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ASSESSMENT OF BIOMARKERS IN BIOLOGICAL FLUIDS AND NEUROIMAGING W) Check for updates ‘
CHANGES IN PATIENTS WITH ALZHEIMER’S DISEASE AND GLAUCOMA

Anna N. Bogolepova'?, Ekaterina V. Makhnovich'?*, Ekaterina A. Kovalenko'?, Nina A. Osinovskaya', Mikhail M. Beregov', Olga V. Lyang’

"Federal Center of Brain Research and Neurotechnologies, Moscow, Russia
2Pirogov Russian National Research Medical University, Moscow, Russia

Introduction. Alzheimer’s disease (AD) and primary open-angle glaucoma (POAG) are gradually progressive neurodegenerative diseases leading to disability.
According to literature data, POAG can be a predictor of AD development. Early diagnosis of these diseases contributes to a timely initiation of treatment and,
as a result, a reduction in the disability of patients.

Objective. To study biomarkers of early diagnosis in biological fluids and neuroimaging changes based on the results of MR morphometry in patients with
AD and POAG and to conduct their comparative analysis.

Materials and methods. In total, 90 patients with proven diagnosis of AD (group 1) and POAG (group 2) were examined. The study participants were divided
into two groups according to their diagnosis: group 1 — 45 patients (9 (20%) men and 36 (80%) women) with AD; group 2 — 45 people (17 (37.8%) men and
28 (62.2%) women) with POAG. Neuropsychological testing included Mini-mental State Examination (MMSE), Montreal Cognitive Assessment (MoCA), and
a ten-words recall test. The beta-amyloid (AB) Ap42/AB40 ratio in the blood and sirtuin Sirt1, 3, 5, and 6 in saliva were assessed by enzyme immunoassay
(ELISA). In addition, MR morphometry of the brain was performed.

Results. In group 1, cognitive impairments (Cl) reaching the degree of dementia were detected; in group 2, pre-demential Cl were observed (p < 0.001). Ac-
cording to the neuropsychological examination, similar changes were noted in both groups, in particular, memory impairment of the hippocampal type. The
results of the blood and saliva ELISA with the determination of biomarkers in the groups under comparison did not reveal statistically significant differences.
At the same time, the parameters of both volumes and thicknesses according to MR morphometry were lower in group 1 (p < 0.05), which may reflect neuro-
degenerative progression. In group 1, a direct correlation was found between a decrease in the saliva level of Sirt3 and a deterioration in direct reproduction
(fifth reproduction) according to the ten-words recall test (R = 0.43; p = 0.003). Correlations between changes in neuropsychological parameters and MR
morphometry data, including a decrease in the volume of the entorhinal cortex, were noted in both groups. In groups 1 and 2, a decrease in the AB42/Ap40
ratio in blood plasma was associated with a decrease in the thickness or volume of the entorhinal cortex, which is common for both groups with different
Cl severity. Taking into account the association with neuropsychological and blood parameters, including in patients with pre-demential Cl from the POAG
group, the determination of the volume and thickness of the entorhinal cortex can be regarded as a significant early marker of the neurodegenerative process.
Conclusions. The established association between the volume and thickness of the entorhinal cortex with neuropsychological and blood parameters,
including in patients with pre-demential Cl from the POAG group, makes the determination of the volume and thickness of the entorhinal cortex a significant
early marker of the neurodegenerative process. A comprehensive assessment of the results obtained by neuropsychological, laboratory, and neuroimaging
diagnostic methods, as well as the search for diseases associated with the development of AD, such as POAG, are promising research areas, requiring larger
cohort studies.
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sirtuins; AB42/Ap40 ratio
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OLIEHKA BUOMAPKEPOB B BUOJIOr'MYECKNX XKNOKOCTAX U HEVIPOBI/I?:YAJ'II/ISALI,VIOHHbIX
M3MEHEHNWN Y NMALUMEHTOB C BOJIE3HbIO AJIbLIFTEMMEPA U TNMAYKOMOWU

A.H. Boronenosa'?, E.B. MaxHoBun4'2, E.A. KoBaneHko?, H.A. OcuHoBckas', M.M. beperos', O.B. J1aHr!

T®depepanbHbIi LEHTP MO3ra 1 HelpoTexHonorui GeaepanbHOro Meanko-bruonorndeckoro areHTcTea, Mocksa, Poccus
2 PoccuiicKInii HauvoHanbHbIM McCneaoBaTeNbCKUin MeANLMHCKIWIA yHUBepceuTeT uM. H.W. Muporosa, Mockea, Poccust

Beepenue. GonesHb Anburenmvepa (BA) 1 nepBuyHas OTKpbITOyronbHas rnaykoma (MOYTT) OTHOCATCHA K MOCTENEHHO NPOrPECCHPYIOLLIMM HEMPOAEreHepa-
TVBHbIM MHBaNMAM3MPYIOLLMM 3aboneBaHuamM. B Hay4Hol nutepatype oTMme4deHo, 4To MOYT MoXeT 6biTb NpeankTopoM pa3sutus BA. Heobxognma paHHss
[MarHocTnka faHHbix 3abonesanuii, kotopas 6yaeT cnocobCcTBOBaTE CBOEBPEMEHHOMY HA3HAYEHMIO NIeYeHNs 1, Kak CneacTBmne, MO3BOANUT CHU3UTb MHBA-
NMAN3aUMIO NALMEHTOB.

Lenb. V3yuntb 6GromMapkepbl paHHein AMarHOCTVMKM B OMONOMMHYECKUX >KUAKOCTSX W HEenpoBM3yann3aumoHHble W3MeHeHWs no pesynstatam MP-
MopdomeTpumn y naumeHTtos ¢ BA n MOYT 1 NpoBeCT Nx CpaBHUTENBbHbIN aHanma.

Matepuansl u metoabl. O6¢cnenoBaHo 90 NaUMEHTOB C YCTaHOBEHHbIM AnarHo3oM BA 1 MOYT. YuacTHUKN nccnenoBaHnst Obinm pasgeneHbl Ha 2 rpynnbl
B COOTBETCTBUM C AnarHo3oM: rpynna 1 — 45 naumeHToB (13 HUX 9 (20%) My>xymH 1 36 (80%) »xeHLumnH) ¢ BA; rpynna 2 — 45 yenosek (M3 HUx 17 (37,8%)
MY>XHUH 1 28 (62,2%) »eHwmH) ¢ MOYT. MNpoBeneHO HEMPONCKXONOrM4ecKoe TECTMPOBaHINE: KpaTkas Lkana oLeHKM nemxmydeckoro ctatyca (MMSE), MoH-
peanbckas LKana OLUEeHKM KOrHUTMBHbIX PyHKLm (MoCA), TecT 3anommHaHns 10 cnos. Bcem nauneHTam onpenensnu COOTHOLLeHne 6eTa-aMuionaos
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(AB) kpoBu AB42/AB40, B cntoHe — cupTyuH Sirt-1,3,5,6 ¢ npoBefeHneM MMMyHoepmeHTHOro aHanuaa (VPA), a Takxke BbinonHanacs MP-mopdomeTpus
rOMIOBHOrO MO3ra.

Pe3ynbTratbl. B rpynne 1 6biv BbIgBNEHbI KOFHUTUBHbIE HapyLleHust (KH), gocTturatolme cteneHy gemeHumu; B rpynne 2 — gogeMeHTtHble KH (p < 0,001).
Mo peaynsraTtam NPoBeAeHHbIX HEMPOMNCUXONOrMYECKNX METOAMK B ABYX rpynnax bl OTMEYEHbI CXOXME NBMEHEHNUS, B 0COOEHHOCTU HapyLLUEHVEe NamsTi
no runnokamMnanbHoMy Tuny. PedynetaTtel NpoBeaeHHbIX VIDA KpOBY 1 CNtoHbI C OnpeaeneHem 6romMapkepoB B ABYX CPaBHMBAEMbIX rpynnax He nokasanm
CTaTUCTUYECKI 3HAYMMBbIX pasnuynii. MNpu 9ToM nokasaTtenu Kak 06beMoB, Tak ¥ TONLWMH No AaHHbIM MP-mMopdomeTpun 6binmn Hvke B rpynne 1 (p < 0,05),
4YTO MOXET ObITb OTPaXXEHNEM MPOrPecCHpPoBaHnsa HelmpoaereHepaTMBHOro npouecca. B rpynne 1 BoisiBneHa NpsimMas KOPPensUmMoHHas CBA3b CHKEHNS
YPOBHS Sirt3 B CIOHE C yXyALUEHNEM HEMOCPEACTBEHHOrO BOCMPOn3BeaeHns (5 Bocnpouaseaenmne) no Tecty 3anommnHanus 10 cnos (R = 0,43; p = 0,003).
B o6eunx rpynnax oTMedeHbl KOPPENsUMOHHbIE CBA3M MeXOy N3MEHEHWEeM HEerponcrXonormiyecknx nokasarenei n gaHHbiMv MP-mopdomeTpun, B TOM
4Mcne yMeHblUeHeM obbema SHTOPUHaNBHON Kopbl. Kak B rpynne 1, Tak 1 B rpynne 2 BbISIBNEHO, YTO CHWKEHWE CooTHoLeHns AB42/AB40 B KpoBM ac-
COLMNPOBANOCh C YMEHbLUEHNEM TOMLLMHBI NN 06 beMa SHTOPUHABHOW KOPbI, YTO ABASETCA OOLWMM AN 06enx rpynn ¢ Pa3HON BbIpaXKeHHOCTbIo KH.
YunTbiBas HanM4me accoupaumm ¢ HeMpPONCUXONOrMYECKUMN NoKasaTensMm 1 AaHHbIMU NabopaTopHOro aHanmsa KpoBW, B TOM Y1Che U Y naumneHToB
¢ pofemeHTHbiMy KH 13 rpynnel MOYT, onpepeneHne obbemMa v TONLLMHBI 3HTOPUHANBHOM KOPbl MOXET BbITb PacLeHEHO Kak 3Ha4YMMbIA PaHHWIN MapKep
HenpoaereHepaTnBHOro Npouecca.

BbiBoAbl. BbisiBNeHO Hanm4me accoupaLim ¢ HeMPONCUXONorM4ecKUMIM nokasaTtensimm U aHHbIMU NabopaTopHOro aHanmaa KpoBu, B TOM YMCHe 1y naum-
eHTOoB ¢ goaemMeHTHbIMU KH 13 rpynnbl MOYT, B cBSA3M ¢ YeM onpeaenerne obbema 1 TONLLMHbI SHTOPUHANIBHOM KOPbI MOXET ObITb PaCLEHEHO Kak 3Ha4YMMbIIA
paHHWI Mapkep HermpoaereHepaTMBHOro npoLiecca. KomnnekcHas oueHkKa HeMponCrxXoormieckmnx, nadbopaTopHbIX 1 HEMPOBU3yanM3aLMOHHbIX METOL0B
OVAarHOCTMKK, a TakXXe NMovck 3aboneBaHnii, acCoLMmMpoBaHHbIX ¢ padsuTrem BA, Takmnx kak MNOYT, aBnseTcst akTyasnbHbIM HanpaBieHNeM, B CBSI3M C YeMm
TpebyeTcs aanbHelllee NpoBeAeHne 6onee KPYnHbIX KOrOPTHbBIX NCCNefoBaHWIA.

KntoyeBble cnoa: 60ne3Hb AnbLrenMepa; AEMEHLNS; KOTHUTUBHbIE HAPYLLIEHNS; MEPBUYHAA OTKPLITOYroNbHas rnaykoma; MP-mopdomeTpus; bruiomapke-
Pbl KPOBW; BUOMaPKEPbI CIIIOHbI; CUPTYWUHbI; COOTHOLLEeHMe AB42/AB40
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INTRODUCTION searching for other pathologies and conditions that may

trigger or be associated with AD development.

Alzheimer’s disease (AD) is a gradually progressing neu-
rodegenerative disease leading to disability and being the
most common cause of dementia. At the same time, ac-
cording to statistics, the number of patients with dementia
is steadily increasing, which attracts the research attention
toward the search for possible solutions [1].

Minimally invasive and noninvasive biomarkers of AD
remain to be unavailable for widespread use, which fre-
quently results in delayed diagnosis. When diagnosing
AD in routine practice, the patient may already have clini-
cal symptoms of dementia, which indicates the irrevers-
ible loss of 30—60% of the neurons in the temporal cortex,
in particular the hippocampus [2]. This significantly limits
the therapeutic capabilities of the clinician in affecting the
course of the disease, leading to untimely initiation of treat-
ment and irreversible changes. In addition, authors attribute
the difficulties of creating a pathogenetically-based effec-
tive AD therapy to prescribing treatment only at the stage
of clinical manifestations. At the same time, pathological
proteins, in particular beta-amyloid (Ap) that triggers the AD
continuum, begin to accumulate long before the primary
clinical symptoms of the disease appear [1]. This highlights
the relevance of timely AD diagnosis and explains the cur-
rent interest in identifying early diagnostic biomarkers and

Various studies have shown that AD is often associ-
ated with glaucoma, another progressive neurodegen-
erative disabling disease common among the population.
About 74% of the patients suffer from primary open-angle
glaucoma (POAG), which is characterized by thinning of
the retinal nerve fiber layer and peripheral vision loss, up
to complete blindness [3]. Glaucoma is assumed to be
a disease that occurs in the brain, although being clini-
cally manifested as an ophthalmological pathology. This
is confirmed by the growing amount of information about
retinal damage as a result of retrograde transynaptic de-
generation caused by neurodegenerative processes [4].
Recent observational cohort studies have confirmed that
glaucoma is a risk factor in the development of dementia
among the adult population [5].

AD and POAG share numerous similarities, both in clini-
cal and pathophysiological aspects. Thus, both diseases
are associated with cognitive impairments (Cl) of a neuro-
degenerative nature with damage to memory functioning
as one of the most important cognitive domains [6].

A sufficient number of studies have confirmed the
presence of similar links in the pathogenesis of AD and
POAG. The cardinal signs in the pathogenesis of AD are
extracellular accumulation of Ap and intracellular deposits
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of hyperphosphorylated tau protein (p-tau), which leads
to progressive death of neurons. A and p-tau accumu-
lation in the main type of retinal cells — ganglion cells
(GCs), affected by POAG, along with concomitant inflam-
mation indicate coincident pathological processes in AD
and POAG [3]. Therefore, Ap and p-tau continue to be
actively studied as early diagnostic biomarkers of these
two diseases.

The gold standard of lifetime diagnosis of AD involves
determination of markers in the cerebrospinal fluid (CSF)
using positron emission tomography (PET) of the brain.
However, this approach fails to meet the criteria of wide-
spread availability and minimally invasiveness, making the
search for other early diagnostic biomarkers for AD highly
relevant. It should be emphasized that, since 2023, the
revised AD criteria of the National Institute for Aging and
the American Alzheimer’s Association (National Institute on
Aging, NIA-AA) have already included more widely available
and less invasive accurate blood tests. Thus, the following
are currently indicated as the main AD biomarkers in blood
plasma: p-tau 217, the ratio of p-tau 217/np-tau 217 [7].

The Ap42/Ap40 blood plasma ratio is increasingly at-
tracting attention as an important diagnostic indicator.
Investigations showed that a lower Ap42/AB40 ratio in
blood plasma corresponded to a higher level of amyloid
cortical load. Clinically and according to neuropsychologi-
cal testing, a more pronounced cognitive dysfunction was
observed, followed by an increased risk of dementia [8, 9].
Research into the diagnostic accuracy of this biomarker is
underway, making the study of the Ap42/Ap40 ratio in the
blood of POAG patients particularly relevant.

In addition to the classical amyloid theory of patho-
genesis, which explains the development of AD and, to
a lesser extent, POAG, other pathogenetic links should
also be investigated. Recent studies into the processes
underlying neurodegenerative diseases have shown that
neuron death is influenced by a number of factors, includ-
ing excitotoxicity, oxidative stress, mitochondrial dysfunc-
tion, inflammation, and apoptosis. Various cell groups of
the body, including the central nervous system, comprise
a family of sirtuin proteins (Sirt) that are involved in almost
all of the above links; disruption of the Sirt contributes to
the development of degenerative processes.

Seven mammalian sirtuins — Sirt 1-7 — are involved
in the regulation of metabolism in many tissues, pre-
sumably playing an important role in the pathology of
AD and POAG [10]. For example, the induction of Sirt1
expression is believed to weaken neuron degeneration
and death in AD animal models. Thus, the authors in-
vestigating ophthalmological pathologies [11] found that
increased Sirt1 expression protects against diseases as-
sociated with eye damage due to oxidative stress, includ-
ing optic nerve degeneration in patients with glaucoma.
Sirt3 plays a protective role in AD and ophthalmological
pathology, ensuring the normal functioning of mitochon-
dria [12]. In addition, Sirt6 is known to alter neurogenesis
in the hippocampus in adults, affecting the number of
glial and neuronal cells, and thus may also contribute to
the development of AD. A study of Sirt in the pathogen-
esis of glaucoma found that Sirt6 is highly expressed in
GCs. Removal of Sirt6 in GCs led to a progressive loss
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of these cells and optic nerve degeneration [13]. In this
context, the study of Sirt in biological fluids as early diag-
nostic biomarkers for AD and POAG can be considered
as an important research area.

Neuroimaging, MR morphometry in particular, is
another essential element in the early diagnosis of AD.
Interestingly, similar such changes were observed in AD
and glaucoma. Thus, according to a number of authors
[14, 15], glaucoma affects not only the central visual cor-
tex, but also other areas of the brain (e.g., the temporal
lobes) that intersect with the areas affected in patients
with AD, which also suggests a relationship between the
two diseases.

This study is aimed at studying early diagnostic bio-
markers in biological fluids and neuroimaging changes
based on the results of MR morphometry in patients with
AD and POAG followed by their comparative analysis.

MATERIALS AND METHODS

The research sample included 90 patients with con-
firmed diagnoses of AD or POAG, aged from 40 to 90
years, who are native speakers of the Russia language.
The patients were lucid, without pronounced impair-
ments of motor (on the Medical Research Council (MRC)
Scale for Muscle Strength at least 4 points in the lead-
ing arm) and speech functions, without chronic diseases
decompensation and other clinically significant neuro-
logical pathologies, history of mental disorders, without
the brain MRI absolute contraindications and anxiety-
depressive disorders according to the Hospital Anxiety
and Depression Scale (HADS) [16, 17].

Following diagnostics, the study participants were di-
vided into two groups: group 1 — 45 patients (9 men and
36 women, 20% and 80%, respectively) with AD; group
2 — 45 people (17 men and 28 women, 37.8% and 62.2%,
respectively) with POAG. There were no statistically signifi-
cant age differences when comparing the two groups: in
group 1, the average age was 71 [66; 77] years, compared
to 66 [61; 71] years in group 2.

The neurological status all patients was assessed.
The state of cognitive functions was evaluated using a
set of standard neuropsychological techniques. The Mini
Mental State Examination (MMSE) and Montreal Cognitive
Assessment (MoCA) were used for integrative assess-
ment of cognitive functions. The MMSE scale includes
the following indicators: orientation, registration, atten-
tion and calculation, recall, and language. The maximum
number of points on the MMSE scale is 30. The scale
was used as a screening tool for cognitive impairments
(CI): 28-30 points — normal, 25-27 points — moderate
Cl, 24 points and less points — severe Cl (dementia). The
MoCA scale is more sensitive for the diagnosis at the stage
of moderate Cl. On the MoCA scale, the following were as-
sessed: executive and visuospatial function (include clock
drawing test), naming, attention, language, abstraction, de-
layed recall, orientation. The maximum score on the MoCA
scale was 30 points; the total score of less than 26 was re-
garded as CI [18, 19]. Auditory and verbal memory was as-
sessed using a ten-words recall test (A.R. Luria). Normally,
after the first memorization, the patient should reproduce
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at least five words, after the 5th memorization — at least 9
words. The difference between the last immediate and de-
layed reproduction in healthy individuals is usually no more
than one word [20]. In order to include patients with anxiety
and depressive disorders in the study, the Hospital Anxiety
and Depression Scale (HADS) was used during the initial
screening.

Blood and saliva samples were collected from all the
patients. For biomarker assessment of the Ap42/AB40 ra-
tio in blood plasma, enzyme immunoassay kits were used:
for determining of beta-amyloid peptide 1-40 (CEA864Hu
Enzyme-linked Immunosorbent Assay Kit For Amyloid Beta
Peptide 1-40 (Ab1-40) Cloud-Clone Corp) and for deter-
mining of beta-amyloid peptide 1-42 (CEA946HuU Enzyme-
linked Immunosorbent Assay Kit For Amyloid Beta Peptide
1-42 (Ab1-42)).

For saliva biomarker assay, enzyme immunoas-
say kits were used: Sirt1 (SEE912Hu Enzyme-linked
Immunosorbent Assay Kit For Sirtuinl (Sirt1)), Sirt3
(SEE913Hu Enzyme-linked Immunosorbent Assay Kit
For Sirtuin 3 (Sirt3)), Sirts (SEE915HuU Enzyme-linked
Immunosorbent Assay Kit For Sirtuin 5 (Sirtd)), Sirt6
(SEE916HU Enzyme-linked Immunosorbent Assay Kit For
Sirtuin 6 (Sirt6)).

For laboratory tests, blood was taken from the periph-
eral vein using a vacuum system into Vacutest vacuum
tubes with K3EDTA (4 mL) anticoagulant in the morning on
an empty stomach. Tubes with a blood sample (no later
than 30 min) were subjected to centrifugation. Blood for
plasma production was centrifuged on an Awel CF108-R
centrifuge for 15 min at 4000 rpm at a temperature of
2-8°C. After centrifugation, aliquoting was performed into
1 mL Eppendorf tubes, after which they were placed in
a cryostat for subsequent freezing and storage at a tem-
perature of minus 80°C for further laboratory analysis.

