The impaired 
neuromuscular control of the stabilizer muscles and asymmetric 
load result in alteration of the stance and walking phases [8, 9].

In this regard, modern rehabilitation programs are aimed 
at adjusting postural disorders, proprioceptive control 
restoration, and motor pattern optimization with the use of 
kinesiotherapy. The use of stabilization exercises with the 
load control contributes to better postural stability and return 
of the gait phase characteristics back to normal. The use of 
automated and robotic systems makes it possible to objectify 
assessment of the patients’ functional state [10, 11]. At the 
same time, the data on the clinical efficacy of such methods in 
the late postoperative period are limited, which determines the 
relevance of further research.

The scientific novelty of this study lies in conducting a 
comprehensive instrumental assessment of the impact of 
kinesiotherapy in suspension on the postural control and 
locomotion parameters in patients post total knee arthroplasty 
(TKA). The study aimed to assess the effect of kinesiotherapy in 
suspension involving the use of the automated complex on the 
gait stabilometry and phase parameters in patients post TKA in 
the late postoperative period.

METHODS

A prospective comparative study aimed to assess the effects of 
kinesiotherapy in suspension on the postural stability indicators 
and gait parameters in patients post TKA.

Study design 

The patients were enrolled 36 months after TKA, which 
corresponded to the period of the completed functional 
bone tissue remodeling and made it possible to assess the 
delayed biomechanical impairment and efficacy of the delayed 
rehabilitation intervention. A total of 93 patients (39 males, 
54 females; average age 62.3 ± 5.1 years) meeting the selection 
criteria were enrolled.

Surgical intervention

All the patients had earlier undergone primary TKA involving 
the use of the posterior stabilized (PS) costruct. The cemented 
prostheses (Meril Life Sciences, India) were used. The surgical 
procedure was performed using a standard method; the 
medial parapatellar approach was used. Stable fixation of the 
endoprosthesis components was reported in all patients based 
on the follow-up clinical and radiography assessment data by 
the time of enrollment.

Randomization and allocation of groups

Randomization was performed by simple random sampling 
using a random number generator. The patients were distributed 
by independent experts, who did not take part in rehabilitation 
activities. Two groups were formed: comparison group (control; 
n = 46), study group (index; n = 47)

Inclusion criteria

1. Age 55–75 years.
2. Primary unilateral TKA due to grade 3–4 osteoarthritis 

deformans (according to Kellgren–Lawrence).
3. Clinically stable condition, no contraindications to physical 

exercise.
4. No cognitive impairment (MMSE score ≥ 24).
5. Submitted informed consent to take part in the study 
6. Endoprosthesis component stability confirmed by clinical, 

laboratory, and radiography data.

Exclusion criteria

1. Infectious complications, including periprosthetic joint 
infection.

2. Instability or displacement of the endoprosthesis components 
based on the clinical and instrumental assessment data.

3. Bilateral knee arthroplasty.
4. Severe limb deformities (valgus/varus > 15°) or shortening 

of the operated leg > 2 cm
5. Severe pain at rest (VAS > 5 points).
6. Severe concomitant disorders limiting physical activity: 

chronic heart failure (CHF), functional class III–IV according to 
the New York Heart Association (NYHA) classification; chronic 
obstructive pulmonary disease (COPD), grade III–IV according 
to the GOLD (Global Initiative for Chronic Obstructive Lung 
Disease) classification; unstable coronary artery disease 
(CAD), including progressive effort angina, angina at rest, early 
post-infarction angina, and the condition post recent acute 
coronary syndrome (within 3 months) associated with high risk 
of coronary complications and limited tolerance to physical 
exertion.

7. Active or progressive disorders of the central nervous 
system (Parkinson's disease, multiple sclerosis, stroke sequelae < 
12 months).

8. Dementia or severe cognitive impairment (MMSE < 24).
9. Severe hearing loss or visual impairment interfering with 

exercise.
10. Refusal of participation or failure to adhere to the training 

and visit regimen.