Saliva was collected on an empty stomach after
brushing teeth in a plastic centrifuge tube (2-3 mL). To ob-
tain the filler liquid, the biomaterial tube was centrifuged
for 20 min at 4000 rpm. The filler liquid was taken using
a Pasteur pipette and transferred to 1.5 mL Eppendorf
tubes. Prior to the laboratory examination, the samples
were stored in a cryostat in a frozen state at a temperature
of minus 80°C.

All subjects underwent an MRI scanning of the brain
followed by morphometric processing. The studies were
performed on a 3.0 Tl Discovery MR750w tomograph
(GE Healthcare, USA) using a 32-channel head coil. The
scanning took place according to a single protocol for all
participants. T1-, T2-weighted images, DWI, DWI, and T2-
FLAIR were used to evaluate the brain structure and their
selection for the study. T1-weighted images (when the
patient was turned on) were used for morphometry. The
IR-FSPGR sequence with an isotropic voxel of 1x1x1 mm
was used. Parameters: TR 7.7 s, TE with a Min Full opti-
mization, deviation angle 11°, bandwidth 31.25 Hz. The
processing was performed automatically in the FreeSurfer
software, which generated maps of gray and white mat-
ter based on the Desikan-Killiany and Destrieux atlases
[21-24]. A volumetric assessment of brain regions and
measurement of the thickness of various cortical regions
were also performed.

The statistical analysis was performed using the
RStudio environment, version 2023.09.1 Build 494, and the
R programming language, version 4.3.2. The following sta-
tistical indicators were calculated for quantitative variables:
arithmetic averages, standard deviations (M + SD), median
and quartiles (Me [Q1; Q3]. When analyzing the differences
between the two groups, the parametric Student’s crite-
rion or the nonparametric Mann-Whitney criterion were
used for quantitative variables. Depending on the normal-
ity of data distribution, the Pearson correlation coefficient
or Spearman correlation coefficient was used to study the
relationships between the two quantitative variables. The
qualitative variables between the groups were compared
using the x? (Chi-squared) criterion or the exact Fisher cri-
terion if the expected frequencies were less than 5. All the
differences were considered statistically significant at a sig-
nificance level of p < 0.05.

RESULTS

The conducted assessment of cognitive functions re-
vealed a statistically significant Cl of varying severity in
patients of both groups. Thus, according to the MMSE
scale in group 1, the indicator was 18.6 + 4.8 points,
which corresponds to severe Cl (dementia); in
group 2 — 27.8 + 2.1 points, which corresponds to mod-
erate Cl (p < 0.001). The overall score according to the
MoCA scale in group 1 was also lower and amounted to
15.1 + 4.4, which corresponds to severe cognitive impair-
ment (dementia), while in group 2 moderate Cl was also
noted — 24.6 + 1.9 points (p < 0.001). Both groups of pa-
tients were characterized by impairments in the cognitive
domain of memory, with difficulties in reproducing (espe-
cially delayed) and recognizing the previously presented
material, reflecting a defect in capturing, consolidating,
and extracting information.

In the ten-words recall test, the following results
were obtained: in group 1, with direct playback (1 and
5 playback), 2.6 + 0.9 and 4.4 + 1.4 words, respec-
tively; in group 2, with direct playback (1 and 5 play-
back) — 5 + 1.2 and 8 + 1.6 words, respectively. In both
groups, there was a decrease in direct reproduction of
words, while in group 1, the decrease was more signifi-
cant with both 1 and 5 reproductions (p < 0.001). With
delayed playback of 10 words in the memorization test, a
more pronounced decrease in the level of memorization
was also recorded in group 1 compared to patients from
group 2: 1.3 = 1.5 words and 6.4 + 2 words, respectively
(b < 0.001).

Table 1 shows the results of blood and saliva ELISA
with biomarker assessment in the two compared groups.
According to the comparative analysis, no statistically sig-
nificant differences of biomarkers in biological fluids were
obtained. At the same time, it should be noted that the
blood plasma Ap42/AB40 ratio of patients from group 1 is
lower than in patients from group 2.

Table 2 shows the results of MR morphometry in the
two compared groups. Statistically significant differences
(p < 0.05) were revealed for all the studied MR morphom-
etry parameters. At the same time, both the volume and
thickness of brain structures were lower in group 1.
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In the course of the study, an assessment of correla-
tional relationships was carried out. In group 1, a decrease
in the level of Sirt3 in saliva correlated with a deterioration
in direct reproduction (fifth reproduction) in the ten-words
recall test (R = 0.43; p = 0.003). In group 2, there were no
correlations between the studied neuropsychological pa-
rameters and biomarkers in biological fluids (p > 0.05).

Unlike biomarkers in biological fluids, the analysis of the
relationship between cognitive indicators and the results of
MR morphometry revealed the presence of a significantly
larger number of correlations.

In group 1, a decrease in the overall MMSE score
was associated with a decrease in the volume of the
right (R = 0.31 p = 0.038) and left hippocampus; the right
(R = 0.41; p = 0.006) and left entorhinal cortex (R = 0.34;
p = 0.022); the thickness of the left cingulate gyrus
(R = 0.36; p = 0.017) according to MR morphometry data.
Two of these neuroimaging parameters were correlated
with the MoCA school: the volume of the left hippocampus
(R = 0.31; p = 0.04), and the thickness of the left cingulate
gyrus (R = 0.36; p = 0.016).

In group 2, a decrease in the overall score on the MMSE
scale correlated with the volume of the right entorhinal cor-
tex (R = 0.39; p = 0.007); on the MoCA scale, the volume of
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the right entorhinal cortex (R = 0.34; p = 0.024), the volume
of the left (R = 0.44; p = 0.003) and the right cingulate gyrus
(R=0.37,p =0.012).

In patients with AD (group 1), the results of the ten-words
recall test (decreased direct reproduction) were correlated
with a decrease in the volume of the left entorhinal cortex
(R = 0.31; p = 0.04); in group 2 — with a decrease in the
volume of the right entorhinal cortex (R = 0.48; p < 0.001). A
decrease in delayed playback according to the ten-words
recall test in patients from group 1 with AD was associated
with a decrease in the volume of the right hippocampus
(R = 0.34; p = 0.021), the volume of the left hippocampus
(R = 0.5; p < 0.001), the volume of the left entorhinal cortex
(R =0.32; p = 0.035), the thickness of the left the entorhinal
cortex (R = 0.43; p = 0.003).

A correlation analysis of the parameters studied in
biological fluids and the obtained MR morphometry data
was performed for the two examined groups. In group 1,
a correlation was found between a decrease in the blood
AB42/AB40 ratio and a decrease in the following indicators
according to the results of MR morphometry of the brain:
the volume of the right hippocampus (R = 0.33; p = 0.028),
the thickness of the right (R = 0.37; p = 0.012) and the left
entorhinal cortex (R = 0.38; p = 0.01), thickness of the right

Table 1. Comparative characteristics of biomarkers in biological fluids in two groups

Parameter Group 1, n=45 Group 2, n=45 p-value

ApB42/AB40 ratio 0.129 + 0.097 0.164 + 0.106 0.104
Sirt1, ng/mL 0.22727 + 0.1649 0.21932 + 0.18647 0.648
Sirt3, ng/mL 0.064 + 0.022 0.086 + 0.127 0.601
Sirt5, ng/mL 0.0191 + 0.0151 0.0192 + 0.017 0.886
Sirt6, ng/mL 0.1342 + 0.0694 0.1182 + 0.0586 0.398

Table prepared by the authors using their own data

Note: Data is presented in the form of a mean value and a standard deviation (M + §).

Table 2. Comparative characteristics of MR morphometry results in two groups

Parameter Group 1, n=45 Group 2, n=45 p
Volume, mm?
Right hippocampus 3208.2 + 486.3 3862.4 + 630.2 <0.001
Left hippocampus 3100.2 + 523.8 3824.5 + 610.6 <0.001
Right entorhinal cortex 1284.6 + 545.4 1633.4 + 379.1 <0.001
Left entorhinal cortex 1238.4 + 477 1778 + 389.7 <0.001
Right cingulate gyrus 1972 + 331.3 2194.2 + 359.8 <0.001
Left cingulate gyrus 2170.9 + 283.5 2344.8 + 361.5 0.002
Thickness, mm

Right entorhinal cortex 2.7011 + 0.5304 3.2073 + 0.3903 <0.001
Left entorhinal cortex 2.4711 £ 0.5169 3.1506 + 0.3561 <0.001
Right cingulate gyrus 2.0273 + 0.188 2.2267 + 0.2379 <0.001
Left cingulate gyrus 2170.9 + 283.5 2344.8 + 361.5 <0.001

Table prepared by the authors using their own data

Note: Data is presented in the form of a mean value and a standard deviation (M =+ ).
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cingulate gyrus (R = 0.3; p = 0,042). In group 2, a corre-
lation was found between a decrease in the blood Ap42/
AB40 ratio and a decrease in the volume of the right en-
torhinal cortex (R = 0.31; p = 0.037). There were no correla-
tions between the levels of Sirt1, 3, 5, and 6 in saliva and
the results of MR morphometry.

DISCUSSION

According to a number of publications, the relationship be-
tween the development of AD and POAG has been known
for quite a long time. Thus, changes in the eye reflect path-
ological processes in the brain, including those associated
with neurodegenerative diseases such as AD, have been
identified. Due to the presence of several characteristics in
common, AD and glaucoma are hypothesized to be mani-
festations of the same pathological process with heteroge-
neous manifestations. Indeed, the frequency and severity
of both conditions increase with age, and the prevalence
of glaucoma is higher in patients with AD than in the gen-
eral population [5, 6]. The above highlights the relevance of
studying the relationship between these two diseases, in-
cluding with respect to the search for common biomarkers.

In this work, we set out to assess the cognitive sphere
of patients in two study groups and confirmed the previous
data that patients with both POAG and AD demonstrate
Cl of various levels. At the same time, Cl were less pro-
nounced in patients with POAG. However, despite signifi-
cant statistical differences between groups 1 and 2 in the
severity of cognitive dysfunction, similar impairments were
noted according to the results of neuropsychological tech-
niques. In particular, this concerns memory impairment of
the hippocampal type, which demonstrates the neurode-
generative nature of Cl for both diseases [6].

In our study, ELISA was used to determine the AB42/
APB40 ratio in blood plasma; no statistical differences were
found between the two groups. However, in group 1, AD
patients had a lower plasma ratio of Ap42/Ap40. Our results
agree well with other studies that consider POAG, a neu-
rodegenerative ophthalmological disease, to be a possible
predictor of AD development [25-27]. Our data are consist-
ent with most of the studies conducted, which postulate
that a lower AB42/AB40 ratio in blood plasma is associated
with a higher amyloid cortical load according to PET data
and an increased risk of dementia in AD [9]. At the same
time, higher Ap42/Ap40 ratios in patients with POAG can
be explained by the difference in the severity of cognitive
deficits.

The diagnostic accuracy of AD biomarkers in the blood
is still inferior to those in cerebrospinal fluid, having a num-
ber of disadvantages and thus requiring further work in this
direction. However, the appearance of accurate plasma
analyses in the revised NIA-AA AD criteria of 2023 [7] gives
hope that blood biomarkers may shortly become a promis-
ing screening method for determining the risk of developing
AD, as well as, possibly, an early diagnosis tool.

It should be emphasized that saliva is another potential
biological substrate used in the diagnosis of neurodegen-
erative diseases. Numerous studies have addressed the
issue of using various biomarkers of neurodegenerative
pathologies, including in AD. Similar to our study, the work

by Pukhalskaia et al. [28] studied the level of Sirt in saliva.
It was found that the levels of Sirt1, Sirt3, and Sirt6 were
significantly lower in the group of AD patients compared
to the group of healthy individuals, while the levels of Sirts
did not differ significantly. Our study included patients diag-
nosed with both AD and POAG, i.e., two neurodegenera-
tive diseases. This may explain the absence of statistical
differences in the concentration of Sirt in these groups.
It should be noted that evaluation of biomarkers in saliva
is still associated with a number of disadvantages, which
need to be overcome in the future for saliva biomarkers
to be considered potential diagnostic tools. Currently, the
literature data in this field remains contradictory.

Our work produced interesting results regarding the
correlation between Sirt3 and the ten-words recall test,
which evaluates auditory-verbal memory, one of the most
important cognitive functions that suffer in AD. Some au-
thors believe that Sirt3 plays a key role in the AD patho-
genesis [29]. The current mechanisms of Sirt3 action in AD
mainly include an increase in the level of ATP in mitochon-
dria and stimulation of mitochondrial biosynthesis, activat-
ing and enhancing mitochondrial dynamics, countering oxi-
dative stress, and regulating neuron excitability. Sirt3 plays
a protective role in AD. Animal studies have demonstrated
a correlation between a decrease in the concentration of
Sirt3 in blood plasma and a decrease in cognitive function
in mice [30, 31].

The analysis of MR morphometry data in group 1 of
patients showed a statistically significant decrease in the
volumes of the right and left hippocampus, right and left
entorhinal cortex and cingulate gyrus, as well as the thick-
nesses of the right and left entorhinal cortex and cingu-
late gyrus relative to group 2. The results obtained seem
reasonable, since these structures are of key importance
in the realization of cognitive functions and their disorder
is an AD pathognomonic sign. Some publications pro-
vide evidence that neuroimaging biomarkers for diagno-
sis and progression of basal medial temporal structures
of the brain have been recently adopted. However, the
most vulnerable parts of the medial temporal structures of
the brain, which are responsible for the progression of the
neurodegenerative process, from the stage of moderate
Clto dementia in AD, are atrophy of the hippocampus, en-
torhinal cortex, and cingulate gyrus [32]. This is consistent
with the results of our study. It should be noted that our
data on the statistically significant differences between
groups 1 and 2 in terms of MR morphometry may demon-
strate the progression of the neurodegenerative process
and depend on the severity of Cl.

In our work, correlations were identified between neu-
ropsychological tests and MR morphometry data. Thus, in
AD patients, a decrease in the total score on integrative
scales (MMSE, MoCA) correlated with a decrease in the
volume of the right and left hippocampus, the volume of
the right and left entorhinal cortex, and the thickness of the
left cingulate gyrus. In POAG patients, a decrease in the
total score on integrative scales (MMSE, MoCA) correlated
with a decrease in the volume of the right entorhinal cortex,
the volume of left and right cingulate gyri. In both groups,
a decrease in the naming of the number of words on the
ten-words recall test was associated with a decrease in
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the volume of the entorhinal cortex. At the same time, both
in group 1 (patients with AD) and group 2 (patients with
POAG), a decrease in the blood Ap42/AB40 ratio was as-
sociated with a decrease in the volume of the left entorhi-
nal cortex and the volume of the right entorhinal cortex,
respectively.

The entorhinal cortex is located in the cortical region
adjacent to the hippocampus, occupying most of the para-
hippocampal gyrus. It plays the role of a connecting link in
the information exchange between the associative regions
of the neocortex and the hippocampus. It should be noted
that the entorhinal cortex forms connections not only with
the hippocampus, but also with the cingulate gyrus. The
entorhinal cortex, in turn, receives highly processed infor-
mation from all sensory modalities, contributing to cogni-
tive processes, memory in particular. Recent MRI studies
have revealed that the entorhinal cortex is affected primarily
in AD [33-34]. Given the established correlation in our two
groups between a decrease in the volume of the entorhi-
nal cortex and both a decrease in the Ap42/AB40 ratio and
neuropsychological parameters, this neuroimaging param-
eter can be regarded as a significant early marker of the
neurodegenerative process.

CONCLUSION

The results obtained allow us to assume a similar nature
of the neurodegenerative process in both AD and POAG.
Therefore, POAG may be considered as a predictor of
AD development. Considering the above, all patients with
POAG may be recommended to undergo a neuropsycho-
logical examination in order to diagnose cognitive disorders
early and receive timely therapy.

At the same time, the conducted laboratory analysis
indicates a relationship between the two neurodegen-
erative pathologies. Moreover, the study of the Ap42/
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Introduction. The range of pathologies and conditions that can lead to the development of rapidly progressive dementia (RPD) is rather extensive. Alzheim-
er’s disease (AD) is considered the most common cause of dementia. However, there are other pathologies that, unlike AD, are curable, and, given accurate
diagnosis, allow a complete regression of pathological symptoms to be achieved. This highlights the importance of differential diagnosis of rapidly progressing
AD from other causes of RPD.

Objective. To determine the differential features of rapidly progressing AD and to study the main causes predisposing to the development of RPD but not
related to neurodegenerative pathology.

Discussion. Rapidly progressing AD differs from typical AD in the rate of cognitive decline. On average, rapidly progressing AD is associated with a loss of
three points or more scores on the Mini-Mental State Examination (MMSE) test within six months and a faster (in 2-3 years) achievement of the terminal stage
of the disease. In case of typical AD, this period is longer, lasting for about 8-10 years. Other major causes of RPD include prion diseases, neurodegenerative
diseases of non-prion etiology (including rapidly progressing AD), vascular diseases, infectious diseases, inflammatory and autoimmune diseases, oncological
diseases, metabolic and deficiency disorders, endocrine disorders, toxic and iatrogenic disorders, mental diseases, and cerebrovascular pathology.
Conclusions. Identification of the RPD cause requires a detailed and comprehensive examination of the patient using various laboratory and instrumental
research methods, which is the key to accurate diagnosis and further successful drug correction of terminal diseases. Positron emission tomography of the
brain and such biomarkers as beta-amyloid and hyperphosphorylated tau protein in the cerebrospinal fluid play a major role in the diagnosis of rapidly progres-
sive AD and differential diagnosis from other RPD causes.

Keywords: rapidly progressing Alzheimer’s disease; rapidly progressive dementia; cognitive impairment; differential diagnosis; cerebrovascular diseases;
autoimmune encephalitis
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OCOBEHHOCTU ANPDEPEHLIMATIBHOIO ANATHO3A BbICTPOMPOIrPECCUPYIOLLEN BONE3HU
ANbLEAMEPA

M.KO. MapTbiHOB"?, A.H. Boronenoea'?, E.B. MaxHoBu4"?*, E.A. KoBaneHko'?

T ®enepalbHbIA LEHTP MO3ra 1 HeipoTexHonorni @eaepasnbHoro Meanko-6uonormieckoro areHTcTea, Mocksa, Poccus
2 PoccuincKuii HaumoHanbHbI ccneaoBaTenbCKUin MeANLMHCKIWIA yHBepceuTeT uM. H.W. Muporosa, Mocksa, Poccust

BBepeHue. CnexkTp NaTtoniormin n COCTOSHMIA, KOTOPbIE MOTYT NPMBOAUTL K Pa3BUTWIO BbiICTpoNporpeccupytoLlen aemeHumn (BNAa), LocTatoqHo obLMPEH.
Hanbonee pacnpocTpaHeHHON NPUHMHON PasBUTHA AeMeHLnn aBnaeTca 6onesHb Anbureivepa (BA), 0QHaKO CyLLEeCTBYIOT 1 Apyrne NaTtonorum, KoTopble,
B OT/M4Me OT BA, 9BNSoTCS 13nevnmMbiMm, 1 Npy BEPHOM NOCTAHOBKE AnarHo3a BO3MOXXHO AOCTVIXKEHME NMOMHOMO perpecca NatoNornieckoin cumnTomaTy-
Ku. BblLlecKasaHHoe NoBbILaeT 3Ha4MMOCTb AnddepeHumansHon AMarHocTUKy BeicTponporpeccupytoLLen BA ¢ gpyrumm npudnHamm B,

Lenb. Onpegenntb anddepeHumanbHble 0COOEHHOCTH BbICTpONporpeccupytoLlen BA 1 n3y4nTb OCHOBHbIE NPUHMHDBI, NpeapacnonaratoLlme K passuTmio
Bl v He cBA3aHHble C HepOAereHepaTBHOM NaToNoOren.

06cyxpeHue. boicTponporpeccrpytollas BA oTam4aeTcs oT TUNHHOM BA CKOPOCTBIO KOTHUTUBHOIO CHXKEHWS: B CPEAHEM NPU ObICTPONPOrPECCHPYIOLLEV
BA otmedaeTcs noteps 3-x 6annos nnmn 6onee No Kpatko LKane OLEeHKN NCUXNHECKOro cTaTyca B TeHeHWe LeCTn MecsaLeB 1 6onee bbicTpoe (3a 2-3 roaa)
[OCTWKEHWE TEPMUHANBHON CTaaumn 3aboneBaHns, B TO BPeMs Kak npu TunudHom BA aToT nepvofd anvutenbHee 1 coctasnseT nopsinka 8-10 net. K apyrim
OCHOBHbIM Mpu4drHam Bl oTHocATCS NproHHbIE 3a60neBaHks, HeMpoaereHepaTnBHble 3ab0neBaHNst HEMPUOHHOW 3TUOMOT K (B TOM Hi1ce BbiCTponporpec-
cupytoasa BA), cocyancTble, MHPEKUMOHHbIE, BOCMaNUTENbHbIE 1 @y TOUMMYHHbIE, OHKONOrMYecKme 3aboneBaHns, MeTabonnyeckmne 1 geuumtapHbie Hapy-
LUEHWS, SHAOKPUHHbIE PACCTPONCTBA, TOKCUYECKNE N STPOTrEHHbIE HapyLLIEHWS, NCUXMYeckmne 3abonesaHus, LiepebpoBackynspHas naTtonorus.

BbiBopbl. Boisienerne npuinHbl B TpebyeT feTansHOro 1 BCECTOPOHHEro OCMOTpa NauveHTa ¢ NPOBEAEHMEM Pa3NYHbIX 1abopaTopPHbIX U UHCTPY-
MeHTaNbHbIX METOLOB UCCNEA0BaHNS, YTO SIBSETCS 3a50roM BEPHOW NMOCTAHOBKM AvarHo3a 1 fasfibHeiLlein yenelHol MeAVKaMeHTO3HON KOppeKLIm
KypabenbHbix 3abonesaHuin. OCHOBHYIO pofib B MOCTaHOBKE AuMarHo3a bbicTponporpeccupytollein BA n ouddepeHumansHon AuarHoCTUKe ¢ ApyrmMm
npuyrHamn Bl nrpaet no3nTPOHHO-3MUCHOHHAA TOMOorpadms rofIoBHOMO MO3ra 1 ypoBeHb OMOMapKePOB, Taknx Kak beTa-amunond 1 runepdocdopm-
JNIMPOBaHHbIV Tay-NPOTENH, B LIepebpOCIMHANBHON XKNOKOCTU.

Knto4yeBble crioBa: GbICTPONpOrpeccupytolias 6onesHb Anblreimepa; GbiCTporpeccrpytolas AeMeHLMs; KOTHUTUBHbIE HapyLeHus:; auddepeHumans-
Has IMarHOCTVIKa; LiepebpoBacKysipHble 3a601eBaHNs; ay TOUMMYHHbIN SHLEManUT

Ans yutupoBaHusa: MapteiHoB M.FO., Boronenosa A.H., MaxHoswu4 E.B., KoBaneHko E.A. OcobeHHocT anddepeHumansHoro ararHosa tsicTponporpec-
cupytoLLen 6onesHn Anburenmvepa. MeaguimHa akcTpemasibHbix cutyari. 2025;27(2):152-160. https:/doi.org/10.47183/mes.2025-310
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INTRODUCTION

Dementia is a global challenge for healthcare systems.
Dementia is a neuropsychiatric syndrome characterized
by a marked decrease in cognitive functions and the de-
velopment of professional, household, and social malad-
aptation of the patient [1]. The World Health Organization
(WHO) lists dementia as one of the most disabling diseas-
es, the prevalence of which has recently been increasing
worldwide [2].

The literature and statistical data confirms Alzheimer’s
disease (AD) to be the most common cause of dementia.
However, typical AD refers to diseases characterized by
a gradual progression of cognitive deficits. At the same
time, there appear more diagnostic cases associated with
a rapid progression of cognitive decline to the degree of
dementia. These cases also include a large proportion of
AD patients [3].

Although various authors identify prion diseases,
Creutzfeldt-Jakob disease (CJD) in particular, as the most
common etiology of rapidly progressive dementia (RPD) [4,
5], the current literature mentions other neurodegenerative
diseases (nonprion), including AD, as the cause of RPD
development. For example, a five-year comparative study
[6] showed that neurodegenerative diseases of a nonprion
etiology were the cause of RPD in 38% of cases, while pri-
on diseases occurred in only 19% of cases. In addition to
CJD and AD, the range of pathologies and conditions that
can lead to the development of RPD is quite extensive (see
Table).

Table. Causes of rapidly progressive dementia

REVIEW | NEUROLOGY AND PSYCHIATRY

At the same time, the importance of timely and accu-
rate diagnosis is emphasized the possibility of a partial or
complete elimination of cognitive impairment (Cl) and other
neurological symptoms in some pathologies that can lead
to the development of RPD. In a two-year retrospective
cohort study conducted in China, the authors [7] demon-
strated that out of 310 patients hospitalized with RPD, 68
(21.9%) had viral encephalitis, followed by AD — 45 (14.5%)
and autoimmune encephalitis — 28 (9.0%) patients. CJD
was detected in only 22 (7.1%) patients. Another research
group [8] published a prospective observational study, in
which 86 (55.5%) of 155 patients with RPD had poten-
tially treatable causes, such as autoimmune encephalitis
(n = 52), vascular diseases (n = 14), neoplastic syndrome
(n = 7), toxic/metabolic disorders (n = 7), psychiatric (n = 4),
and other diseases (n = 12). The median age of the onset of
RPD symptoms in that study was 68.9 years (ranging within
22.0-90.7 years). At the same time, the age of the onset of
symptoms <50 years was one of the parameters that were
most typical of patients with curable causes of RPD [8].
This indicates that some cases with a rapid progression of
cognitive deficits are observed in young people of working
age and, in the absence of timely treatment, may lead to
professional disablement.

In the light of the above, research into the causes of
RPD development is of particular importance. In this con-
nection, our aim was to determine the differential features
of rapidly progressing AD and to study the main causes
predisposing to the development of RPD that are not re-
lated to neurodegenerative pathology.

Group

Deseases

Neurodegenerative diseases”

Prion diseases, rapidly progressive AD, rapidly progressive Lewy body dementia (LBD), fronto-
temporal dementia (FTD), progressive supranuclear palsy, corticobasal degeneration, multisystem
atrophy, Huntington’s disease

Cerebrovascular diseases

Multi-infarct dementia, stroke in areas strategic for cognitive functions, cerebral amyloid angi-
opathy, mitochondrial encephalopathy with stroke-like episodes and lactate acidosis (MELAS

syndrome), CADASIL syndrome, CNS vasculitis, cerebroretinal microangiopathy with calcifications
and cysts, posterior reversible encephalopathy syndrome, venous thrombosis

Infectious diseases Meningitis and encephalitis of various etiologies (e.g., tuberculosis, herpes simplex virus, fungal),
neurosyphilis, neuroborreliosis, HIV infection, progressive multifocal leukoencephalopathy, CNS

toxoplasmosis, Whipple’s disease

Inflammatory and autoimmune diseases Autoimmune encephalitis, Hashimoto’s encephalopathy, multiple sclerosis, acute multiple en-

cephalomyelitis, neurosarcoidosis, celiac disease, autoimmune GFAP astrocytopathy

Cancers Primary CNS tumors, CNS lymphoma, metastatic solid tumor, meningeal carcinomatosis, para-

neoplastic syndrome

Metabolic and endocrine disorders Hepatic encephalopathy, uremic encephalopathy, thyroid gland pathology associated with
changes in thyroid-stimulating hormone levels, increased or decreased endocrine activity of the

parathyroid glands, adrenal insufficiency

Deficiency disorders Vitamin B deficiency (B,, B,, By, B,,), electrolyte disturbances, pellagra

Toxic and iatrogenic disorders Degeneration of the nervous system caused by alcohol; poisoning with bismuth, mercury, lithium,

arsenic, lead; neuroleptic malignant syndrome, serotonin syndrome

Mental iliness Psychotic disorders, depression, bipolar disorder, simulation disorder, conversion disorder

Table prepared by the authors using data from references [5-11]

Note: * — the group includes prion and nonprion neurodegenerative diseases; LBD — Lewy body dementia; MELAS — mitochondrial encephalomyopathy with
lactic acidosis and stroke-like episodes; CADASIL — cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy.
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MATERIALS AND METHODS

The scientific literature search was conducted using elec-
tronic bibliographic databases in the Russian (eLibrary,
CyberlLeninka) and English (Web of Science, Scopus,
PubMed) languages. The search queries included the fol-
lowing keywords or phrases: rapidly progressive dementia;
rapidly progressive Alzheimer’s disease; cognitive impair-
ment; differential diagnosis (in Russian); rapidly progres-
sive Alzheimer’'s disease; rapidly progressive dementia;
cognitive impairment; differential diagnosis (in English). The
search depth was 10 years.

The inclusion criteria were systematic literature reviews
and meta-analyses with information on the causes of RPD,
rapidly progressive AD, and diagnostic methods used to
identify the disease or condition underlying the develop-
ment of RPD; original articles reporting the study of RPD
causes. The exclusion criteria were theoretical models, the-
ses, and conference materials.

RESULTS AND DISCUSSION

Characteristics of rapidly progressive dementia (RPD) and
its underlying reasons

Most researchers refer to RPD as the development of
cognitive decline and its rapid progression to the state of
dementia over a relatively short period of time, lasting for
several weeks or months and no more than two years in
most cases [8—10]. However, it should be emphasized that
there are no uniform criteria for RPD, with the information
about RPD frequency and its main etiology being rather
diverse.

Thus, prion diseases, neurodegenerative diseases of
a nonprion etiology (including rapidly progressing AD),
vascular diseases, infectious diseases, inflammatory and
autoimmune diseases, oncological diseases, metabolic
and deficiency disorders, endocrine disorders, toxic
and iatrogenic disorders, and mental illnesses are dis-
tinguished among the main causes of RPD. The Table
above shows the diseases and pathological conditions
leading to RPD, which does not exclude the presence
of other, rarer pathologies that may be the cause of its
development [8-11].

The presence of a wide range of pathologies capable
of causing the development of RPD dictates the need to
differentiate rapidly progressing AD not only from CJD and
neurodegenerative diseases (Lewy body dementia (LBD),
frontotemporal dementia (FTD), corticobasal degenera-
tion), but also from many other diseases. In this regard,
the knowledge of medical professionals about rapidly pro-
gressing AD and its differential diagnosis from other signifi-
cant etiologies of RPD, such as cerebrovascular pathology,
infectious diseases, inflammatory and autoimmune diseas-
es, requires elucidation.

AD as a underlying cause for RPD development

AD is a common neurodegenerative disease, which
is believed to be among the main causes of dementia.
Therefore, AD is to be considered in the differential diag-
nosis of RPD [12].

It should be noted that the clinical manifestations of AD
can be different, depending on the time of the onset of the
disease and its form. Thus, AD with the early onset (before
the age of 65) differs from that with the late onset (after
the age of 65). The guidelines of the International Working
Group (IWG) as of 2014 distinguish the following forms of
AD: typical, atypical (frontal variant of AD, logopenic variant
of primary progressive aphasia syndrome, posterior corti-
cal atrophy), and mixed [13].

The typical form of AD course, which can be referred
to as classical, is characterized by slow progression.
According to neuropsychological testing, cognitive func-
tions demonstrate a decrease in the Mini-Mental State
Examination scores (MMSE; normal levels of 28-30
scores) on average from two to four or more per year. After
8-10 years, this gradual deterioration leads to the termi-
nal stage of the disease, i.e., severe dementia (10 or less
MMSE scores) [14, 15]. However, AD may have another,
rapidly-progressing form. Thus, the expert group [16] con-
ducted a systematic review of 61 articles and published a
consensus document, which proposed to use the loss of
three or more score during the period of six months as an
empirical definition of rapid cognitive decline and to apply
this definition in routine medical practice for clinical deci-
sion making in patients with a mild to moderate severity
of AD. At the same time, the achievement of the terminal
stage (severe dementia) and disability of the patient with
the loss of independence in RPD occurs much faster, on
average, over 2-3 years.

According to [17], a significant proportion of patients
may experience a rapid progression of AD. Thus, in a longi-
tudinal two-year study, 686 patients with mild to moderate
AD were observed. In this study, 30% of patients showed a
decrease in cognitive functions by MMSE exceeding three
scores per year, which was twice as fast as the average of
the entire cohort. This demonstrates the high prevalence of
this type of AD course.

In general, such factors as medical and social sup-
port for the patient, genetic predisposition, as well as con-
comitant cerebrovascular and other comorbid pathologies,
especially at the stage of decompensation, may have an
impact on the rate of AD progression. For example, the
presence of a history of strokes and/or chronic cerebral is-
chemia (CCI) can significantly exacerbate the clinical mani-
festations of AD and lead to a faster loss of independence
of the patient. In this case, the rate of disease progression
was shown to be higher [17, 18].

However, it should be emphasized that in most cases,
rapidly progressive AD occurs in patients under 65 years of
age, i.e., with an early onset of the disease. AD is a disease
that is frequently inherited. Thus, hereditary forms account
for 10% of the total number of patients with AD (the re-
maining cases are sporadic). The presence of pathological
genes is mainly noted in patients with the early onset of the
disease (under 65 years of age).

Accordingly, it can be assumed that genetically-deter-
mined disorders that lead to early neuronal damage and
synaptic dysfunction are among the main factors in the
development of rapidly progressing AD. The study [18]
observed a cohort of patients with rapidly progressing AD
and found the frequency of the Apoliprotein E (ApoE &4)
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gene allele of 23.1%. ApoE is the most important genetic
risk factor for sporadic AD, affecting the timing of the onset
of the disease. It is assumed that the ApoE allele e4 gene
is not widespread among patients with a rapidly progres-
sive form of AD. Nevertheless, the question of whether the
ApoE genotype is associated with the progression of AD is
still a matter of debate [16].

Most researchers note the presence of severe amyloid
angiopathy as a reason underlying the rapid progression of
AD. This condition contributes to a faster damage to brain
neurons, which is clinically manifested by a rapid decrease
in cognitive functions [19, 20] compared with the classical
form of AD development.

It should be noted that rapidly progressing AD is
characterized by a diffuse brain damage, which primar-
ily affects the cortical regions [21]. In this regard, the AD
clinical picture, in addition to the presence of rapidly
progressive cognitive impairments (Cl), is characterized
by other neurological symptoms, including motor disor-
ders with damage to the pyramidal and extrapyramidal
systems (to a greater extent) or emotional-volitional dis-
orders [22]. According to [23], patients with rapidly pro-
gressing AD may have earlier behavioral and psychotic
disorders, while the clinical manifestations of rapidly pro-
gressing AD may mimic CJD, which causes diagnostic
difficulties.

One difficulty in establishing the diagnosis of rapidly
progressing AD is associated with its highly diverse clini-
cal picture. For this reason, changes in both neuroimag-
ing and laboratory biomarkers can be used as distinctive
differential features of rapidly progressing AD from RPD
of another etiology. Positron emission tomography (PET)
with beta-amyloid (Ap) or tau protein (tau) ligands and
PET with '™F-fluorodeoxyglucose (®F-FDG) are among
the most accurate neuroimaging diagnostics methods.
At the same time, brain MRI in rapidly progressing AD
does not have clearly specific signs. Given the lesion
nature in rapidly progressive AD, neuroimaging analysis
(brain MRI) shows diffuse atrophic changes that rapid-
ly increase under dynamic observation. In the Russian
Federation, PET with beta-amyloid (Ap) ligands or tau
protein (tau) remains, unfortunately, a poorly accessi-
ble diagnostic method, unlike PET with "F-FDG, which
is also sensitive to changes in AD. The research team
[24] noted that positron emission tomography (PET) with
8F-fluorodeoxyglucose (®F-FDG) is capable of identify-
ing regionally specific hypometabolism in the left angular
gyrus and the left temporal cortex.

Currently, laboratory biomarkers play a leading role in
the AD diagnosis, including rapidly progressing AD. These
are biomarkers in biological fluids, with the most accurate
diagnostic indicators being in cerebrospinal fluid (CSF):
Ap42, p-tau217, p-taul81, p-tau231, ratios of p-tau181/
AB42, t-tau/AB42, and Ap42/Ap40. At the same time, low
levels of AB42 in CSF, lower levels of the AB42/AB40 ratio,
as well as increased indicators of the p-tau181/Ap42 ratio
may be associated with a faster decline in cognitive func-
tions. In addition, patients with rapidly progressing AD
showed higher levels of p-tau than patients with typical
AD [22].

EXTREME MEDICINE | 2025, VOLUME 27, No 2

REVIEW | NEUROLOGY AND PSYCHIATRY

Blood plasma parameters in the AD diagnosis, includ-
ing rapidly progressing AD, are also being actively studied.
Thus, the longitudinal study [16], which included 122 pa-
tients with AD observed for an average of 4.2 (2.6) years,
found a link between blood plasma biomarkers and the rate
of disease progression. It was noted that lower levels of
AB40 and AB42 were associated with a significantly faster
cognitive decline.

Currently, no pathogenetic treatment for rapidly pro-
gressing AD, as well as for a typical form of AD, exists.
Therefore, standard anti-dementia therapy aimed at slow-
ing the progression of the disease is used. In rapidly pro-
gressing AD, an earlier transition to a combination therapy
by cholinesterase inhibitor and memantine is recommend-
ed [25, 26].

Cerebrovascular pathology as a cause of RPD
development

Cerebrovascular pathology, along with neurodegenerative
diseases, is a common cause of severe cognitive dysfunc-
tion (dementia). Most vascular diseases of the brain, includ-
ing multi-infarct dementia, strokes in strategic areas crucial
for cognitive functions, cerebral autosomal dominant arte-
riopathy with subcortical infarcts and leukoencephalopa-
thy (CADASIL) and vasculitis of the central nervous system
(CNS), can cause the development of RPD [26].

It should be noted that in the first post-stroke year, more
than half of patients develop Cl. However, in the absence of
other concomitant vascular, neurodegenerative, or somatic
pathologies, the ClI progression, as a rule, does not oc-
cur. On the contrary, there may be a positive trend against
the background of ongoing rehabilitation measures. At the
same time, in the presence of repeated strokes or comor-
bid pathology, a rapid cognitive decline may occur [27].
Secondary post-stroke complications, such as seizures,
can also accelerate the Cl progression.

An important role in the RPD development is played by
the stroke in strategic areas crucial for cognitive functions,
which include the thalamus, angular gyrus, caudate nucle-
us, limbic system, prefrontal cortex, and medial temporal
lobes. Thus, when the thalamus is affected, depending on
the circulatory disorders of a particular artery, as well as
the side of the lesion, various disorders may be observed:
decreased memory for current events (both auditory and
visual), impaired orientation in time, aphasia, akinetic mut-
ism, impaired counting, impaired regulatory functions, ne-
glect syndrome, impaired constructive practice, neuropsy-
chiatric symptoms, and other neurological symptoms (e.g.,
oculomotor disorders) [28].

Stroke treatment depends on its type and includes not
only specific therapy, but also secondary stroke preven-
tion (correction of the main risk factors) and rehabilitation
measures. It should be noted that a possible complete or
partial regression of symptoms will depend on the stroke
severity, lesion location, adequate therapy, proper preven-
tion of post-stroke complications, and rehabilitation of the
patient [27, 28].

The syndrome of cerebral autosomal dominant arteri-
opathy with subcortical infarcts and leukoencephalopathy
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(CADASIL) can also underlie the RPD development.
CADASIL is the most common hereditary disease of
small cerebral vessels characterized by non-atheroscle-
rotic and non-amyloid diffuse angiopathy with predomi-
nant lesion of small and medium penetrating and lep-
tomeningeal arteries [29]. Clinically, this arteriopathy is
manifested by migraine with aura, recurrent subcortical
ischemic strokes, and/or stroke-like episodes, affective
disorders, and Cl. Cognitive dysfunction in this disease
is detected in about 50% of patients. It is a progressive
subcortical type of dementia. Moderate Cl, including im-
pairment of executive functions, memory, and attention,
occur in patients long before the onset of subcortical is-
chemic events [29, 30].

Magnetic resonance imaging (MRI) of the brain in pa-
tients with CADASIL usually reveals bilateral symmetrical
diffuse leukoareosis, accompanied by multiple lacunar in-
farcts in the subcortical and periventricular white matter,
basal ganglia on both sides. A characteristic manifestation
of CADASIL is hyperintensivity in the T2/FLAIR mode in the
pole of the temporal lobe, the outer capsule and the corpus
callosum [30]. Currently, genetic testing is considered the
leading method of identification and diagnosis of CADASIL.
Mutations of the NOTCH3 gene, as well as, in more rare
cases, the Arg332Cys gene, cause the disease develop-
ment [30].

Currently, no treatment with proven efficacy has been
developed; thus, symptomatic therapy and strategies for
managing vascular risk factors are used. In some stud-
ies [31], executive function improvements were noted
when taking donepezil; however, the clinical significance
of these results remains unclear, requiring further con-
firmation.

In primary CNS vasculitis, most patients exhibit the
signs of acute CNS, which progress rapidly during the pe-
riod from two weeks to 12 months. These signs often in-
clude headache, motor deficiency (hemiparesis), speech
disorders (aphasia), seizures, visual disturbances, and
symptoms associated with spinal cord injury. Strokes, if
they develop, are usually multiple and bilateral. Depending
on the clinical picture, it is possible to indirectly judge
which vessels are affected. In the case of damage to
large-caliber vessels, symptoms similar to stroke and fo-
cal neurological symptoms prevail. In the case of dam-
age to small blood vessels, symptoms associated with
impaired cognitive functions and epileptic seizures are
more common. In vasculitis-caused dementia, cephalgic
syndrome is somewhat more common than in other types
of dementia. Another feature is the faster progression of
cognitive impairments (RPD): not years, as in dementias of
primary degenerative origin, but months or even weeks.
At the same time, the nature of neurological disorders de-
pends on the area that is affected, and signs of systemic
disease may be absent [32].

The differential diagnosis of primary vasculitis should
exclude infectious, malignant or systemic inflammatory
diseases, as well as reversible cerebral vasoconstriction
syndrome. Typical MR signs of the disease are multifo-
cal bilateral foci in the T2 or FLAIR mode in the cortical
and subcortical regions, as well as in deep white and gray

matter (basal ganglia). CT or MR angiography is used to
refine the imaging picture. This method allows detecting
changes mainly in large blood vessels in the form of thick-
ening of the walls and intrahepatic post-contrast edema
as a sign of active vasculitis. When the lesion is localized
mainly in the distal parts (small vessels) and in the pos-
terior cerebral artery system, cerebral angiography is a
more sensitive method. At the same time, the gold stand-
ard diagnostics comprises a brain biopsy with histological
verification [33].