Rehabilitation program

Comparative characteristics of rehabilitation programs are 
provided in Table 1. The comparison group was through the 
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Table 1. Comparative characteristics of rehabilitation programs

Table 2. Composition and structure of a standard rehabilitation program

standard rehabilitation program in accordance with the clinical 
guidelines on restoration after TKA (Table 2). The program 
included the following physiotherapeutic procedures: exposure 
to the ultra-high frequency electric field and electrical muscle 
stimulation (EMS) of the gluteal muscles, as well as the muscles 
of the thigh and lower leg of the operated and contralateral 
limbs, breathing exercises, passive and active knee joint 
mobilization, isometric exercises for the thigh and gluteal 
muscles, stretching exercises for the lower limb, and 
coordination exercises using a stability ball and unstable 
supports. The 40–50 min training sessions were conducted 
5 times a week throughout 3 weeks.

In addition to standard therapy, the index group was 
through the course of kinesiotherapy in suspension (Table 3) 
involving the use of the automated complex and suspension 
trainers. The program included exercises aimed at activating 
deep muscles of the trunk and pelvis (core), proprioceptive 
training, restoration of the gait phase symmetry, and execution 
of functional movements with partial bodyweight unloading. 
The stabilization training elements and biological feedback 

technologies were used. The 3-week course consisted of 
15 daily 50–60 min sessions controlled by the specialist.

Method to assess rehabilitation efficacy 

The rehabilitation activity efficacy was assessed twice: before 
the beginning of the course and after the end of the 3-week 
cycle (on day 21). Objective instrumental and subjective methods 
were used.

Stabilometry analysis 

The postural stability parameters were assessed using the 
HUBER 360 stabilometry platform (LPG Systems, France) when 
standing with the eyes open. The main assessed indicators 
were as follows:

• normalized vectorogram area (NVA, mm2) reflecting the 
value of the center of pressure spatial distribution;

• mean center of pressure movement linear speed (mm/s) 
being a compensatory activity indicator;

Direction of therapy Comparison group (standard program) Index group (standard + kinesiotherapy)

Physiotherapy Ultra-high frequency electric field, electrical muscle stimulation

Breathing exercises Diaphragmatic breathing exercises

Passive and active motion Passive mobilization of the joint, active motion within the permissible range

Isometric exercises Tensing muscles of the thigh and gluteal muscles

Stretching exercises For the muscles of the thigh, lower leg, and lumbar region

Coordination and balance exercises
Balancing using the stability ball 

and balance platform
Suspension exercises with the pressure center 

control and biological feedback

Kinesiotherapy (in suspension) Was not used
The suspension system, ORMED Kinezo 

automated complex (ORMED, Russia) was used

Stabilization of the trunk and axial skeleton Was not performed
Exercises for activation of the core and pelvic 

stabilizer muscles

Proprioceptive stimulation Limited implementation through unstable surfaces
Targeted training involving modulation of the 

support and moving the center of gravity

Unloaded functional movements Were not performed Were performed using suspended unloading

Frequency of sessions 5 times a week, 40–50 min 5 times a week, 50–60 min

Course duration 3 weeks (15 sessions) 3 weeks (15 sessions)

Program component Duration Aim Description and execution specifics

Physiotherapy 15 procedures (daily)
Pain relief and reduction of swelling, 
regeneration stimulation

Electrophoresis with Diclofenac-AKOS, 1% solution 
for external use; (Sintez, Russia) 
low-frequency alternating magnetic therapy 
applied to the knee joint

Breathing exercises 10–15 min / session
Diaphragmatic breathing activation, 
hypostatic disorder prevention

Performed in a lying and sitting position under 
the instructor's count; three sets of 10 repetitions

Passive and active motion 10–15 min / session
Restoration of the knee joint motion 
range

Passive flexion/extension with the instructor’s help; 
active moving in a lying or sitting position, within 
the painless amplitude

Isometric exercises 7 min / session
Strengthening the gluteal, 
quadriceps, hamstrings, and lower 
limb muscles

Static tension of muscles, retention for 3–5 s, 
3–4 series of 10 repetitions

Stretching 5–10 min / session
Muscle elasticity improvement, 
contracture prevention

Metered stretching the anterior and posterior thigh, 
lower leg, and lumbar region, retention for 15–20 s

Coordination exercises 10 min / session Stability and balance improvement
Exercises using a stability ball, body weight 
shifting, execution on unstable platforms with and 
without support

Overall duration of a single session 40–50 min Complex motor function restoration
Algorithmic execution of all components under the 
instructor's supervision, 5 times a week for 3 weeks
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Table 3. Composition and structure of the rehabilitation program comprising the kinesiotherapy component used in the study group 

Table 4. Major clinical and functional indicators before and after rehabilitation 

Note: p (intragroup) — sifgnificance of differences between the indicators reported before and after treatment within the same group; p (intergroup) — sifgnificance of 
differences between the index group and comparison group after treatment.