The remission possibility in primary vasculitis under-
scores the importance of differential diagnostics of RPD.
The corresponding treatment includes corticosteroids and/
or cytostatics (usually cyclophosphamide) with the therapy
being continued for 6-12 months after achieving remission
[34, 35].

Infectious diseases as etiological factors in RPD
development

Infectious diseases are among the most common caus-
es of RPD, with their prevalence over other causes of
rapidly progressive cognitive deficits being confirmed
[7]. This observation was likely related to the inclusion of
younger patients in these studies, among whom infec-
tious and inflammatory diseases are much more com-
mon than neurodegenerative pathologies. Bacterial, vi-
ral, fungal, and protozoan brain infections leading to the
development of dementia are well known; the relevant
data are presented in the Table. In most cases, infections
with CNS damage are characterized by an acute onset;
however, there are forms with a subacute and chronic
course [36].

Establishing the diagnosis of encephalitis caused by
an infectious disease in the acute period can be difficult,
since the clinical symptoms are nonspecific and may ei-
ther include various neurological manifestations or not in-
clude them at all (in the abortive form). It should be noted
that patients with infectious diseases are characterized
not only by neurological symptoms (meningeal cerebral
and focal neurological symptoms), but also by a general
infectious syndrome (hypertemia, changes in peripheral
blood, skin rashes, tachycardia, tachypnea and other
manifestations) [37]. Other organs and systems may also
be affected. For example, Whipple’s disease, a rare in-
fectious disease, which can cause the development of
RPD, is associated with damage to several systems:
gastrointestinal, respiratory, cardiovascular, nervous, as
well as eyes and joints. The main neurological manifesta-
tions are dementia, supranuclear ophthalmoplegia, and
myoclonus [37].

It should be noted that an infectious disease as the pri-
mary cause of dementia is usually considered as a diagno-
sis of exclusion. The cognitive decline in infectious diseases
is not the sole neurological symptom, which may progress
rapidly. This makes it possible to suspect an infectious le-
sion of the central nervous system and require a lumbar
puncture followed by cerebrospinal fluid (CSF) examination
and the exclusion of a potentially reversible infectious pro-
cess. However, in the early stages of infectious diseases,
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CSF analysis alone is insufficient for diagnosis, which re-
quires additional research methods, such as brain MRI,
electroencephalography (EEG), electroneuromyography
(ENMG), etc. [36].

Treatment for RPD in such cases depends on the eti-
ology of the infectious disease and may include antiviral,
antibacterial, and other medications directed against infec-
tious agents. It is important to emphasize the probability
of a favorable outcome of the disease with a regression of
symptoms, including Cl, given that the infectious origin of
RPD is confirmed and adequate treatment is initiated in a
timely manner.

Inflammatory and autoimmune diseases as a cause of
RPD development

Although RPD was first mentioned in patients with multiple
sclerosis (MS), demyelinating inflammatory diseases such
as MS and acute multiple encephalomyelitis rarely trigger
RPD. In this group, autoimmune encephalitis (AE) is the
most common cause of RPD [38].

AE is a heterogeneous group of immune-mediated
paraneoplastic and nonparaneoplastic (idiopathic) en-
cephalitis, which leads to the development of encepha-
lopathy. Given the multifocal brain lesion, the clinic pic-
ture may be diverse. Cognitive, emotional, and mental
disorders such as behavioral disorders (aggression, irri-
tability), depressive symptoms, anxiety, obsessive-com-
pulsive symptoms, hallucinations, subacute dementia,
anterograde amnesia and others, which result from the
damage to the structures of the limbic system (limbic en-
cephalitis), also list cerebellar degeneration, Bickerstaff’s
disease, and epileptic seizures. Chorea involving the fa-
cial muscles or atypical Parkinsonism syndrome may
also occur. Anti-N-methyl-D-aspartate (NMDA)-receptor
encephalitis is the most studied and widespread among
AE, which plays an important role in the development of
RPD [38].

Anti-NMDA receptor encephalitis affects mainly young
people (95% of patients under 45 years of age); the dis-
ease is more common among females (80% of women).
The relationship of AE development with the presence of
ovarian teratoma is revealed in more than half of female
patients [39]. Anti-NMDA receptor encephalitis is char-
acterized by a nonspecific flu-like prodrome, after which
neuropsychiatric symptoms develop acutely in some cas-
es. The most common symptoms of mental disorders are
emotional lability, anxiety, fears, insomnia, manic state,
delusions, and hallucinations. In this regard, about 60%
of patients are initially admitted to psychiatric clinics. The
majority of patients also experience rapidly progressive
Cl, in which episodic memory and regulatory functions are
affected. Somewhat later, extrapyramidal disorders (dys-
tonia, chorea, or stereotypy), catatonia, and autonomic
dysfunction join. However, in clinical practice, the appear-
ance of extrapyramidal disorders and catatonia is often
regarded as the consequences of antipsychotic therapy,
which is prescribed to patients taking into account the
presence of neuropsychiatric disorders. This may lead
to diagnostic errors. Almost 85% of patients develop
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epileptic seizures, which frequently remain unrecognized
due to extrapyramidal symptoms, psychomotor agitation,
or the need to maintain drug sedation. Overall, the clini-
cal picture demonstrates the complexity of overlapping
psychiatric and neurological symptoms and highlights the
need for an interdisciplinary approach to diagnosis and
treatment [40, 41].

To confirm the diagnosis, it is necessary to determine
the titer of antibodies to NMDA receptors in biological flu-
ids such as blood or CSF. Only about 50% of patients ex-
hibit brain MRI changes, such as T2/FLAIR hyperintensiv-
ity areas in the hippocampus, cerebral cortex, cerebellar
hemispheres, insula, fronto-basal region, basal ganglia,
and brain stem. In the event that the brain MRI reveals no
changes, patients undergo an additional study by positron
emission tomography (PET) with '®F-fluorodeoxyglucose
(FDG). This study determines the frontal-temporal-oc-
cipital gradient of glucose metabolism, which correlates
with the activity of the disease. The EEG may reveal a
specific pattern of extreme delta brushes, i.e., a rhythmic
§-activity with a frequency of 1-3 Hz with bursts of rhyth-
mic B-activity superimposed on each §-wave, resembling
8-brushes in premature infants. This phenomenon occurs
in almost 30% of cases of anti-NMDA receptor encepha-
litis [11, 40].

It should be noted that in about 70% of patients, timely
treatment of anti-NMDA receptor encephalitis results in
complete or almost complete regression of symptoms.
There are three lines of therapy:

1. Pulse therapy with glucocorticosteroids and/or im-
munoglobulin intravenously, plasmapheresis;

2. Rituximab or cyclophosphamide or a combination
thereof;

3. Other cytostatic immunosuppressants.

In case of ineffectiveness of first-line therapy, the
drugs of the following lines are prescribed. Together with
the therapy, a diagnostic search for oncological diseases
is carried out and, if necessary, antitumor therapy is per-
formed [9, 11].

Hashimoto’s encephalopathy (HE) may be another
cause of RPD development in this group of diseases. HE is
a rare autoimmune disease known as steroid-reactive en-
cephalopathy associated with autoimmune thyroiditis. HE
is more common among women (70—-85% of cases). At the
same time, the clinical picture of HE includes various neu-
rological and psychiatric symptoms, the variety of which
complicates its timely diagnosis. Among the neurological
symptoms, the most common are extrapyramidal symp-
toms, ataxia, epileptic seizures, transient aphasia, rapidly
progressive cognitive decline to dementia, and confusion.
There may even be stroke-like episodes. Patients also ex-
perience behavioral disorders and visual hallucinations. A
rapid increase in the symptoms of the disease and a fluctu-
ating course are characteristic [42)].

In order to confirm the HE diagnosis, the necessary
criterion involves the detection of a high titer of antithyroid
antibodies (antibodies to thyroglobulin and antibodies to
thyroperoxidase) in the blood and the absence of other
causes of brain damage that could better explain the clini-
cal picture. Patients with HE may have hypothyroidism,
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hyperthyroidism, or euthyroidism; therefore, assessment
of thyroid hormone levels does not have a diagnostic sig-
nificance in HE detection. The results of CSF analysis and
brain MRI scans do not reveal any specific changes. Thus,
in patients with HE, there is only an increase in the level of
protein in the CSF, and according to brain MRI, half of the
patients have nonspecific changes in subcortical white
matter and cerebral atrophy. Intermittent slow-wave activ-
ity and three-phase waves are most often observed in the
EEG during HE. HE is a curable disease. In most cases,
the symptoms regress after the use of immunosuppres-
sive therapy. The first-line drugs are glucocorticosteroids.
With timely and accurate diagnosis and well-selected
therapy, the prognosis after treatment of the disease is
favorable [43].

CONCLUSION

Although RPD accounts for only about 3-4% of dementia
cases, it is a disproportionately large clinical problem due
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IDENTIFICATION OF NEGLECT SYNDROME IN CEREBRAL STROKE PATIENTS M) Check for updates‘
USING STANDARD TESTS AND EYE TRACKING METHOD
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Introduction. About 30-40% of patients who have suffered from acute cerebrovascular accident (ACVA) experience a syndrome of unilateral spatial neglect.
Neuropsychological testing (NT) is a routine diagnostic technique, while the method eye tracking offers prospects for an objective assessment of visual attention.
Objective. Evaluation of the diagnostic capabilities of classical neuropsychological techniques and eye tracking to detect the neglect syndrome in stroke
patients.

Materials and methods. The study involved 38 stroke patients (25 men, 13 women; mean age 59.7 + 12.7 years). The Bells test (BT), Albert’s test (AT),
Line bisection test (LBS), the computer version of the Apple test (ApT), and the eye tracking method (a search task for recording visual activity) were used to
diagnose the neglect syndrome.

Results. The LBS test data demonstrated the greatest sensitivity in the detection of neglect syndrome. Significant correlations (p < 0.01) were obtained
between the results of BT, AT, LBS, and ApT and the results of eye tracker visual search (p = 0.025), indicating the detection of a similar degree of observed
deficiency by different methods. The latency of finding stimuli in the left half-field when performing a search task on an eye tracker is significantly higher than
in the right side (p < 0.001). Ischemic stroke patients performed AT worse (p = 0.009) than hemorrhagic stroke patients, and they were more mistaken in LBS
(p = 0.043). The more pronounced severity of the patients’ neglect, the worse the AT (p = 0.004), LBS (p = 0.05), and Aptego (p = 0.036) were performed. The
visual impairment factor had a significant effect in LBS testing (p = 0.02).

Conclusions. The combination of neuropsychological tests and eye tracking provides objective data for the diagnosis of neglect syndrome. The LBS test
demonstrated the greatest sensitivity in detecting the neglect syndrome. The results of eye tracking were found to be comparable with those of pencil-and-
paper tests, which increases the accuracy of the diagnosis of neglect syndrome. The following factors influencing the performance of diagnostic tests were
identified: stroke type, neglect severity, and visual impairment.

Keywords: neglect; unilateral spatial neglect syndrome; stroke diagnosis; neuropsychological tests; pencil-and-paper tests; eye tracking; stroke
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BbIABJIEHUE CUHOPOMA HEMNEKTA Y WL, NEPEHECLUNX LIEPEBPAJIbHbBIA MHCYILT,
C UCMOJIb3OBAHVEM TPAAULIMOHHBIX TECTOB U METOOA AUTPEKUHIA

A.L. AngeHwTenH™, M.A. LLypynosa'23, C.A. SHeesa', IE. ViBaHoBa"*

' ®enepalbHbIA LEHTP MO3ra 1 HepoTexHonornii ®eaepanbHoro Meamnko-6uonornieckoro areHTcTea, Mockea, Poccus

2MOCKOBCKWIA rOCy0apCTBEHHbIN YHBEpPCUTET MeHn M.B. JlomoHocoBa, Mocksa, Poccus

S HaupoHanbHbI MeguUNMHCKNIA UCCneaoBaTeNbCKUn LIEHTP AETCKOWM remMaTonorin, OHKOMNorn n MmyHonorum um. . Poradesa, Mocksa, Poccusi
4PoccuincKknii HaumoHanbHbIN MCCneaoBaTeNbCKUin MeANLMHCKINIA yHUBepcuTeT uM. H.W. Muporosa, Mockea, Poccust

Beepenue. Y 30-40% naumeHToB, NepeHecLUNX OCTPOE HapyLLEHe MO3roBoro kposoobpatleHus (OHMK), HabnoaaeTcs CMHAPOM OAHOCTOPOHHErO NPO-
CTPAHCTBEHHOIO UIrHOPUPOBaHUS (HErNeKT). TpaauUMOHHbIE METOAbI AMArHOCTUKIM BKOYAIOT HENPONCUXONornieckmne Tectsl (HT), a MeToq anTpekmHra
npeanaraeT NePCNeKTVBbI AN OObEKTUBHOM OLIEHKW 3PUTENIBHONO BHUMaHWS.

Lenb. OueHka AnMarHoCTUHECKON BO3MOXHOCTN KNACCUYECKMX HEMPOMCUXONOrMHECKMX METOANK U METOAA alTPEeKMHra AN BbigBNEHUS CUHAPOMA He-
rneKTay nauneHToB, NePEHECLUNX NHCYT.

Matepuansl n metogbl. B nccnefoBaHnm NpuHAM yqactne 38 naumeHToB (25 My>K4unH, 13 >KeHLUWH; cpefHui BospacT 59,7 + 12,7 rofa), nepeHecLumnx
OHMK. Ons gnarHocTrku crHapomMa HernekTa ucnone3osanu Bells test (BT), Albert’s test (AT), Line bisection test (LBS) n komnbtoTepHyto Bepcuto Apple test
(ApT), METOR anTpeKMHra (MoncKkoBas 3agada ANs PerncTpaLmmn 3puTenbHON akTUBHOCTN).

PesynbTatbl. [laHHble BbinoNHeHWs LBS TecTa npoaeMOHCTPUpoBam HanbonbLUyto YyBCTBUTENBHOCTb K BbIABNEHMIO CUHAPOMA HernekTa. MonyyeHbl 4o-
cTOBepHble koppensauumn (p < 0,01) mexxay peaynstatamu BT, AT, LBS 1 ApT 1 pedynsratamu 3puTenbHOro novcka Ha antpekepe (p = 0,025), ykasbiBatoLLye
Ha onpefenenHne CXoxein cTenenn HabnogaeMoro gedvuyra pasHbiMi MeToaamu. JTaTeHTHOCTb HAXOXAEHWSt CTUMYIOB B TIEBOM MOMyNose Npu BbINoNHe-
HM MOMCKOBOW 334341 Ha anTpekepe AOCTOBEPHO Bbille, YeM B MpasoMm (p < 0,001). MaumneHTbl C MLEMUYECKUM MHCYIBTOM XY>Ke, YeM NaLmMeHTbl C remMop-
parnyeckmmM, BoinoaHsam AT (p = 0,009), Haie owmbanuce B LBS (p = 0,043). Hem cunbHee 6bina BeipakeHa y naumeHTa TSKeCTb HerneKkTa, TeM Xy>ke Obln
BbINosHeHbl AT (p = 0,004), LBS (p = 0,05), ApTego- (p = 0,036). akTop CHWKEHWS 3peHns OkadblBas 3Ha41MMoe BANSHWE Npu TecTuposaHum LBS (p = 0,02).

© A.D. Aizenshtein, M.A. Shurupova, S.A. Eneeva, G.E. Ivanova, 2025
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BbiBoabl. O6beanHeHne HT n MeTofa anTpekrHra npefoctaBnaeT 06bekTVBHbIE AaHHbIE A5 ANArHOCTUKM CUHAPOMa HernekTa. TecT LBS npopemoH-
CTPUpOBaN HaMbOsbLLYIO HYyBCTBUTENBHOCTb K BbISBNIEHWIO CUHAPOMA HErNeKTa, a pesynsTaTel MeTofa alTPEeKMHra ConocTaByMbl C JaHHbIMY GaHKOBbIX
TEeCTOB, YTO MOBbILWAET TOYHOCTb AMAarHOCTUKIN CUHAPOMA HernekTa. bblin BbisBNeHb! hakTopbl, BAUSIOLLME HA BbINOIHEHWE ANArHOCTUHECKIMX TECTOB: TUM
VNHCYNbTa, CTEMNEHb BbIPaXXEHHOCTW HErnekTa 1 (hakTop CHUKEHWS 3PEHNS.

KniouyeBble cnoBa: HErneKT; CMHAPOM OAHOCTOPOHHErO MPOCTPaHCTBEHHONO UrHOPVPOBAHWS; AVArHOCTUKA WHCYLTa; HEMPOMCUXONOrMHECKNe TECTbI;
61aHKOBbIE METOAbI; ANTPEKNHT; NHCYIBT
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INTRODUCTION

About 30-40% of patients who have suffered from acute
cerebrovascular accident (ACVA) develop sensory inat-
tention, which refers to the manifestation of visuospatial
gnostic disorders [1, 2]. In the middle of the last century,
ophthalmologist S. Duke Elder coined the term of unilateral
spatial agnosia [2, 3].

Unilateral spatial neglect is most often defined as the in-
ability to perceive stimuli of various modalities or to respond
to these stimuli from the side contralateral to the lesion.
In addition, this syndrome includes the absence of volun-
tary movement of the contralateral side of the body or limb
[4], while the physical ability to perform an action remains
[5]. A systematic review of neglect syndrome cases after
stroke [6] identified this syndrome in 18% of patients with
left hemisphere stroke and in 38% with right hemisphere
stroke, persisting in 20% of patients in the chronic phase.

It is customary to distinguish different types of neglect
based on the disorder modality, the specifics of the lesion of
the spatial component of perception and orientation to the
stimulus, object or subject of perception. Thus, perceptual,
visual, tactile, and auditory ignoring can be distinguished
[5]. In addition, the phenomenon of representational and
motor disregard, disorder of the voluntary movement of the
opposite limb/sides of the body should be mentioned [5].

Depending on the spatial component, personal neglect
(ignoring new and familiar stimuli on the body surface),
peripersonal neglect (ignoring at arm’s length), and extrap-
ersonal neglect (ignoring stimuli at a distance far from the
subject) are distinguished [5]. In determining the ignoring
syndrome in the clinical picture of post-stroke disorders,
special attention should be paid to the orientation of ignor-
ing. In case of egocentric neglect, the patient ignores all
stimuli on the left relative to themselves. In case of allo-
centric disregard, the patient will ignore the left side of the
perceived objects, regardless of their location in space [7].

Due to the variety of ignoring manifestations, the simi-
larity of the disorder pattern with visual disorders, as well
as the high frequency of the phenomenon, methods for the

diagnosis of neglect are acquiring particular importance. In
2021, the World Federation for Neurorehabilitation issued
clinical guidelines outlining the main methods for diagnos-
ing neglect [1].

The most commonly used methods used in neuropsy-
chological practice are aimed at finding and labeling ob-
jects. These are so-called pencil-and-paper tests, including
Albert’s test, Bells test, Apple test, etc. Pencil-and-paper
tests are considered suitable to diagnose and determine
neglect due to the possibility of quantifying the perfor-
mance of tests, as well as their high constructive validity [8].

Line bisection tests are also frequently used, with the
most popular option being the Schenkerberg line bisec-
tion test (LBS). Using this test, the researcher is capable of
estimating the percentage of displacement of the subjec-
tive visual midline. In clinical practice, tests for spontaneous
drawing, writing, copying, and reproducing objects are also
applied. These tests determine the level of disorder of visu-
ospatial and representative representations. In addition,
they may reflect the patient’s ignoring of the left side of the
presented stimuli [9, 10]. Despite the variety of pencil-and-
paper tests, they are less sensitive in the assessment of
attention and perception in the extrapersonal space, failing
to solve the problem of differentiating the motor or visual
type of ignoring [2].

In the diagnostics of ignoring syndrome, a strategy for
scanning the patient’s space should be selected. From this
point of view, the most informative research methods are
oculography and eye tracking. The latter approach can
be used to track the movement of the subject’s gaze, the
number of gaze fixations, the duration of fixations, etc., thus
providing objective quantitative data for analysis. A num-
ber of studies indicated the high diagnostic significance of
the method, as well as its greater sensitivity to the mani-
festations of the syndrome in comparison with cancella-
tion tests [11]. The important advantage of the eye-tracking
technique consists in the absence of the need to involve a
motor component in the testing process, which makes it
possible to differentiate between motor and visual ignor-
ing, visual-motor delay. However, although the eye-tracking
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method shows high potential in solving various diagnostic
tasks, it does not provide the opportunity to assess atten-
tion and perception in the peripersonal space and is inef-
fective in patients with visual impairment [2].

The World Federation for Neurorehabilitation has out-
lined an approach to the diagnosis of neglect, which con-
sists in using more than two different types of diagnostic
tests. Nevertheless, the current literature lacks studies
aimed at assessing the diagnostic significance of an in-
tegrated approach based on the use of cancellation tests
and hardware methods [1].

In this research, we set out to evaluate the diagnostic
capabilities of classical neuropsychological tests and eye
tracking to detect the neglect syndrome in stroke patients.

MATERIALS AND METHODS
Study participants

The conducted research was an observational, cross-sec-
tional, and prospective study aimed at an in-depth diag-
nostic examination of neglect syndrome signs in patients
undergoing rehabilitation at the Federal Center of Brain
Research and Neurotechnologies.

Initially, the sample included 49 patients who had suf-
fered a cerebral stroke. The inclusion criteria were a first
history of stroke, less than 12 months after the stroke, vis-
ual acuity from =3 to +2D, the presence or suspicion of
neglect syndrome (by neuropsychologist conclusion), un-
derstanding of instructions, >3 points on the rehabilitation
routing scale (RRS). The exclusion criteria were repeated
stroke, more than 12 months after stroke, aphasia, multiple
hospitalizations for rehabilitation, right-sided hemianopsia,
and other neurological lesions.