• center of pressure oscillation amplitude in the sagittal and 
frontal planes characterizing stability and balance.

Phase analysis of gait and walking 

The gait kinematic characteristics were assessed using 
the Walker View system (TecnoBody, Italy) equipped with the 
treadmill and optical sensors. The following parameters were 
recorded:

• stance phase and swing phase duration;
• double support index (percentage of the entire walking 

cycle);
• symmetry of the stance phase and walking for the operated 

and contralateral lower limbs (%);
• step length and cadence, if technically possible.

Assessment of the state using scales

The WOMAC (Western Ontario and McMaster Universities 
Osteoarthritis Index) scale recommended for assessment of 
the efficacy of conservative and surgical knee osteoarthritis 
treatment was used for subjective functional state assessment. 

The scale consists of 24 questions distributed across three 
subscales: pain (five items), stiffness (two items), and physical 
function (17 items). The answers were rated on a 5-point scale: 
0 — no symptom, 4 — severe manifestation. The total score 
was calculated by summing up all scores (maximum score 
96 points). Lower scores corresponded to better clinical 
condition. The results were interpreted in accordance with 
the generally accepted scale: 0–14 points — excellent, 15–28 
points — good, 29–38 points — satisfactory, over 38 points — 
unsatisfactory.

Statistical data processing

Statistical processing of the data obtained was performed 
using the SPSS Statistics software package (version 26.0, IBM, 
USA). The distribution of quantitative variables was tested for 
normality using the Shapiro–Wilk test before the analysis. The 
intragroup comparison of the indicators reported before and 
after the rehabilitation course involved the use of the paired 
Student’s t-test (when normally distributed) or Wilcoxon test for 
related samples (when non-normally distributed). The intergroup 
comparison was performed using the two-sample Student’s 

Kinesiotherapy component Duration Aim Description and execution specifics

Trunk and pelvis stabilization 
exercises

10–15 min / session
Activation of the deep stabilizer 
muscles, shaping axial stability

Executed in the suspension system with the 
trunk position control; retention and movement 
in the stato-dynamic modes

Proprioceptive training 10–15 min / session
Neuromuscular control and 
intermuscular coordination 
improvement

Tasks to maintain balance with the changing 
support and load direction; using a platform 
with the variable force vector

Gait symmetry training 10 min / session
Restoration of the phase balance 
and even load distribution

Step modeling with the feedback based 
on the stance and swing phase parameters; 
visual representation of abnormalities

Unloaded functional movements 10–15 min / session
Motor activity improvement with 
minimal stress on the joint

Walking, half squats and lifts with partial 
bodyweight unloading in the suspension 
system; metered load increase

Biological feedback Embedded in each module
Increasing movement consciousness 
and adjustment of motor patterns

Using sensory modules for visual control 
of body position and symmetry of efforts

Total kinesiotherapy exercise 
duration

20–30 min / session
Comprehensive improvement of the 
stabilometry and phase parameters

Was part of the common 50–60 min session 
daily throughout 3 weeks

Indicator Group Before treatment (M ± SD) After treatment (M ± SD) p (intragroup) p (intergroup)

Stabilometry

Normalized vectorogram area (mm2)
Index (n = 47) 320 ± 60 190 ± 40 0.001

0.003
Comparison (n = 46) 330 ± 70 290 ± 65 0.12

Mean center of pressure movement linear 
speed (mm/s)

Index (n = 47) 15.5 ± 2.8 8.7 ± 2.1 0.002
0.005

Comparison (n = 46) 16.1 ± 3.0 14.0 ± 2.9 0.09

Oscillation amplitude (sagittal area) (mm)
Index (n = 47) 10.5 ± 2.1 8.7 ± 1.9 0.06

0.11
Comparison (n = 46) 10.8 ± 2.0 9.5 ± 1.8 0.08

Gait phases

Stance phase duration (s)
Index (n = 47) 0.68 ± 0.07 0.80 ± 0.05 0.003

0.004
Comparison (n = 46) 0.67 ± 0.06 0.71 ± 0.06 0.15

Phase symmetry (%)
Index (n = 47) 74 ± 5 90 ± 4 0.001

0.002
Comparison (n = 46) 75 ± 6 80 ± 5 0.08

WOMAC (points)

Total score
Index (n = 47) 36 ± 4 22 ± 3 0.001

0.12
Comparison (n = 46) 37 ± 5 25 ± 4 0.004



60

ORIGINAL RESEARCH    ORTHOPEDICS

BULLETIN OF RSMU   1, 2026   VESTNIK.RSMU.PRESS   DOI: 10.24075/BRSMU.2026.003| ||

t-test (normal distribution) or Mann-Whitney U-test. Pearson’s 
chi-squared test (χ²) was used for categorical variables. The 
differences were considered significant at p < 0.05. All data are 
presented as the mean and standard deviation (M ± SD).

RESULTS

The 3-week rehabilitation course was associated with 
the changes in stabilometry and kinematic parameters in 
both groups showing differences in their extent (Table 4). 
The stabilometry analysis revealed a significant normalized 
vectorogram area decrease in the index group (p < 0.01). No 
significant differences were revealed in the comparison group 
(p > 0.05). The mean center of pressure movement linear speed 
decreased significantly in the index group (p < 0.01), while in 
the comparison group the changes were non-significant 
(p > 0.05). The intergroup analysis revealed significant differences 
in the normalized vectorogram area and mean center of 
pressure movement linear speed after the rehabilitation course 
(p < 0.01). The gait analysis revealed a significant increase in the 
stance phase duration and gait phase symmetry improvement 
in the index group (p < 0.01). In the comparison group, the 
changes in phase parameters were non-significant (p > 0.05). 
The intergroup differences reported after treatment were 
significant (p < 0.01). As for the WOMAC scores, a significant 
decrease in the total score compared to baseline was reported 
in both groups (p < 0.01). The intergroup differences reported 
after the rehabilitation course were non-significant (p > 0.05).

DISCUSSION

Kinesiotherapy in suspension has a significant impact on the 
postural control and gait characteristics in patients post knee 
arthroplasty. Targeting the deep stabilizer muscles and synergist 
muscles contributes to shaping the more balanced motor 
patterns and improvement of motor coordination in the stance 
and swing phases. The decrease in the center of pressure 
distribution and the neuromuscular control optimization in 
the index group are likely to be associated with activation of 
the deep stabilizer muscles and the increased proprioceptive 
sensitivity. The combination of these changes contributes to 
higher stability in the static position and decreased risk of falls, 
which is in line with the research data showing improvement 
of postural parameters after TKA. The standard rehabilitation 
program used in the comparison group had a less pronounced 
effect on the stabilometry indicators, which emphasizes 
the importance of targeted exercises involving the use of 
automated complexes and suspension systems for postural 
control restoration.

The development of the more balanced locomotion in the 
index group manifested by the increase in the stance phase 
duration and movement symmetry improvement reflects the 
physiological motor stereotype restoration. This results in the 
reduced asymmetric load on the joints, reduces the risk of the 
compensatory contralateral limb overload and excess stress on 
the endoprosthesis components. The findings are consistent 
with the literature data suggesting that the intense, structured 
rehabilitation programs are effective for restoration of the gait 
temporal and spatial parameters after TKA. In the comparison 
group, the changes were less pronounced, which is in line with 
the data on the limited efficacy of standard programs when 
used to adjust biomechanical gait disturbances.

The lack of significant intergroup differences in WOMAC 
scores, despite the decrease in indicators in both groups, 
can be due to the limited sensitivity of subjective scales 

to biomechanical parameter alterations. According to the 
literature data, WOMAC reflects pain severity and functional 
limitations to the greater extent, that the postural control and 
gait characteristics [12]. This highlights the feasibility of using 
objective assessment methods, such as stabilometry and gait 
phase analysis, when analyzing the rehabilitation program efficacy. 