After excluding patients according to the criteria, the fi-
nal sample consisted of 38 patients (25 males; 13 females;
mean age 59.7 + 12.7 years). The characteristics of the
sample are presented in Table 1. The neglect syndrome and
its severity were diagnosed by a neuropsychologist during
a classical neuropsychological examination. According to
the neuropsychologist conclusion regarding the patients
without a neglect syndrome (in six out of 38 patients, the
syndrome severity had not been detected), an assump-
tion was made about its presence or the presence of other
visuospatial disorders. Based on the calculated proportion
of patients with the diagnosed neglect syndrome, all the
examined patients were divided into two groups: those with
a neglect syndrome H+ (32 people) and those without a
neglect syndrome H- (six people). Decreased vision was
determined according to objective ophthalmological exam-
ination data and/or subjective complaints of the patients.

RESEARCH DESIGN

A number of conventional neuropsychological tests were
used to diagnose neglect syndrome, as well as a search
task using the eye tracking method. For performing pen-
cil-and-paper tests (Albert’s test, Balls test, Line Bisection
test), pencil and paper were used, while the patient was
seated at a table, and the middle line of his body correlated
with the middle line of the sheet.

EXTREME MEDICINE | 2025, VOLUME 27, No 2

ORIGINAL ARTICLE | NEUROLOGY & PSYCHIATRY

Albert’s test (AT) — the test of crossing out short lines,
the maximum score is 41 [12]. The neglect syndrome is di-
agnosed with more than 70% of the left missed lines from
the total number of missed lines.

Bells test (BT) — the maximum score in this test is 35;
less than 29 points indicate the presence of neglect syn-
drome [13]. The sum of the crossed-out points in the left,
center, and right parts of the form is estimated using a tem-
plate.

Line bisection test (LBS) — the test divides straight lines
in half; the author of the test recommended considering
dividing only the left lines [14].

The test results were calculated using the following for-
mula:

Percentage of deviation = (patient’s mark is the mark
of the true center) / (mark of the true center) x 100%.

The percentage of deviation from the true “0” on the left
side will have a negative sign, on the right — a positive sign.
If the value averaged over all left lines is >7%, the neglect
syndrome is diagnosed (according to the norm established
in the domestic neurotypical sample: N = 38 people, av-
erage age 49.8 + 121 years; the calculated threshold for
determining neglect is 7%). The higher the percentage, the
more pronounced the neglect severity.

Apple test (ApT) — the test of crossing out closed
(whole) circles [15]. In this study, a computerized version
was used, containing 90 circles, 30 of each type (closed,
unclosed on the left, unclosed on the right) The test allows
the researcher to identify the neglect syndrome and de-
termine its type: allocentric (allo) or egocentric (ego). The
neglect syndrome is confirmed in the presence of three or
more common errors (according to W.H. Jang, with modi-
fications) [16]. To determine the egocentric type of neglect
(ignoring one side of the space relative to one’s own body),
the difference between the right and left half of the screen
in uncrossed whole circles was taken into account, which
should be at least one unit. For an allocentric neglect (ignor-
ing one side of objects, regardless of their location in space
relative to the body), the difference between crossed-out

Table 1. Integral characteristics of the final sample of patients

Sign Sign gradation Patient number, N

Stroke type ischemic 28 (74%)
hemorrhagic 10 (28%)
Stroke focus localization RMCA 23 (61%)
RH 13 (34%)

VBS 2 (5%)
Neglect syndrome present 32 (84%)
absent 6 (16%)

Neglect severity Unknown 6 (16%)
mild 8 (21%)
moderate 15 (39%)

moderate-severe 5 (13%)

severe 4 (11%)
Decreased visual acuity present 18 (47%)
absent 20 (3%)

Table prepared by the authors using their own data

Note: RMCA — right middle cerebral artery; RH — right hemisphere;
VBS — vertebrobasilar system.
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non-closed circles on the left and on the right was also
taken into account, as well as at least one unit. During the
test, the patient’s head was fixed in the frontal-chin sup-
port, which was performed using a computer mouse.

The visual search task was performed by a C-EyePro
device, AssisTechSp. (z.0.0., Poland) [17] using the eye
tracking technology. Eye tracking is a method for video re-
cording of eye movements using video in infrared light to
detect pupil position; the method determines patterns of
gaze fixation when viewing a visual scene, as well as cal-
culate quantitative characteristics, including the frequency
of fixations and saccades, duration of fixations, amplitude
of saccades, etc. The task was to detect a target object
(brightness; realistic objects of various shapes, such as a
soccer ball, a light bulb, a felt-tip pen, etc.) located in the
left or right half-field of vision among a variety of distractors;
each of the six samples began with a fixation stimulus from
the center. The latency of finding the target object in each
sample was recorded. If the patient did not find the object
in more than 30 seconds, this sample was not counted.

Statistical data analysis was performed using the JASP
0.18.3 package (JASP Team, the Netherlands). Taking into
account the small sample size, nonparametric statistical
methods were used for data analysis. The Mann-Whitney
nonparametric criterion was used for comparative inter-
group analysis, the Spearman criterion for correlation
analysis, and the Kruskal-Wallis criterion for analyzing the
influence of clinical factors. Differences with a statistical
significance level of less than 0.05 were considered sig-
nificant.

100
93%
80
71%
67%
60 — 57%
40%
40 H
) ]
0 -
Albert’s Bells Line Apple test  Apple test
test test bisection test ego- allo-

Figure prepared by the authors

Fig. 1. Proportion of patients with diagnosed neglect syndrome according to
the threshold value of each neuropsychological test

RESULTS

Neglect syndrome diagnostics by neuropsychological
tests

The study determined the proportion of patients who
showed the signs of neglect syndrome according to the
thresholds of each neuropsychological test; the corre-
sponding data are shown in Fig. 1. Thus, 35 (93%) patients
were diagnosed with neglect syndrome based on the LBS
test results, compared to the AT technique — 15 (40%) pa-
tients, the Bells test method — 25 (67%) patients, the Apple
test ego (ApTego) — 27 (71%) patients, and Apple test allo
(ApTallo) — 22 (57%) patients.

According to the calculated proportions, groups of pa-
tients with and without neglect syndrome were formed,
and intergroup comparisons of the results of each neu-
ropsychological test were conducted (Table 2, Fig. 2), with
the exception of LBS, due to the small number of patients
without neglect.

When analyzing the differences between the two groups
relative to the thresholds in patients with (H+), a statistically
significant deterioration in test performance was found in
the score: AT by 32%, BT by 56%, ApTego by 75%, ApTallo
by 8.3%. At the same time, patients performed LBS test
tasks less accurately by 33.5% compared to the results of
patients in the (H-) group.

Intergroup comparisons show that patients with neglect
syndrome perform statistically significantly worse on all
tests (score lower in AT and BT, crossing out fewer objects;
score higher in ApT, leaving more objects uncrossed) than
patients without neglect.

Diagnosis of visual attention by eye tracking

To identify differences in the perception of stimuli in the left
and right half-fields in all patients, an analysis of the latency
of finding stimuli, averaged over all samples for each side,
was performed. The results showed that patients found
stimuli in the right half-field much faster, requiring an aver-
age of 1.43 s compared to 15.37 s to find a stimulus in the
left half-field (o < 0.001).

Comparison of the results of neuropsychological tests
and eye tracking diagnostics

To identify associations between the results obtained
using neuropsychological tests and the average latency
of finding the target stimulus in the search task on the

Table 2. Intergroup comparisons of patients without (H-) and patients with (H+) neglect on each of the neuropsychological tests

Apple test, scores
Albert’s test, scores Bells test, scores Line bisection test, %
ego- allo-
Parameter
H- H+ H- H+ H- H+ H- H+ H- H+
(n=23) (n=15) (n=13) (n=25) (n=23) (n=35) (n=11) (n=27) (n=16) (n=22)
Me [Q1; Q3] 41[41;41] | 281[21;33] | 31[30;32] | 11.5[9;22] | -9[-11;-7] | 42.5[20;55] | 0[0;0] | 7.5[3;20] | 0[0; 0] | 2.5[1;7]
p Mann-Whitney <0.001 <0.001 - <0.001 <0.001
Table prepared by the authors using their own data
Note: the data is presented as the median Me [Q1; Q3]; “~” could not be performed due to the small number of patients without neglect.
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Fig. 2. Intergroup comparisons of patients without (H-) and patients with (H+) neglect on each of the neuropsychological tests
Note: the data is presented as the average value and the error of the average value M + m; *** — p < 0.001 is the level of statistical significance according to the

Mann-Whitney test.

tracker, Spearman’s rank correlation (r) analysis was
performed; the corresponding data are presented in
Table 3.

Significant correlations were found between the
results obtained on the tracker, BT, and AT, Thus,
the worse patients coped with these tests, the slow-
er they managed to find objects on the left on the
eye tracker. Interestingly, the results of performing
ApT with the detection of an allocentric defect have a
weak correlation with the tendency to reliability only
with the results of eye tracker diagnostics (r, = 0.370;
p = 0.090).

Influence of clinical factors on the results of
neuropsychological tests and eye tracking

It was found that patients with ischemic stroke performed
worse than those with hemorrhagic stroke AT (H(, ) = 6.82,
p =0.009), and made more mistakes when performing LBS
(H(, ,) = 4.61, p = 0.043); in other tests, the influence of the
factor was not detected.

The more pronounced the severity of the defect in the
patient, the worse the AT (H(,,,) = 7.27, p = 0.004), LBS
(H(,,,) =279, p = 0.05), ApTego- (H(, ,,) = 3.09, p = 0.036)
were performed. In BT, a similar dynamics was observed,

Table 3. Correlation analysis of the results of neuropsychological tests and eye tracking diagnostics

Tests name Albert’s test Bells test Line bisection test Apple test ego- Apple test allo-
Albert’s test
Bells test 0.735
p <0.001
Line bisection test -0.701 -0.537
p <0.001 p =0.004
Apple test ego- -0.526 -0.647 0.538
p =0.004 p < 0.001 p =0.010
Apple test allo- -0.003 0.114 0.131 0.024
p =0.986 p =0.564 p =0.563 p =0.904
Visual search on the eye tracker -0.422 -0.613 0.313 0.370 0.392
p =0.025 p <0.001 p =0.166 p =0.090 p =0.072

Table prepared by the authors using their own data

Note: Spearman correlation coefficients (r,) are presented; p is the level of statistical significance.
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although insignificant (H(, ,,) = 4.25, p = 0.333); the corre-
sponding data are shown in Fig. 3.

The visual impairment factor had a significant effect
when performing LBS tasks (H(, ,) = 6.11, p = 0.02), at the
level of statistical significance trends when performing AT
(H(, ,,) = 3.86, p = 0.057) and the eye tracker search task
(H(, ,5) = 3.33, p = 0.07). In other words, patients with a de-
creased vision performed worse on these tests.

The time elapsed after the stroke had no effect on the
results of any tests.

DISCUSSION

In this study, we evaluated the diagnostic capabilities of
classical neuropsychological tests (AT, BT, ApT, and LBS)
and the eye tracking method for detecting neglect syn-
drome in stroke patients. A number of studies showed that
detection of neglect syndrome should rely on the use of
several different tests (crossing out, dividing lines in half,
hardware and computerized methods) [1], which relates
to the heterogeneity of the manifestation of this syndrome
[18]. We determined a different level of sensitivity of these
tests: thus, AT detected neglect syndrome only in 40% of
patients in our sample, while the detection sensitivity of
LBS was 93%.

Our results demonstrate that the determination of the
neglect syndrome according to the established thresholds
of each of the neuropsychological tests allows, including
from a statistical point of view, the groups of patients with
and without neglect to be reliably differentiated.

One of the most interesting results to consider turned
out the highest sensitivity of LBS in detecting neglect
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Figure prepared by the authors using their own data

syndrome in our sample. The LBS form was presented
vertically, while all other cancellation tests were presented
horizontally. The patients needed to assess the middle of
the line and put a vertical mark. A classic sign of neglect
syndrome is considered to be a disorder of spatial percep-
tion along the lateral (left-right) axis, and deletion tests are
aimed at identifying this spatial disregard. However, a num-
ber of studies are aimed at studying the perception of the
vertical axis based on visual, postural, and tactile informa-
tion in patients with neglect syndrome [9, 19, 20]. A stroke
can affect two separate but adjacent neural networks, one
of which encodes spatial information for the horizontal axis,
and the other — for the vertical [ 19].

The systematic review reported in [21] showed that
patients with neglect syndrome exhibit more pronounced
vertical deviations from the standard and have an unstable
body position in an upright position in the first 3—-6 months
after the stroke compared with patients without this syn-
drome. The majority of the papers included in this review
reported that, in participants with neglect, the ratio of the
direction of inclination of the vertical line relative to the refer-
ence mark was opposite to the side of the brain lesion (i.e.,
when assessing the true visual vertical, the patient’s mark
was tilted to the left with injuries in the right hemisphere).

When performing the bisection test, patients rely on vis-
ual-vestibular information about the vertical position of the
cancellation tests and the vertical mark of the middle of the
line. As shown in the studies described above, their sub-
jective sense of vertical is shifted to the left; therefore, they
perceive the task form positioned vertically to be shifted to
the left relative to the real vertical. As a result, the right part
of the space expands in front of patients, and they perceive

40
o 30
1<}
(o]
2]
® 20
il
0
©
@ 10+
0 T T T T T
0 1 2 3 4
Neglect severity
30
o
[e]
(o]
? 204
o
o>
(0]
D
2
) 10
o
Q
<<

T T T
2 3

Neglect severity

o -
—
g

Fig. 3. Dependence of the results of neuropsychological tests on the neglect severity
Note: the data are presented in the form of an average value and an error of the average value M + m; the abscissa scale is the degree of severity of the defect:

0 — absent; 1 — mild, 2 — moderate, 3 — moderate-severe, 4 — severe.
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the right part of the lines, ignoring the left part. On this ba-
sis, patients mark the center to the right of the true center.

An important aspect of the high sensitivity of LBS is the
absence of distractors and features of the stimulus: size,
orientation, and quantity on the sheet.

Despite the relatively low sensitivity of the strikeout
tests in our study, they revealed the difficulties of patients
in finding objects on the left. This correlates with the results
of visual search using the eye tracking technique, where
BT and AT demonstrated significant correlations with the
search task. Patients with a severe attention deficit on the
left, found in cancellation tests, spend more time search-
ing for stimuli on the tracker. The high reliable latency of
searching for objects on the left side compared to the right,
revealed on the eye tracker, confirms the presence of pro-
nounced oculomotor scanning anomalies noted in previous
studies [11].

Allocentric neglect is one of the manifestations of ne-
glect syndrome, in which the patient does not perceive the
contralateral side relative to the midline of the perceived
object [7]. In our study, the results of patients in AT, dem-
onstrating the presence of an allocentric neglect at a lev-
el close to statistically significant, correlate with the time
spent searching for objects in a visual search task using an
eye tracker. This may indicate that due to the established
allocentric neglect, it took patients longer to analyze the
stimulus space when searching for a target object, since
they saw only half of each object, which made the process
of identification more difficult.

The nature of the stroke is a factor influencing the per-
formance of neuropsychological tests and the search task
on the tracker. According to [22], the proportion of patients
with ischemic stroke (IS) and hemorrhagic stroke (HS) is
about 70-75% and 15%, respectively. In our sample, IS
accounted for 73.6% of the cases. IS is characterized by
localization of the lesion in the area of blood supply to the
SMA, which is responsible for the blood supply to 2/3 of
the outer surface of the hemispheres: the main part of the
cortex of the frontal, parietal, and temporal lobes. These
areas are part of the system related to human orientation
to external stimuli (dorsal and ventral attention networks)
[23]. Indeed, the neglect syndrome in IS is more frequent
and more pronounced than in HS, which is explained by IS
affecting the key brain structures responsible for attention
and perception of space.

During the analysis of the data, we noted a significant
influence of the factor of vision loss on the performance of
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THE ROLE OF THE FIBRINOLYTIC SYSTEM CHANGES IN THE DEVELOPMENT OF M) Check for updates ‘
POST-STROKE COGNITIVE IMPAIRMENT

lvan A. Koltsov'?*, lvan A. Shchukin'?, Mikhail S. Fidler?, Natalia S. Karpova®, Oleg S. Brusov?, Yuri E. Shilov®, Ekaterina A. Kovalenko'?,
Alexey N. Boyko'?

"Federal Center of Brain Research and Neurotechnologies, Moscow, Russia
2Pirogov Russian National Research Medical University, Moscow, Russia
3Mental Health Research Center, Moscow, Russia

Introduction. Post-stroke cognitive impairment (PSCI) is an important medical and social problem. Its prevalence after a stroke reaches 74%.

Objective. To study the relationship between integral parameters characterizing the processes of coagulation and fibrinolysis, assessed using dynamic
thrombophotometry, and PSCI development to evaluate the possibility of predicting PSCI and unfavorable disease outcomes.

Materials and methods. The study included 35 patients who had suffered an ischemic stroke within 24 hours: 20 (57.1%) women and 15 (42.9%) men; the
median age was 66.5 [62.3-73.3] years. The comparison group consisted of 45 conditionally healthy volunteers. Assessment of the state of the hemostasis
system was carried out upon admission to the hospital, on days 6-8 and 13-15. Integral parameters evaluating the coagulation, coagulation and fibrinolysis
systems and hemostasis in general were calculated using the “Fibrinodynamics” method. Cognitive functions were assessed on days 10-14 using to the Mon-
treal Cognitive Assessment (MoCA) scale. The functional outcome of the disease was evaluated using the Modified Rankin Scale (mRS) on day 28. The SPSS
27.0 software (IBM, USA) was used for statistical analysis. Associations between continuous data were evaluated using the Spearman correlation coefficient,
univariate and multivariate linear regression models. The difference at the level of p < 0.05 was considered statistically significant.

Results. An inverse correlation was found between the average brightness of the clot during the integral modeling of hemostasis processes at admission
and the level of cognitive dysfunction on the MoCA scale (r, = -0.409; p = 0.02); higher baseline HB values were associated with severe post-stroke cognitive
impairment. On the contrary, there was a direct relationship between the initial fibrinolysis of the resulting clot (FB) and cognitive impairment on the MoCA scale
(r=0.512, p = 0.003); higher values of FB corresponded to a higher score on the MoCA scale and a higher level of cognitive functions.

Conclusions. In predictive multivariate linear regression models that included age and baseline stroke severity, it was found that every 11.5 arbitrary units
increase in baseline HB or 9.8 arbitrary units decrease in baseline FB corresponded to a -1 point deterioration in cognitive status when assessed by MoCA.
Patients with high baseline values of FB had more favorable functional outcomes of the disease assessed using the mRS. The use of extended dynamic
thrombophotometry makes it possible to comprehensively assess changes in the hemostasis system in patients with ischemic stroke. Higher HB values and
lower FB values make it possible to predict an unfavorable outcome of the disease and more severe PSCI in the early stages, while the hypoactivation of the
fibrinolytic system is associated with a greater severity of PSCI and a less favorable functional outcome.

Keywords: ischemic stroke; cerebrovascular diseases; hemostasis; fibrinolytic system; cognitive impairment; dynamic thrombophotometry; fibrinodynamics
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POJIb USMEHEHUA CUCTEMbI ®UEPUHONN3A B PA3BUTUN NMOCTUHCYJIbTHbLIX KOrTHUTUBHbBIX
HAPYLLEHUW

W.A. KonbLos'?, N.A. LLyknn'?, M.C. duanep?, H.C. Kapnosa®, O.C. bpycog?, tO.E. LLnnos?, E.A. KoBaneHko'?, A.H. Boliko'?

' ®efepanbHbIN LEHTP MO3ra 1 HepoTexHonorni PegepansHoro Meamnko-buonorndeckoro areHTctea, Mocksa, Poccus
2 POCCUINCKMI HAaUMOHATbHbI UCCNEA0BATENBCKNA MEANLMHCKIMA yHuBepcuTeT uM. H./. Muporosa Munsapasa Poccumr, Mocksa, Poccust
3Hay4HbIN LLEHTP NCUXMYECKOro 300poBbst MHObpHayku Poccun, Mocksa, Poccust

BBepeHue. [oCTUHCYNETHbIE KOrHUTYBHBIE HapyLwerns (MKH) npeacTaBnsoT cobomn BaxkHYO MeAMLMHCKYIO 1 coupmaneHyto npobnemy. Vix pacnpocTtpa-
HEHHOCTb MOC/E NEPEHECEHHOr0 NHCYbTa AOCTUraeT 74%.

Lenb. /3yyeHne B3anMoCBA3N Mex Ay MHTerpasnbHbIMy NapaMeTpamul, XapakTepuayoLLMMn NpoLecchl Koarynsaumm n rbpuHonmaa v onpeaensemsivmm
npv NOMOLLUW AMHaMU4YecKor TpombodoToMeTpun, 1 hopmmposanvem MVIKH gns oueHkn BO3MOXHOCTM NporHo3uposanus MKH 1 HebnaronpusTHbix
1MCXOA0B 3a60NeBaHVS.

Martepuanbl 1 meTofbl. B nccnenosaHve Obinv BKKOYEHb! 35 NauUMeHToB, NepeHecLnX NLEeMUYECKMA MHCYNLT B CPOK A0 24 4 OT Havana 3aboneBaHns:
20 (57,1%) »xeHLwmH 1 15 (42,9%) My>X4rH; MefmnaHHbIn BospacT 66,5 [62,3-73,3] roga. [pynny cpaBHeHnst cocTasum 45 ycnoBHO 340POBbIX 4OOPOBOSbLEB.
OueHka COCTOSHMA CUCTEMbI reMocTasa MpoBeAeHa Npu NOCTYMIEHMN B cTaumoHap, Ha 6-8 n 13-15-e cyT. Viccnenosanu nHTerpanbHble nokasareny,
OLeHVBatoLLMe CrCTeMbI Koarynaumm, hnbprHonmnaa 1 remocTasa B LEoM C MOMOLLbIO MeTofa «PubprHoanHaMnKa». KorHUTUBHbIE (PYHKLMM OLeHVBan
Ha 10-14-e cyT no MoHpeanbCKol LKane OLEHKM KOrHUTUBHBIX yHKUMI (MoCA). ®yHKUMOHaNbHbIN 1cxon 3abonesaHns onpeaensnn no Moauduum-
poBaHHoW Wkane PaHknHa (MLLIP) Ha 28-e cyT. [1na cTaTucTM4eckoro aHanmaa ucnonb3oBam nporpammHoe obecnederne SPSS 27.0 (IBM, CLUA). Ac-
counaumy Mexkay HernpepbiBHbIMU AaHHBIMU OLeHMBaNM Npy MOMOLLW KoadduLmeHTa koppensaumm CnmpmMena, 04HOMEPHBIX Y1 MHOTOMEPHbIX JIMHENHbIX
PEerpeccunonHbIix Moaenei. CTaTUCTUYECKN 3HAYUMbIMK CHUTANM pasanyme npu yposHe p < 0,05.
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Pe3ynbTratbl. BhisiBneHa obpatHas KOppensumoHHasa CBsA3b CpefHeln ApKOCTM CrycTka npu nHTerpansHomM MogenvposaHum (HB) npoueccos remocTtasa
NPV NOCTYMNEHUM 11 YPOBHEM KOMHUTUBHOW ancyHKLmn no wkane MoCA (r, = -0,409; p = 0,02); 6onee BbICOKME NCXOAHbIE 3HadeHns HB Bbinn accoum-
MNPOBaHb! C BbIPaXKEHHbIMW MOCTUHCYBTHBIMU KOTHUTUBHBIMW HapyLleHusMn. HanpoTne, oTMevanack npsiMasi CBsidb MCXOAHOro npoLiecca pubprHonmnsa
obpaaytoLierocs cryctka (FB) 1 KorHuTvBHbIX HapyLeHnii no wkane MoCA (r = 0,512, p = 0,003); 6onee BbICOKMM 3Ha4eHraM FB cooTBeTcTBOBaNa 60onbLuas
oLeHka no wkane MoCA 1 6onee BbICOKMWA YPOBEHb KOMHUTUBHbBIX (DYHKLIWIA.

BbiBOAbI. B NpOrHOCTUHECKNX MHOMOMEPHbIX NIMHENHbIX PEMPECCUOHHBIX MOAENSIX, BKOHYABLUMX BO3PACT N UCXOOHYIO TSXKECTb MHCYNbTA, YCTaHOBNEHO,
yTo Kaxkaple 11,5 ycn. ed. yBenunderus nexogHon HB nnm 9,8 yen. eq,. cHkeHns ncxopHom FB cooTBeTcTBOBaM YXYALLEHNIO KOTHUTUBHOMO CTaTyca npu ero
oueHke no MoCA Ha 1 6ann. MNauneHTbl ¢ BbICOKUMU UCXOAHBIMY 3HadYeHusiMy FB nmenn 6onee 6naronpusitHble (yHKLMOHaNbHbIE MCXOAbI 3a60n1eBaHnst
no MLLUP. MpumMeHeHve pacluMpeHHon anHaMmmyeckorn TpoMOoMoTOMETPUM NMO3BOSISIET KOMMIEKCHO OLIEHMBATbL CABUM CUCTEMbI reMocTasa y nauveHToB
C ULLEMNHECKUM MHCYNBETOM. Bonee BbiCOokue 3HaveHns HB n 6onee H13kne 3HaveHns FB faloT BO3MOXKHOCTb MPOrHO31poBaTh HeGNaronpuaTHbIA UCXO4
3abonesaHns 1 6onee Tsxenble MKH Ha paHHKX aTanax, B TO BPeMsi Kak runoaktusaumns hnbpruHONMTUYECKON CUCTEMbI accoumumpoBaHa ¢ 6onbLuei

TskecTbio [MVIKH 1 MeHee 6naronpusiTHeiM DyHKLMOHANBHbIM UCXOA0M.

KnioyeBble cnoBa: MLLEMNHECKINIA NHCYNLT; LepebpoBacKynsapHble 60Ne3HM; reMocTas; cuctema GUbpUHONN3a; KOrHUTVBHbIE HAPYLLEHWS; AMHAMUYecKas
TPOMOOMOTOMETPUS; PUOPUHOANHAMMKE

Ansa yutuposanus: Konbuos VA, LLykuH V.A., ®dugnep M.C., Kapnosa H.C., Bpycos O.C., LLnnos tO.E., KoBaneHko E.A., Boliko A.H. Ponb nsme-
HEHWUI cucTeMbl (MBPUHONN3A B Pa3BUTUM MOCTUHCYNBTHLIX KOMHUTWBHBIX HapyllueHuin. MeaguumHa askcTpemarsbHbix cuTyaumi. 2025;27(2):169-175.
https://doi.org/10.47183/mes.2025-293

®duHaHcupoBaHue: paboTa BbinonHeHa npu nogaepxke CoseTa no rpaHTam MNpesunaeHTta Poccuiickon Genepaumm (CM-2404.2022.4).

CooTBeTCcTBME NPUHUUNAM 3TUKN: UCCNefoBaHne ofobpeHo NokanbHbIM aTndecknm kommteTtom OrAQY BO «Poccuiickuin HaumoHanbHbIn nccnegosa-
TeNbCKUA MeauUMHCKNIA yH1BepcuTeT M. H./. Mnporosa» Munagpasa Poccum (mpotokon Ne 171 ot 29.01.2018), nob6poBonsHOe NHPOPMUPOBaHHOE CO-
rnacvie Ha y4acTune B Hay4HO-1CCe0BaTeNbCKON paboTe NoAnmMcaHo BCEMU yHaCTHUKAMU UCCNEA0BaHWS.

MoTeHumanbHbIi KOHMANKT nHTepecoB: A.H. Boiiko — 4neH pefakUMoHHON Konnernn »xxypHana «MeouupyHa akeTpemanbHbIx cutyaumin,. OcTtanbHble

170

aBTOPbI 3aaBNAOT 06 OTCYTCTBUN KOHMANKTA UHTEPECOB.

<1 KonbLos ViBaH AnekceeBud koltsov ia@rsmu.ru

Cratbsa noctynuna: 31.10.2024 Mocne popaboTku: 19.02.2025 MpuHaTa k ny6nunkauyum: 28.02.2025 Online first: 08.05.2025

INTRODUCTION

Stroke is the leading cause of disability worldwide [1]. The
modern development of reperfusion technologies in the
treatment of ischemic stroke has significantly improved
the outcomes of the disease, at the same time, post-
stroke cognitive impairment (PSCI) and especially post-
stroke dementia (PSD) are still significant conditions that
significantly worsen the quality of life of both patients and
their relatives [2]. The PSCI prevalence, according to vari-
ous sources, ranges 4.4-73% [3]. It should be noted that
PSCl is an unfavorable outcome of not only ischemic, but
also hemorrhagic stroke [4]. As a rule, the development of
a persistent symptom complex peaks in the early recovery
period, i.e. 3—-6 months after a stroke. In addition to the
characteristic disorders of higher cortical functions (apha-
sic disorders, memory disorders, agnosia, and apraxia)
directly associated with damage to certain areas of the
brain, patients with PSCI develop symptoms typical of
vascular cognitive impairment (Cl): impaired attention and
regulatory functions [3].

Acute cerebral ischemia is a complex cascade con-
sisting of many pathophysiological links, including pro-
thrombotic and proinflammatory activation at both sys-
temic and local levels. On the one hand, thrombosis of
large and small cerebral vessels leads to varying degrees
of ischemic damage to brain matter, on the other hand, in
parallel with prothrombotic processes, excessive release
of proinflammatory cytokines and leukocyte infiltration
of ischemic brain areas occur [5]. The relationship be-
tween thrombosis and inflammation is commonly referred
to as thromboinflammation, and, according to some

researchers, is one of the causes of persistent post-stroke
disorders, including PSCI [6, 7].

Dynamic thrombophotometry is a new method for as-
sessing the state of the hemostasis system, which makes
it possible to simulate and register in vitro processes of
fibrin clot induced by tissue growth factor under condi-
tions close to physiological conditions. Of particular inter-
est is the modification of the method with the possibility
of simultaneous modeling of the processes of fibrin clot
growth and lysis, followed by the calculation of the values
of a number of integral parameters, “Fibrinodynamics” (FD)
[8]. This method allows us to evaluate not only the activa-
tion of coagulation and fibrinolysis systems, but also the
shift in the balance between them towards thrombosis or
hypocoagulation. In addition, this method allows us to de-
termine the indirect contribution of additional factors, such
as inflammation and endothelial dysfunction, to the overall
balance of the hemostatic system within the framework of
the thromboinflammation-immunothrombosis concept [9].

As part of the previous stage of our research, we stud-
ied the state of the coagulation link of hemostasis in pa-
tients with ischemic stroke (IS) using dynamic thrombopho-
tometry. It was noted that the increase in the optical density
of the fibrin clot and its high values can be considered as
a possible prognostically significant biomarker of the early
development of PSCI [10]. Currently, the study of promising
areas for the use of dynamic thrombophotometry, in par-
ticular, its modification of FD in predicting the early manifes-
tations of PSCI, is continuing.

The aim of the study was to study the relationship be-
tween the integral parameters characterizing the process-
es of coagulation and fibrinolysis, calculated using dynamic
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thrombophotometry, and the PSCI development to assess
the possibility of predicting PSCI and unfavorable disease
outcomes.

MATERIALS AND METHODS

A non-interventional study of the integral parameters of co-
agulation and fibrinolysis systems and hemostasis in gener-
al was conducted at the clinical facilities of the Department
of Neurology, Neurosurgery, and Medical Genetics (Faculty
of General Medicine, Pirogov Russian National Research
Medical University). The main group consisted of 35 pa-
tients who suffered an ischemic stroke within 24 h: 20
(57.1%) women and 15 (42.9%) men. The median age was
66.5 [62.3-73.3] years.

As a comparison group, a database of laboratory test
results was formed for 45 conditionally healthy volun-
teers: 20 (44.4%) men and 25 (55.6%) women, with a
median age of 31.0 [23.5-44.5] years. The comparison
group was formed because of the pilot nature of this
study, and of the need to compare the results obtained
with conditionally physiologically normal values in peo-
ple from the general population who do not suffer from
chronic diseases. The inclusion of volunteer patients in
the database was carried out in accordance with the
principles of good clinical practice and the signing of in-
formed voluntary consent to take venous blood samples
and conduct laboratory tests.

The criteria for inclusion in the main group were: a diag-
nosis of ischemic stroke confirmed in accordance with the
requirements of the Russian ischemic stroke guidelines',
admission to the hospital within 24 h of the onset of the
disease, age =40 years (for patients aged 40-59 years,
the presence of at least one confirmed risk factor for is-
chemic stroke in the anamnesis), score <10 on the National
Institutes of Health Stroke Scale (NIHSS), which is used
to assess the neurological status, localization of stroke,
differential diagnosis and treatment outcomes, planning
thrombolytic therapy and monitoring its effectiveness. The
NIHSS, translated in the current Russian ischemic stroke
guidelines?, includes a number of parameters reflecting the
levels of impairment due to acute cerebrovascular disease:
the level of consciousness — the level of wakefulness, eye-
balls movements, visual fields examination, determination
of the functional state of the facial nerve, assessment of
the motor function of the upper extremities, assessment
of movements coordination, sensitivity testing, identifica-
tion of speech disorders, detection of perception disor-
ders — hemi-ignoring or neglect, as well as an approximate
prognosis of the disease. The criteria for inclusion in the
study were the absence of speech and motor disorders
that prevent the objectification of the cognitive status of pa-
tients, consent to participate in the study, and the absence
of anamnestic signs of pre-stroke disorders.

The criteria for non-inclusion were as follows: admission
to the hospital later then 24 h of the onset of the disease,
regression of neurological symptoms with a confirmed tran-
sient ischemic attack, ischemic stroke of other specified
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etiology (migrainous, hemodynamic, etc.), the presence of
oncological, terminal, somatic or other diseases that cause
significant changes in hemostasis (including thrombophilia,
hemophilia, Disseminated intravascular coagulation (DIC)
syndrome, sepsis, etc.), pregnancy, refusal to participate
in research work.

Venous blood samples obtained in accordance with
the regulations established by the Russian ischemic stroke
guidelines were used to study laboratory parameters?.

Hemostasis parameters were assessed in citrated
peripheral venous blood samples in a ratio of 1:10. Two-
stage centrifugation was performed to obtain platelet-free
plasma (15 min at a relative centrifugal acceleration of
1,500 g and 5 minutes at 10,000 g) using CM-6M centri-
fuge (ELMI, Latvia) and Microspin 12 centrifuge (Biosan,
Latvia). To assess the state of the hemostasis system,
the Thrombodynamics T-2 analyser system (Hemacore,
Russia) was used. An extended technique was used with
simultaneous modeling of coagulation and fibrinolysis
processes [8]. Based on the results of the study, the pa-
rameters characterizing the functioning of coagulation, fi-
brinolysis, and hemostasis systems were calculated using
the formula:

FB = CB - HB, (1)

CB (coagulation brightness, arbitrary units) — the average
brightness of a clot when modeling the coagulation pro-
Cess;

HB (hemostasis brightness, arbitrary units) — the average
brightness of a clot in the integrated modeling of hemosta-
Sis processes;

FB (fibrinolysis brightness, arbitrary units) is a parameter
that characterizes the activity of the fibrinolysis process of
the growing clot.

In the main group, the hemostasis system was as-
sessed upon admission to the hospital, on days 6-8 and
days 13-15. In addition, a standard clinical, instrumental,
and laboratory examination was performed at the indicated
time intervals, and the severity of neurological deficit was
assessed on the NIHSS. The patients’ cognitive functions
were assessed on days 10—14 using the Montreal Cognitive
Assessment (MoCA) scale [11]. The functional outcome
was evaluated on day 28 using a Modified Rankine Scale
(mRS), which allows a complex assessment of both post-
stroke disability and death [12].

The baseline characteristics of the patients in the main
group are presented in the previous part of the work [10].
Arterial hypertension (any stage) was observed in 27 (77.1%)
patients, type 2 diabetes mellitus — in 11 (31.4%), atrial fi-
brillation (any form) — in 9 (25.7%), stenosis of the affected
artery over 50% of the lumen — in 14 (40.0%). The NIHSS
score upon admission was 5 points [4-8]. The characteris-
tics of the patients, as well as the distribution of ischemic
stroke subtypes, were comparable to domestic and foreign
literature data.

In the comparison group, the laboratory test was per-
formed once.

" Clinical guidelines «Ischemic stroke and transient ischemic attack in adults». Ministry of Health of the Russian Federation; 2021

2 Ibid.
5 Ibid.
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The SPSS 27.0 software (IBM, USA) was used for
statistical analysis. The final sample size was calculated
based on the results of an interim statistical analysis of the
data (statistical power of 0.95, « value of 0.05). The data
normality was tested using the Shapiro-Wilk test. Extreme
data values, if any, were excluded from the calculation.
The numerical data in the paper is presented as a median
with upper and lower quartiles. The Mann-Whitney test in
independent samples and the Wilcoxon test in dependent
samples were used to compare variables that did not fol-
low a normal distribution. Associations between continu-
ous data were evaluated using the Spearman correlation
coefficient, univariate and multivariate linear regression
models.

RESULTS AND DISCUSSION

The results of the study of integral parameters of coagu-
lation and fibrinolysis at different time intervals in patients
from the main group were compared with the data of con-
ditionally healthy volunteers; the corresponding parameters
are shown in the table. Conclusions about the absence of
concomitant hematological diseases causing a significant
shift in coagulological indications were drawn based on the
absence of deviations in the admission of standard coagu-
lography parameters.

In the main group, upon admission, the values of the
integral parameters CB and HB were comparable with
the group of conditionally healthy volunteers, which
confirmed the similar activity of the coagulation system
and the similar functional state of the fibrinolysis system
in both groups (Table). At the same time, patients with
ischemic stroke showed a tendency to hypofibrinolysis
(lower values of the FB parameter) of 18.3 [10.0-31.9]
versus 25.3 [21.7-29.9] arbitrary units upon admission
(p = 0.068) when comparing the results of volunteers
from the comparison group. This characterized the
general prothrombogenic state in ischemic stroke with
greater resistance of fibrin clots to the fibrinolysis pro-
cess. The statistical significance of the differences in
these parameters was not achieved due to the presence
of several conditionally healthy volunteers with extremely
low FB values in the comparison group.

By the end of 1st week, patients with ischemic stroke
showed a dramatic statistically significant drop in CB, HB,
and FB values to 1.3%, 1.2%, and 1.6% of baseline values,
respectively, with a shift towards hypocoagulation relative
to the comparison group, which may be due to the initia-
tion of antithrombotic therapy after admission. Overall, the
shift in all parameters was possibly due to the following

explanation. The method used in this work studies the
growth of a fibrin clot from a surface covered with a tis-
sue factor, and therefore active antithrombotic therapy led
to a corresponding shift in all parameters. By days 13-15,
the main group of patients showed a gradual recovery in
the overall activity of the coagulation system, but the val-
ues remained lower than in the comparison group due to
continued antithrombotic therapy. Taking into account the
corresponding bias, the parameters of patients from the
main group on days 6-8 and 13-15 were not compared
with patients from the comparison group.

In the main group of patients, the study did not reveal
any associations between the CB index at admission and
cognitive status.

In patients with ischemic stroke, the relationship of HB
at admission with a score on the MoCA scale was as-
sessed: higher baseline HB values corresponded to a more
pronounced post-stroke cognitive decline (r, = -0.409;
p = 0.02); these data are presented in Figure 1. To quan-
tify this association, a simple linear regression model was
computed (regression coefficient f = -0.106; 95% CI 0.188-
0.024; p = 0.022).

To account for the influence of additional factors (age
and initial stroke severity on the NIHSS), a multivariate lin-
ear regression model was constructed (regression coeffi-
cient g = -0.087; 95% CI from -0.159 to -0.015; p = 0.019).
[t was found that every 11.5 arbitrary units of increase in
the initial HB corresponded to a subsequent deterioration
in cognitive status according to MoCA (attention and con-
centration, control functions, memory, language functions,
visual-constructive skills, abstract thinking, counting and
orientation) by -1 point. By days 6-8 and 13-15, this asso-
ciation of variables was similar, but did not reach statistical
significance.

The association of the initial activity of the fibrinoly-
sis process and cognitive function on the MoCA scale
was also evaluated. It was revealed that higher values
of FB correspond to a higher score on the MoCA scale
and, consequently, a higher level of cognitive functions
(r, = 0.512; p = 0.003); the corresponding data are pre-
sented in Figure 2.

To quantify the predictive significance of this relation-
ship in detail, a simple linear regression model was con-
structed (regression coefficient g = 0.121; 95% CI 0.018-
0.223; p = 0.022).

In order to account the influence of age and the initial
severity of focal neurological symptoms on the develop-
ment of cognitive impairment subsequently, a multivariate
model was computed (regression coefficient § = 0.102;
95% CI 0.014-0.190; p = 0.025). It was found that every 9.8

Table. Dynamics of parameters of the hemostasis system in the main group and the comparison group

Main group (n = 35)
Parameter Comparison group (n = 45)
On admission Days 6-8 Days 13-15
CB, arbitrary units 64.0 [42.4-72.8] 0.8 [0.1-7.5] 14.9 [9.1-22.7]* 63.3 [63.7-73.6]
HB, arbitrary units 33.9 [24.8-51.4] 0.4 [0.1-3.0]* 8.4 [6.3-7.6] 37.4 [31.0-49.4]
FB, arbitrary units 18.3 [10.0-31.9] 0.3 [0-3.6]* 5.6 [3.4-7.6]" 25.3 [21.7-29.9]

The table is prepared by the authors using their own data

Note: * — p < 0.001 the level of statistical significance compared to the values at admission (Wilcoxon criterion).
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Fig. 1. Association between the HB (integral assessment of hemostasis system
activity) and the MoCA score

arbitrary units of the initial FB shift towards hypofibrinolysis
corresponded to a -1 point deterioration in cognitive status
when assessed by MoCA. This relationship persisted by
days 6-8 and 13-15 of follow-up, but did not reach statisti-
cal significance.

Notably, when comparing participants with mRS
scores of 0—1 and participants with mRS scores of 2—6,
ischemic stroke patients (n = 17) with excessive FB val-
ues, indicative of elevated fibrinolytic system activity, had
more favorable functional outcomes at discharge (21.2
[16.6—-35.0] and 16.2 [1.9-27.4] arbitrary units, respective-
ly; p = 0.033) (Fig. 3).

On the first day in patients with ischemic stroke, there
were no significant signs of a major shift in the activity of
the coagulation and fibrinolytic processes of the hemosta-
sis system beyond the “hematological norm”. At the same
time, there was a tendency to lower FB values relative to
the comparison group, which may indicate a relative hy-
pofibrinolytic state in acute ischemic stroke [13, 14]. It was
found that higher values of the patient’s HB on the first day
of stroke are potentially associated with a greater severity
of cognitive impairment when assessed using the MoCA
scale. On the contrary, higher baseline values of the pa-
tients’ FB, characteristic of relative hypofibrinolysis, are as-
sociated with a smaller cognitive defect later, as well as
with a more favorable functional outcome classified using
the modified Rankine scale. Comparable results indicat-
ing the importance of hypercoagulation conditions in acute
vascular diseases are also presented in coronary heart dis-
ease [15].