The findings suggest that kinesiotherapy in suspension as 
a version of the structured balance training and proprioceptive 
exercises has a pronounced effect on the postural control and 
gait characteristics in patients post total knee arthroplasty. 
The current systematic reviews and meta-analyses show 
that inclusion of balance training in rehabilitation programs 
ensures the more pronounced static and dynamic balance 
improvement compared to the standard programs that are 
based mainly on the essential functional exercises [13–16]. 
The literature data suggest that such programs contribute to 
the walking speed increase, reduction of the time of executing 
the TUG and 6MWT tests, reduction of the center of pressure 
distribution, and increase in movement symmetry, which is in 
line with the results reported for the index group in this study. 
The mechanisms underlying the changes identified can be 
explained in terms of neuromuscular regulation. The balance 
training and training in suspension systems activate the 
deep stabilizer muscles and synergist muscles, enhance the 
proprioceptive afferent output, and contribute to developing 
more adequate postural responses. The neuromuscular control 
improvement manifested by reduction of the center of pressure 
oscillation amplitude and optimization of its trajectory was 
described in a number of studies as the key factor of stability 
restoration following TKA [13, 17, 18]. The use of suspension 
systems makes it possible to safely increase the training 
intensity, reducing pain and fear of falling, which, according to 
the authors, accelerates the functional mobility restoration and 
increases the patient's engagement in rehabilitation [19].

Shaping the more balanced locomotion in the index group 
manifested by the increased stance phase duration and 
movement symmetry reflects the physiological motor stereotype 
restoration. In the literature, such changes are considered as a 
sign of reduction of the asymmetric load on the contralateral limb 
and prevention of the limb overload in the postoperative period. 
Furthermore, optimization of the gait temporal and spatial 
parameters reduces the excess stress on the endoprosthesis 
components, which is potentially important for the long-term 
implant preservation. Similar data are reported in the studies 
showing the efficacy of the intense, structured rehabilitation 
programs for adjustment of biomechanical gait disturbances 
following TKA [20, 21]. In the comparison group, the standard 
rehabilitation program ensured improvement, but the dynamic 
changes in stabilometry and biomechanical indicators were 
less pronounced. Such results are consistent with the data 
reported in the papers emphasizing that conventional programs 
are aimed mainly at restoring the motion range and muscle 
strength; these are less likely to affect postural control and 
coordination mechanisms [22]. This suggests the importance 
of the targeted inclusion of the exercises focusing on balance 
and proprioception in the postoperative rehabilitation structure. 
The lack of significant intergroup differences in WOMAC 
scores, despite objective differences in the postural control and 
gait parameters, is also explained in the literature. It is reported 
that WOMAC to the greater extent reflect pain severity and 
subjective functional limitations, than subtle biomechanical 
and stabilometry characteristics of movement [23, 24]. This 
emphasizes the subjective scales’ limited sensitivity when 
used to assess the efficacy of the programs aimed at adjusting 
neuromuscular regulation and confirms the feasibility of using 
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objective instrumental methods (stabilometry and gait phase 
analysis) to analyze the rehabilitation outcomes.

It should be noted that the American Physical Therapy 
Association guidelines suggest the need to include the 
dynamic balance training and robot-assisted or suspension 
technologies in the programs of rehabilitation after TKA in 
order to optimize gait and reduce the risk of falls [13]. The data 
obtained in our study confirm these provisions and demonstrate 
clinical relevance of using kinesiotherapy in suspension as a 
component of the structured rehabilitation program.

Thus, the combination of the changes revealed allows us 
to consider kinesiotherapy in suspension not only as a method 
to restore muscle strength and the range of motion, but also 
as a tool for targeting the mechanisms underlying postural 
control, neuromuscular coordination and the development of 
the physiological motor stereotype following knee arthroplasty.

CONCLUSIONS

Kinesiotherapy in suspension leads to significant changes in 
the stabilometry and phase parameters in patients post knee 
arthroplasty. Reduction of the center of pressure distribution, 
increased stance phase duration and movement symmetry 
reflect postural control improvement and physiological gait 
restoration. These changes are associated with shaping 
balanced locomotion and restoration of physiological locomotor 
responses ensuring even distribution of the load on the joints 
and optimal endoprosthesis functioning conditions, which 
confirms the efficacy of using kinesiotherapy in suspension 
in the programs for rehabilitation following TKA, especially in 
the coordination and stability restoration phases. The lack of 
intergroup differences in WOMAC scores emphasizes the need 
to use objective assessment methods in rehabilitation. 
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