Considering the above, it can be assumed that an im-
portant contribution to the development of PSCI is made
not only by damage to a certain volume of brain matter as
a result of critical ischemia associated with occlusion of the
vessel supplying the corresponding zone [16], but also by
changes at the level of the microvasculature [17], such as
ongoing microthrombosis of small vessels in the hypoper-
fused region surrounding the infarct core [18, 19].

Patients with more active fibrinolysis had more fa-
vorable outcomes. The data obtained in this work cor-
relate with the results of the first part of our study, which
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Fig. 2. Association between FB (fibrinolysis integral assessment) and cognitive
status evaluated by the MoCA scale
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Fig. 3. Integral assessment of fibrinolysis in different functional outcomes of
the disease

showed that a higher optical density of a fibrin clot is
associated with lower MoCA scores in such patients
[10]. It should be noted that recently a number of works
have appeared that show the role of fibrin in triggering
thromboinflammation processes. In particular, there is
evidence that in coronavirus infection, fibrin binds to viral
proteins and forms blood clots that activate a systemic
inflammatory response that potentiates further throm-
botic complications [20].

CONCLUSION

Post-stroke cognitive impairment, including PSD, is an im-
portant medical and social problem. The study of various
predictors of the PSCI development in the acute period of
stroke is extremely relevant, as this may potentially allow
the development of new therapeutic and rehabilitative ap-
proaches that may improve the functional outcome in pa-
tients with cute cerebrovascular accidents.

A combined laboratory assessment of hypercoagula-
tion and hypofibrinolysis development mechanisms using
dynamic thrombophotometry and its extended version of

173




174

OPUTMHAJNBbHASA CTATbA | HEBPOJ1OI A U MCUXUATPUSA

FD allows for a comprehensive measurement of hemostat-
ic shifts in stroke patients and evaluation of systemic and
local effects (i.e., thromboinflammation) cumulative contri-
bution to hemostasis activity.

In this research paper, we outlined fibrin clot optical
density changes when modeling fibrinolysis and estimating
the HB integral parameter. It was found that an increase in
the optical density index of a fibrin clot, which characterizes
coagulation activity, is associated with a low score on the
MoCA scale.

In predictive multivariate linear regression models that
included age and baseline stroke severity, it was shown
that every 11.5 arbitrary units increase in baseline HB corre-
sponds to a —1 point deterioration in cognitive status when
assessed by MoCA. A 9.8% shift in the initial FB values
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HYBRID IMAGING TECHNIQUES IN THE ASSESSMENT OF EPILEPTIC FOCI: ) Chock for pcit
A CLINICAL CASE eck for updates \

Rostislav V. Nadelyaev*, Mikhail B. Dolgushin, Tatiana M. Rostovtseva, Elena A. Baranova, Yulia A. Voronkova, Elmira Yu. Gavrilova, Yulia V. Rubleva

Federal Center of Brain Research and Neurotechnologies, Moscow, Russia

Introduction. Localization of an epileptic focus (EF) in patients with pharmacoresistant focal epilepsy can be a challenging task, and the detection of multiple
EFs limits the possibilities of surgical treatment. A more accurate description of the structure and metabolism of EFs may provide additional information for
managing such patients.

Clinical case description. A 35-year-old patient suffered from pharmacoresistant focal epilepsy, which debuted at the age of 24 with grand mal seizures
followed by focal episodes with fading and tonic tension of the left arm. The MRI revealed bilateral mesial temporal sclerosis with more pronounced changes
on the left; however, the EEG revealed epileptiform activity in the right temporal region, which created diagnostic difficulties in determining the primary epi-
leptogenic zone. To clarify the location of the lesion, a comprehensive examination was performed, including PET/MRI, which revealed pronounced hypome-
tabolism in the right temporal lobe (with a difference of up to 31% compared with the contralateral side) while maintaining symmetrical accumulation of RPh in
the hippocampus. Additionally, diffusion kurtosis imaging (DKI) was performed, which showed a significant decrease in radial and median kurtosis, as well as
axonal water fraction in the right temporal lobe (up to 1.33 SD from normal). Invasive EEG monitoring confirmed the bilateral nature of epileptogenicity with a
predominance of right-hemisphere seizure initiation.

Conclusions. The combined use of PET/MRI and DKl increases the accuracy of detection of epileptogenic foci in pharmacoresistant epilepsy. Hybrid imag-
ing allows for a comprehensive assessment of metabolic and microstructural changes, which is important for planning surgical treatment. Data integration
helps differentiate primary and secondary foci, thus optimizing patient management tactics. The introduction of automated analysis for standardization of
diagnostics is promising.
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rMMBPUOHLIE METOAbI TYMEBON ANATHOCTUKU B OLEHKE 3MUENTOMEHHbBIX OYAIOB:
PA3BOP AMATHOCTUHECKOI'O CJTYYASA

P.B. Hapensies™, M.B. onrywwuH, T.M. PocToBueBa, E.A. BaparoBsa, KO.A. Boporkosa, 3.10. laspunosa, HO.B. Pybnesa

DdenepanbHbIi LEHTP MO3ra 1 HerpoTexHonorin ®egepanbHoOro Meamnko-61onornieckoro areHtcTea, Mockea, Poccust

BBepeHue. Jlokanusaumsa snunentoreHHoro o4ara (90) y naumeHToB ¢ (hapMaKkope3nCTEHTHON (hOKaNIbHOM anNuencren Hepeako ObiBaeT 3aTpyaHUTENb-
HOW, a BbISIBNIEHNE MHOXXECTBEHHbIX OO OrpaHn41BaeT BO3IMOXHOCTU XMPYPruieckoro neveHns. bonee To4Has xapakTepucTuika CTPYKTYpbl v meTabonnama
B0 MOXeT AaTb AOMOMHUTENBHYIO MHOPMaLMIO B paMkax BeAeHUS Taknx NaLMeHToB.

OnucaHue KnuHMYeckoro cny4as. lauymneHT 35 net ¢ hapMakope3nCTEHTHOM (hoKanbHOM anunencueit, AebtoTMpoBasLLei B 24 rofa reHepanm3oBaH-
HbIMW TOHWKO-KIOHNYECKMMM NPUCTYNamu, a 3atem (hokKasbHbIMN 3Nn304amMu ¢ 3aMmpaHnemM 1 TOHUHECKM Hanpsi>keHrem nesom pyku. Ha MPT BbisiBneH
[BYCTOPOHHWI Me3nanbHbIi TEeMNopasbHbI CKIepo3 ¢ 60s1ee BblpaXkeHHbIMY U3MEHEHVSMI CeBa, 0aHako I3 nokasana snnaenTuhOPMHYO akTVBHOCTb
B MPaBOW BUCOYHOM 061aCTW, YTO CO34aN0 ANArHOCTUYECKNE CNOXKHOCTI B ONPeaeneHnn NePBUYHON INMAENTOreHHOM 30HbI. [18 yTOYHEeHMa nokanuaa-
Lm ovara 6bino NpoBeAeHoO KOMMNEKCHoe obcnefoBaHne, BktodasLlee MN3T/MPT, BbISBMBLLYIO BbIPaXKEHHbIV MMNOMETab0IM3M B NpaBori BUCOYHON fone
(c pasHuueit 0o 31% No CpaBHEHWUIO C KOHTpanaTepanbHON CTOPOHOW) MPU COXPaHEeHUM CUMMETPUYHOIO Hakomnerus PO B runnokamnax. [JononHutens-
HO BbIMOSIHeHa AN Y3MOHHO-KypTo3ncHas MPT, koTopas nokasana 3HadvMMOe CHYDKEHWE nokasartenei pagvanbHOro 1 CPeAHEro KypTosnca, a Takxe
akcoHanbHol pakuuy Boabl B NpaBoi BUco4Hoin gone (ao 1,33 SD oT HOpMbl). VIHBa3MBHbIN D3M-MOHUTOPVHI NOATBEPAMN BunatepasbHblii XapakTep
3MNMNENTOreHHOCTW € NpeobnafaHneM NPaBonoyLLIAPHON MHMLMALMM NPUCTYMOB.

BbiBopbl. KombrHupoBaHHoe npumererne MN3T/MPT n anddysnoHHo-KypTo3ncHon MPT noBbILaeT TOYHOCTb BbIABEHWSA SMUNENTOreHHbIX 04aros
npu hapmMakopesncTeHTHON anunencun. MeTofsl NO3BOMSIOT KOMMIEKCHO OLieHMBaTb MeTaboMYeckme v MUKPOCTPYKTYPHbIE UBMEHEHNS, YTO BaXKHO
0119 NNaHMPOBaHNS XMPYPIrMYeCKoro nedeHns. IHTerpaums AaHHbIx crnocobcTByeT anddepeHumaL NepBUYHbIX 1 BTOPUYHBIX 04aroB, ONTUMU3NPYS Tak-

TVKY BeOEeHVA NaumneHToB. [epcneKkTBHO BHeAPEHE aBTOMATU3NPOBAHHOMO aHanmaa Ans CTaH4apT3aumnm AMarHoCTUKU.
Knto4yeBble cnoBa: hokanbHas anunencust; NOT/MPT; anddy3noHHo-KypTosnucHas MPT; anunenToreHHas 30Ha; anmnenToreHHbIin ovar

Ans untuposanus: Hapenses P.B., PocTtoBuesa T.M., JonrywuH M.B., BapaHoBa E.A., BopoHkosa HO.A., MaBpunosa 9.FO. MbpuaHble MeTombl fyde-
BOW AMArHOCTMKN B OLIEHKE 3MWIENTOreHHbIX 04aroB: pa3bop AMarHOCTUHECKOro chydas. MeauumHa akcTpemasibHbix cutyaumi. 2025;27(2):176-182.
https:/doi.org/10.47183/mes.2025-240

®duHaHcupoBaHue: paboTa BbinosnHeHa B pamkax HVIP «PagpaboTka nokasaHuin ons npumeHeHns rmbpuaHoro metoga MOT-MPT npu nnaHMpoBaHum Xu-
PYyPrm4ecKoro neveHns y naumeHToB ¢ anunencuen» (wndpp: 03.02.VY).
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INTRODUCTION

Structural focal epilepsy shows pharmacoresistance in
30-40% of cases [1]. This course of the disease forces
specialists to resort to surgical methods of treatment [2].
The modern concept describing the pathophysiological
basis of structural focal epilepsy implies the presence of
an epileptogenic zone (EZ) in the brain substance, which,
in turn, includes not only the focus of morphological
changes, but also areas of functional changes [16, 17]. In
this regard, complete resection of the epileptogenic zone
is one of the most effective surgical methods to achieve
a long-term seizure-free period [3]. Up to 57% of patients
who undergo resection of a suspected epileptic focus (EF)
become completely seizure-free (according to Engel's
classification — la) [4, 5], and 87% of patients cease to
have severe epileptic seizures (according to Engel’s clas-
sification — Ib) [5]. In this regard, it is critically important to
identify the epileptogenic zone and determine the resec-
tion boundaries at the stage of preoperative planning.

The conventional set of diagnostic methods, which in-
volves analysis of the clinical picture, noninvasive scalp
electroencephalography (EEG), and magnetic resonance
imaging (MRI) of the brain according to the epileptic pro-
tocol, does not always allow lateralization and localiza-
tion of the EF. In turn, invasive EEG monitoring with the
installation of depth brain electrodes, although exhibiting
high sensitivity and being the gold standard in localization
and assessment of the prevalence of EF [6], is associ-
ated with certain difficulties and risks of various compli-
cations [7]. The current research directions in studying
epilepsy are aimed at a continued search for more ac-
curate and safe diagnostic methods. In this connection,
the presented clinical case demonstrates the potential of
combining hybrid imaging techniques of PET/MRI with
8F-fluorodeoxyglucose (FDG) and a promising method of
diffusion kurtosis imaging (DKI) [8] in assessing epilepto-
genic foci in a patient with structural focal epilepsy.

CLINICAL CASE DESCRIPTION

Patient A., 35 years old, was admitted to the neurologi-
cal department of the Federal Center of Brain Research
and Neurotechnologies with complaints of absence sei-
zures, sometimes in combination with tonic tension of
the left arm, followed by amnesia, as well as grand mal
epilepsy. The onset of the disease at the age of 24 began
with a grand mal seizure that developed during sleep,
accompanied by wheezing, cyanosis, and post-seizure
confusion. The patient turned to a neurologist only one
year later, after a second seizure attack. According to the
results of the examination, epilepsy of unspecified etiolo-
gy with bilateral tonic-clonic seizures was diagnosed. An
MRI scan of the brain revealed bihemispheric cortical at-
rophy, suggesting a possible sclerotic change in the right
hippocampus. EEG analysis recorded an interictal epi-
leptiform activity in the right frontotemporal region. The
combination therapy with antiepileptic drugs resolved
generalized seizures (grand mal epilepsy); however, focal
nonmotor seizures of the absence type appeared with
an average rate of once per month and persisted despite
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repeated changes in the treatment regimen. Therefore,
the patient was admitted to the Federal Center of Brain
Research and Neurotechnologies to undergo an in-
depth examination in order to localize the epileptogenic
zone and consider the possibility of surgical treatment
of epilepsy.

The patient underwent MRI of the brain according to
the epileptic protocol (isotropic T1 and T2 FLAIR pulse se-
quence 1x1x1 mm, T2 pulse sequence in the hippocampus
plane, T2 and T2 FLAIR pulse sequence perpendicular to
the hippocampus plane, T2 pulse sequence in the plane
of the anterior and posterior commissures) and daily video
EEG monitoring. The analysis of MR images revealed a
decrease in the volume of both hippocampuses with a
disorder of their structure, which was regarded as bilateral
mesial temporal sclerosis, with the changes being notice-
ably more pronounced in the left hippocampal-amygdalar
complex (Fig. 1). No other structural changes characteris-
tic of the potential epileptogenic zone were found.

According to the MRI data shown in Fig. 1, the pa-
tient had a bilateral decrease in hippocampal volume with
signs of their structural changes in the form of a hyper-
intensive signal, which were convincing signs of bilateral
mesial temporal sclerosis. Daily video EEG monitoring
recorded epileptiform activity, represented by acute-slow
wave complexes in the right temporal region, occasionally
extending to the right frontal-central region. No epileptic
seizures were observed.

Given the incomplete correspondence of EEG and
MRI data, which made it difficult to lateralize the poten-
tial primary epileptogenic zone, it was decided to perform
PET/MRI of the brain with ®F-FDG using an integrated
SIGNA PET/MR system (GE Healthcare, USA) (Fig. 2). A
visual and semi-quantitative analysis of PET/MRI images
was performed with the calculation of the standardized
uptake volume (SUV) of radiopharmaceutical (RPh) in the
areas of interest and in the contralateral areas. The study
established a pronounced hyperfixation of the RPh by the
substance of the anterior sections of the right temporal
lobe in comparison with the contralateral side and a dif-
ference of up to 31%. The accumulation of ®F-FDG in the
hippocampus and amygdala remained symmetrical.

The data presented in Fig. 2 shows a marked decrease
in the F-FDG accumulation in the right temporal lobe,
which indicates hypometabolic activity in the substance
of the right temporal lobe.

In addition to brain PET/MRI, the patient underwent
diffusion kurtosis imaging (DKI) as part of the same study.
DKI was performed on the same SIGNA PET/MR tomo-
graph with a 3T magnetic field using a 24-channel head
coil according to the protocol with three b-factors (O,
1000, 2500) and with gradients in 60 directions, an iso-
tropic voxel size of 3x3x3 mm and a matrix of 80x80 vox-
els. Postprocessing was performed in the Explore DTl and
SPM12 software (MATLAB R2023a). It included correction
of the movement of 4D diffusion volumes, correction of
Gibbs outliers and Gaussian smoothing. In total, 10 par-
ametric maps were obtained, which were subsequently
combined with the anatomical T1 FSPGR series. The ar-
eas of interest (both temporal lobes) were semi-automati-
cally segmented based on an individual anatomical atlas,
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Figure prepared by the authors based on their own data

Fig. 1. MRI of the brain according to the epileptic protocol in a patient with bilateral mesial temporal sclerosis
Note: a — T2 FLAIR image in the coronal plane, aligned along the long axis of the hippocampus; b — T2 FLAIR image in the axial plane aligned along the long axis
of the hippocampus; ¢ — T2-weighted image in the coronal plane aligned along the long axis of the hippocampus; d — T2-weighted image in an axial plane aligned

along the long axis of the hippocampus. The arrows indicate the hippocampus.

pre-generated using FastSurferCNN using T1 FSPGR se-
ries (Desikan—Killiany atlas) [19]. The maps of the mean
(MK) and radial (RK) kurtosis, as well as the map of the
axonal water fraction (AWF), presented particular interest
(Fig. 3). These DKI parameters in the right temporal lobe
demonstrated the greatest decrease compared to the rel-
atively small-size norm database previously recruited from
healthy volunteers (n = 15) in another study [8]. A decrease
of more than one standard deviation (up to 1.33 SD) from
the average value according to the norm base was re-
corded. In addition, there was a visual and quantitative
decrease in MK, RK, and AWF values in the substance of
the anterior sections of the right temporal lobe relative to
the contralateral side.

The maps of radial (Fig. 3a), median (Fig. 3b) kurtosis,
and axonal water fraction (Fig. 3b) demonstrate a visual

asymmetry of signal intensity between the temporal lobes
(D < S), which is confirmed by quantitative comparison
with the norm database (the largest decrease by 1.33 SD
was observed in the radial kurtosis map).

In order to confirm or refute the assumption of the
presence of the primary epileptogenic zone in the right
temporal lobe, it was decided to conduct invasive EEG
monitoring. Four intracranial electrodes were installed:
one in the hippocampus and the corpus amygdaloideum
on both sides; monitoring was carried out for nine days.
According to the results of the study, a high-index interic-
tal epileptiform activity was recorded under all electrodes
with its greater representation on the right, ictal activity
in the form of electrographic seizures, also more often
with initiation on the right. During electrical stimulation,
focal autonomic seizures were recorded with the same
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Figure prepared by the authors based on their own data

Fig. 2. PET/MRI of the brain in a patient with bilateral mesial temporal sclerosis

Note: a — combined PET and T1-weighted images in the coronal plane; b — combined PET and T1-weighted images in the axial plane; ¢ — combined PET
and T1-weighted images in the oblique coronal plane; d — combined PET and T1 weighted images in the oblique axial plane. The mark indicates the area of

hypometabolism "®F-FDG in the right temporal lobe.

frequency when both the left and right corpus amygdaloi-
deum were stimulated (Fig. 4, 5).

Figure 4 shows an electrographic attack with an ini-
tiation zone in the left hippocampus: low-amplitude fast-
wave activity in the area of the left hippocampus (elec-
trode No. 4, contacts 1-2) extending to 2-4 contacts
of the hippocampus and to the corpus amygdaloideum
(electrode No. 95 contacts 1-3) with evolution in frequen-
cy and amplitude.

Figure 5 shows an electrographic attack with an initia-
tion zone in the right hippocampus: rhythmic fast-wave
activity in the area of the right hippocampus (electrode
No. 64, contacts 2-3) extending to 1-2 contacts of the
hippocampus and to the corpus amygdaloideum (elec-
trode No. 4, 2-3 contacts — evolution of ictal activity in
frequency and amplitude).

EXTREME MEDICINE | 2025, VOLUME 27, No 2

CLINICAL CASE DISCUSSION

Localization of an EF is a challenging task in 30% of patients
with pharmacoresistant focal epilepsy [9]. This is related to
the capacity of brain MRI based on the epileptic protocol
to detect macrostructural, rather than functional, changes.
Nevertheless, MRI analysis may reveal structural changes
in multiple locations, including in different hemispheres [10].
Such structural changes may manifest secondary epilep-
togenesis, which is frequently observed in the contralateral
hemisphere [11]. Secondary EFs also have epileptogenic ac-
tivity; therefore, resection surgery in some of such patients
seems ineffective and impractical [12]. However, the present-
ed clinical case shows that the latest non-invasive imaging
techniques in the form of PET/MRI and DKI can provide ad-
ditional information about the nature of changes in potential
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Figure prepared by the authors based on their own data

Fig. 3. Parametric DKI maps in a patient with focal epilepsy and bilateral mesial temporal sclerosis
Note: a — parametric map of radial kurtosis; b — parametric map of average kurtosis; c— parametric map of axonal water fraction. The mark indicates the zone of
decrease in DKI parameters in the right temporal lobe; R — right hemisphere; L — left hemisphere.

A3 st = () @ 20veg » S0uvime = B4 032 by 0k « Nowh_ 304z ...
PO pO— VWM MV AAAARUS I A F A it AAAAJASAS AN A rtmih bt A1
PRSP —— MMM AR AP AMAAANA b A o it AT} AN ey o Nt N A AN et g
15, mpootamp ol vppomot ANANA AN A AV it P A g e s o it 300
o Nppocampd Siol Higpeames e n R T e a0 A\
oL rpmscamastunamamss A/ TN ’ PANAMUMNG A MW\«MWI MWM&
B B e SR MSPSRIOA Sl AP SURIV NG, SV PLEOUE SO e N St . A0 P

o nopocams?-duct wopoamst [ A

PR p———— INPPEPNRE NP PN [0 s o e PR
9501 271008181 95,41 3y gama3. At AN ANIANA AN AR A A ot

rp———— A AP APNAARA A AANANAAAAAAARAIARA AN AN AN AN A Ny p AP AN AANANA AN oA et f AN
L T S T L e T R S e e e
350 am 90928 35,0 3 gmaae O e B i e N B e e S e
(O R —. o DE = TNSIDSS - =TI S 4

e S oL s e e e T et | S B A R ¥ 4 B e
RDERESIS R ARSI ) Samd AT PRSI I VAR il R IR 2 PR TR Sk SR B! VSN B
[PPSR PUSIIEE WS EEUVN EFURIPN IFUSSUIR RSN SIS POR b, | ETRTE] NS AR U P! (—m" —

[Fe—r—— YT, PNLY I NP SETURPN SNRIYPL ATV SRV ISV VR SPVY Y PYPOTE PESUUIN VN VI RSV | PSRV ISEEPINS SSp VPR SIR S VY, RESYY VN SN T U S
v A A A s Y AP AAANA sttt AN pi e B AR o P AP NS et R mab NN
s N g S

£l hopocamot 84,1 hesaars
64401 NopoCmE? 84wol_nesoamse

abinck oot Sniac_wmgoand N B o

L T N T N UP PP AP

™

7 gasia2 dolecs_smgseel
]
Ak amguiad doiace wmpsass

iace_am, goves 4oiace_wmgomme

400k amigaanT <o amgoat

T b

Figure prepared by the authors based on their own data

Fig. 4. Results of invasive EEG monitoring
Note: the markers show the zones of the onset of an electrographic attack.
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Fig. 5. Results of invasive EEG monitoring
Note: the markers show the zones of the onset of an electrographic attack.
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EFs, as well as their contribution to the course of epilepsy
in a particular patient. This combined approach may be ef-
fective in patients with discordant results of continued EEG
monitoring and conventional brain MRI according to the
epileptic protocol, which was noted in the described patient.
The DKI parameters make it possible to assess microstruc-
tural changes in the brain matter that cannot be reflected on
conventional MRI sequences [13, 14]. In turn, functional and
metabolic changes caused by microstructural damage can
be assessed by PET/MRI [15]. According to literature sourc-
es, the PET/MRI method demonstrates a higher sensitivity in
the diagnosis of structural focal epilepsy compared to PET,
PET/CT, and MRI scans [18].

In the presented case, the revealed changes indicate
a more pronounced microstructural damage to the sub-
stance of the right temporal lobe, which can be inter-
preted as potential markers of more active EF or primary,
longer-existing EF. The patient was discharged with rec-
ommendations for continued therapy and observation at
his place of residence. In the future, hospitalization at the
Federal Center of Brain Research and Neurotechnologies
is planned for subsequent monitoring and determination of
treatment tactics.
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Introduction. Being the most common tumor of the central nervous system with an extremely unfavorable prognosis, glioblastoma remain to be a major
health issue. Conventional neuro-oncological strategies demonstrate insufficient effectiveness, which requires the development of improved approaches.
Objective. Analysis of the mechanisms of functioning of regulatory T lymphocytes (Treg) in the tumor microenvironment as a potential target for therapy, as
well as identification of promising therapeutic methods to reduce the suppressive effect of regulatory T lymphocytes in glioblastoma.

Discussion. The resistance of glioblastoma against antitumor immunity and the low effectiveness of some types of treatment is largely related to the im-
munosuppressive microenvironment of the tumor, the key components of which are Treg. Tregs suppress the antitumor response through the secretion of
anti-inflammatory cytokines, perforins, and granzymes, as well as the expression of inhibitory molecules. Drugs that selectively affect the metabolic pathways
of activation, differentiation, and migration of regulatory T cells can reduce their activity and total number in the microenvironment.

Conclusions. Tregs can act as a target for therapy aimed at suppressing the immunosuppressive microenvironment of the tumor, reducing the activity and
progression of glioblastoma. New targeted therapeutical approaches may supplement the existing standards of glioblastoma treatment.
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POJ1b PETYNIATOPHbBIX T-JINMM®OLINTOB B ®OPMNUPOBAHUN NMMYHOCYTNPECCUBHOIO
MUWKPOOKPY>XXEHUA NMPU MNOBJIACTOME

.M. Axbiwesa?™, B.IN. Baknaywes">%4, 'M. Ocybannesa®>®

T ®epepanbHbIi LEHTP MO3ra v HeipoTexHonornii PefepansHoro Meamnko-6ronornieckoro areHTeTaa, Mocksa, Poccust

2 ®epepasnbHbIfi HAYHYHO-KIMHUHECKNIA LIEHTP CreLman3npoBaHHbiX BUAOB MeOVNLMHCKOM MOMOLLM 1 MeAULMHCKNX TexHonoruii, Mockea, Poccust
SUHCTUTYT MonekynsipHoi 6uonorum nm. B.A. SHrenbrapara Poccuiickol akagemun Hayk, Mocksa, Poccus

4Hay4Ho-nccnefoBaTeNbCKUin UHCTUTYT NynbMoHonorun ®efepanbHOro Meayko-61onornyeckoro areHTcTea, Mockaa, Poccus

BBepeHue. [Mrobnactoma ABAAETCA Cepbe3HelLLeln NPo6aemMon A5 COBPEMEHHOW HEMPOOHKONOIMK, MOCKOMbKY MPEACTaBNAeT COOoM Hanbonee 4acTyto
OMyXosb LEHTPaNbHOM HEPBHOM CUCTEMbI C KpaitHe HebnaronpusTHbIM MPOrHO30M A5 NaumeHToB. MNpuMeHsieMas B HaCTOSALLMIA MOMEHT cTaHAapTHas
Tepanusa HeJOCTaTOYHO 3 HEKTVBHA, MOSTOMY CyLLECTBYET HEOOXOANMMOCTb B CO3aHNN HOBbIX MOAXOAOB.

Uenb. AHann3 mMexaHM3MOB (DYHKLMOHMPOBAHWUA PEerynsTopHbix T-muM@oumnToB (Treg) B MUKPOOKPY>KEHWMM OMYXOSM Kak MOTEHLMaNbHON MULLEHN
0019 Tepanvn, a TakxXe BbisBNEeHVe NepCrneKTVBHbIX TepaneBTUYECKNX METOA0B, UCMOMb3YEMbIX 19 CHKEHNS CyNPEeCCOPHOro AeNCTBUA PEryNAaTOPHbIX
T-numdoumnToB Npu ranobnactome.

O6cyxaeHune. YCTON4YMBOCTb MMMOBAACTOMbI K MPOTUBOOMYXONEBOMY UMMYHUTETY U HU3Kas SPPEKTUBHOCTb HEKOTOPbLIX BUAOB IEYEHUSt BO MHOMOM
obycnoBneHa VMMyHOCYMPECCUBHBIM MUKPOOKPYXXEHEM OMYXONW, OAHUM U3 KIIIOHYEBbIX KOMMOHEHTOB KOTOPOro aBnsiioTest Treg. OHW nofaBnsitoT npo-
TUBOOMYXONEBbI OTBET MOCPEACTBOM CEKPELMM NMPOTUBOBOCHAMNTENBHBIX LUTOKMHOB, NEP(OPUHOB 1 MPaH3MMOB, a TaKkXe 3aKCMPeCCUn NHMMOUTOPHbIX
Monekys. penaparbl, CENEKTUBHO BO3AENCTBYIOLLME HA MeTabonnyeckme Nyt akTmBaumy, AnddepeHUPOBKN 1 MUrpaLn PerynaTopHbIX T-KNeToK,
CMOCOBHbI CHXXATb UX @aKTUBHOCTb 1 OBLLIEE YNCIIO B MUKPOOKPYXKEHNN.

BbiBopbl. Treg MOryT BbICTYNaTb B Ka4eCcTBe MULLEHN A5 Tepanun, HanpaBnieHHoW Ha NoAaBneHne MMMYHOCYNPECCUBHOMO OMYyXOEBOr0 MUKPOOKPY-
JKEHWS, CHUDKEHNE aKTUBHOCTM M MPOrPeCcCUpoBaHns rmmobnacToMbl. HoBble NOAXOAb! TAPreTHOM Tepanun MOryT BHECTU U3MEHEHNS B CYLLECTBYIOLLME
CTaHAaPThl NIEHYEHNS FMOBNACTOMBI.

KntoueBble cnosa: perynsaropHble T-MMMOLUTbI; FMOBacTOMA; FIMOME; OMyXONeBOEe MUKPOOKPYKEHUE; MMYHOCYMPECCUS; UMMYHOTEpanusi; convaHas
onyxo’b
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INTRODUCTION

Glioblastoma is the most common and aggressive brain
tumor characterized by an extremely high mortality rate
with the median survival rate of about 13.5 months and the
overall five-year survival rate of about 5.8% [1].

According to the WHO classification of 2021, glio-
blastoma is categorized as diffuse glioma grade IV. The
primary form of glioblastoma, which occurs de novo, is
differentiated from the secondary form, which develops
as a result of progression of gliomas of a lower grade of
malignancy (Grade Il and lll). At the same time, the primary
type characterized by high invasiveness and rapid devel-
opment is more common (up to 90% of the total number
of cases) [2].

Factors that can trigger the development of malignant
brain gliomas include genetic aberrations, viral infections
(cytomegalovirus, herpes, etc.), and ionizing radiation, as
well as a history of Turcot syndrome, neurofibromatosis
type 1 and 2, or tuberous sclerosis [3]. At the same time,
the risk of disease development increases with age due to
a decrease in the effectiveness of DNA repair processes
and the weakening of the immune response [4].

Surgical resection of the tumor, radiotherapy, and
chemotherapy with temozolomide are used as treatment
standards in glioblastoma patients. Surgical intervention is
complicated by the invasive growth of glioblastoma, which
prevents complete excision of the pathological tissue and
subsequently leads to relapses of the disease. The prog-
nosis for each individual patient is different, depending on
various factors (neoplasm location, tumor subtype, diag-
nosis time, therapy initiation, etc.). In many cases, chemo-
and radiotherapy is accompanied by the formation of re-
sistance [5]. Overall, the standard therapy currently used
shows low effectiveness, leading to negative side effects
and relapses [6]. Moreover, in case of recurrence, the tu-
MOr runs a more aggressive course and shows increased
therapeutic resistance [7].

The relatively high resistance of glioblastoma against
various therapeutical strategies is caused by the tumor
heterogeneity and the immunosuppressive microenviron-
ment [8]. Therefore, new treatment methods that account
for the characteristic features of glioblastoma are required.
In this regard, immunotherapy has great potential [9] due
to the possibility of modulating — either directly or indi-
rectly — the immune response, stimulating the patient’s
natural antitumor immunity and reducing pronounced im-
munosuppression in the glioma focus to increase the effec-
tiveness of other types of treatment as part of combination
therapy.

In this study, we aim to analyze the mechanisms of
functioning of regulatory T lymphocytes (Treg) in the tumor
microenvironment as a potential target for therapy, as well
as to identify promising therapeutic methods for reducing
the suppressive effect of regulatory T lymphocytes in glio-
blastoma.

MATERIALS AND METHODS

The literature search was conducted through the PubMed,
Google Academy, and elibrary databases using the

following query keywords: glioblastoma, glioma, regulatory
T lymphocytes, immunosuppression, microenvironment,
and immunotherapy. The search depth was five years.

RESULTS AND DISCUSSION

Immunosuppressive microenvironment in
glioblastoma

The development of glioblastoma is associated with the
development of a tumor microenvironment (TME), which
plays an important role in neovascularization initiating, pro-
gression, invasion, and metastasis of glioma [10]. As a re-
sult of this process, a complex heterogeneous system is
formed, consisting of the tumor cells themselves, as well
as the extracellular matrix, fibroblasts, endotheliocytes,
pericytes, immune cells, and signaling molecules secreted
by these cells [11]. According to [12], the TME components
interact with one another and tumor cells through inter-
cellular contacts and the secretion of various cytokines,
chemokines, and growth factors.

The research team [13] noted that glioblastoma signifi-
cantly affects immune cells and models their phenotype by
secreting a range of biologically active molecules. In turn,
the immune cells of the microenvironment maintain a high
level of immunosuppression in the glioma microenviron-
ment, which contributes to tumor progression.

The focus of glioblastoma contains immune cells whose
function is inflammation and antitumor response: cytotoxic
T lymphocytes (CTL), natural killers, T-helpers, dendritic
cells, B lymphocytes, neutrophils, monocytes, and M-1 po-
larized macrophages. Tumor infiltration by effector cells has
a positive prognostic value in glioblastoma [14]. However,
the cells present in TME either show reduced antitumor ac-
tivity or acquire a pro-tumor phenotype under the influence
of glioma.

The TME contributes to the successful escape of the
tumor from immunological surveillance, leading to sup-
pression of activation and proliferation of cytotoxic T lym-
phocytes and NK cells, B lymphocytes, disruption of the
tumor antigen presentation on the major histocompatibility
complex (MHC) of dendritic cells, and the involvement of
regulatory T cells in the microenvironment [15]. The lack
of a sufficient level of antigen presentation associated with
glioblastoma naturally leads to a low effectiveness of the
adaptive immune response.

The cells that mainly provide immunosuppression
in the tumor microenvironment are tumor-associated
macrophages (TAMs), myeloid-derived suppressor cells
(MDSCs), and regulatory T cells (Treg) [16, 17]. Tumor-
associated macrophages, including brain microglia and
macrophages of peripheral origin, are the most numer-
ous non-tumor populations in the TME in glioblastoma.
The macrophage population exhibits plasticity: cells are
capable of polarizing into both pro-inflammatory and anti-
inflammatory phenotypes [18].

Suppressor cells of myeloid origin are a heterogene-
ous population of myeloid progenitor cells at different
stages of differentiation, which cause inhibition of the
activity of cytotoxic T lymphocytes, suppression of the
function of NK cells, macrophages, and dendritic cells,
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as well as induction of regulatory T and B lymphocytes in
the TME [19].

Regulatory T lymphocytes are the main cell population,
on the one hand, supporting the immune system home-
ostasis, and, on the other, playing a key role in avoiding
glioblastoma from the immune response. Thus, although
regulatory T cells are of interest as a target for the treatment
of malignant gliomas, the non-selective effects on the Treg
population are associated with numerous side effects.

In the glioblastoma microenvironment, MDSC, TAM,
and Treg enter synergy, complementing and enhancing the
pro-tumor effects of one another. Regulatory T lympho-
cytes stimulate the polarization of TAMs, which in turn sup-
port the Treg suppressive activity [20]. Tregs also enhance
the expansion and inhibitory function of suppressor cells of
myeloid origin; MDSCs promote proliferation and induction
of regulatory T cells [21].

The researchers in [22] investigated the role of regu-
latory B lymphocytes and regulatory NK cells as com-
ponents of the immunosuppressive microenvironment.
Regulatory B cells perform the immunoregulation func-
tions through cytokine secretion and intercellular contacts.
In the tumor microenvironment, regulatory B cells inhibit
effector T lymphocytes, induce Treg activation, and affect
other TME-infiltrating cells such as MDSCs, NK cells, and
macrophages [23]. NK cells in the tumor microenviron-
ment can perform a regulatory function, influencing the
maturation of dendritic cells and leading to a decrease in
CTL activation [24].

Population of regulatory T lymphocytes

Regulatory T cells are a subpopulation of CD4* T lympho-
cytes, which control the duration of immune response and
maintain dominant immunological tolerance to their own
antigens. Disruption of the normal Treg functioning plays
an important role in the pathogenesis of the graft-versus-
host reaction, i.e., in autoimmune, allergic, and oncological
diseases [25].

Regulatory T lymphocytes have a fairly wide repertoire
of T cell receptor (TCR) specificity, predominantly recogniz-
ing their own peptides. Most Tregs are formed in the thy-
mus as functionally mature T lymphocytes (natural Tregs),
while a smaller part is induced from naive T cells after an-
tigen-dependent differentiation in the periphery (adaptive
Tregs) [26]. The population of natural regulatory T lympho-
cytes provides tolerance to autoantigens, while adaptive
Tregs limit inflammation during infection and suppress the
pathological immune response associated with transplan-
tation and allergic conditions.

The Treg population is highly heterogeneous. Thus, the
expression of many membrane and intracellular markers of
these cells, including FOXP3 and CD25, varies significantly
depending on a number of factors, including the functional
state of the cells, tissue localization, the presence of pathol-
ogy or cytokines in the environment [27].

The CD3, CD4, CD25, CD127, and FOXP3 markers are
the main markers for the identification of human Treg cells.
Staining on Ki67 and CD45RA provides additional informa-
tion about the Treg activation status. Each of the markers
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of regulatory T lymphocytes has its own functional signifi-

cance for the correct functioning of cells:

e The CD3 multiprotein complex is the main T cell recep-
tor co-receptor, expressed on the membrane surface of
all T lymphocyte subpopulations;

e Transmembrane glycoprotein of the CD4 immuno-
globulins superfamily plays an «p-TCR co-receptor role,
participating in the recognition of antigen presented by
antigen-presenting cells;

e (D25 protein is an alpha subunit of the low-affinity re-
ceptor for the anti-inflammatory cytokine IL-2, found on
Treg, as well as on activated B cells, NK cells, myeloid
progenitors, and oligodendrocytes;

e Transcription factor forkhead box protein P3, or scurfin
(FOXPB), is a specific protein for activated CD4+ CD25*
Treg. Stable expression of FOXP3 is necessary for the
regulation of differentiation and functions of regulatory
T lymphocytes. Defects in the FOXP3 gene lead to a
deficiency or absence of normally functioning Tregs.
However, FOXPS3 is also important for the functioning of
Treg in the tumor microenvironment [28];

e (D127 is an alpha chain of the IL.-7 receptor. For regu-
latory T cells, its expression was found to be inversely
proportional to the expression of FOXP3; therefore,
CD127 is used as a negative Treg marker.

Among CD4+CD25* lymphocytes, cells with a stable
and unstable expression of the transcription factor FOXP3
are distinguished. At the same time, cells that do not ex-
press FOXP3 do not exhibit suppressive properties. It was
noted [29] that a certain percentage of the total Treg popu-
lation exhibit the capacity of the Treg/Tconv transforma-
tion, i.e., cells with suppressive effects and non-regulatory
T-helper cells.

Role of regulatory T cells in the tumor
microenvironment

Regulatory T lymphocytes, whose functioning is necessary
to maintain an adequate immune response, are also an im-
portant component of the tumor microenvironment. Tregs
exhibit significant plasticity and functional diversity in vari-
ous tumors within the microenvironment [30].

Although the brain was considered an organ isolated
from the peripheral immune system for a long time, now it
is increasingly recognized as being involved in the struc-
ture of systemic immunity. The integration and interaction
of the brain with the components of peripheral immunity
require strict control and fine regulation. The key popula-
tion providing additional mechanisms of immunoregulation
in the brain are regulatory T lymphocytes [31]. However, in
the case of malignant neoplasms, Tregs can contribute to
the development of the tumor and its evasion from immune
surveillance. In the late stages of the high-grade glioma
development, damage to the blood-brain barrier often oc-
curs, which additionally promotes the migration of Treg and
other immune cells into the peri-tumoral space [32].

Tumors, including gliomas in particular, maintain a high
level of immunosuppression in the microenvironment due
to infiltration by regulatory cells. It was noted in [33] that
in IDH-mutant glioma, the infiltration of TME Treg is less
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pronounced compared to the more aggressive IDH-wild
type glioblastoma. A large amount of Treg accumulates
in the tumor focus through selective chemokine-mediated
recruitment of peripheral T lymphocytes. Tregs in patients
with glioblastoma were shown to have a significantly high-
er level of CCR2 CCR4 receptor expression than Tregs
in healthy people [34]. In addition to attracting peripheral
regulatory T cells, tumors stimulate acquisition of a regula-
tory phenotype by naive CD4* T cells [35]. It was found that
the conditioned environment of glioblastoma can promote
the expansion of Treg in vitro, which indicates the direct
influence of factors produced by tumor cells on regulatory

T lymphocytes [36].

Regulatory T lymphocytes exert an immunosuppressive
effect in the tumor microenvironment due to several basic
mechanisms (Fig. 1).

Regulatory T cells produce granzyme B and perforin,
acting on effector cells and stimulating their apoptosis.

e Tregs secrete TGF-B, IL-10, and IL-35 inhibitory cyto-
kines, which inhibit CTL activity by binding to receptors
on the surface of CD8* cells.

e (ytotoxic T-lymphocytic protein 4 (CTLA-4) on the
membrane of regulatory T lymphocytes competes with

TAM

Dendritic
cell

Perforin
Granzyme B

IL-10
e
°

Figure prepared by the authors using data from the reference [37]

CD80/CD86 on the surface of T-killers, which leads to
suppression of their activity and promotes the secre-
tion of indolamine-2,3-dioxygenase (IDO); IDO activates
signaling pathways of apoptosis of effector T cells. The
interaction of CTLA-4 and LAG-3 with CD80/CD86 and

MHC-II on the surface of dendritic cells also leads to

suppression of their maturation and a decrease in the

effective presentation of antigens.

e |COS (inducible T cell costimulator) on the surface of
Treg binds to ICOSL on the membrane of effector cells,
stimulating the production of the anti-inflammatory IL.-10
cytokine.

e The CD39/CD73 ectonuclecotidase on the Treg mem-
brane converts ATP into adenosine, which binds to CTL
receptors and leads to a decrease in their functional
activity.

Regulatory T cells ensure the escape of glioblastoma
from antitumor immunity mainly by inhibiting CD8* cyto-
toxic lymphocytes and reducing the functional activity of
NK' cells through intercellular interactions and secretion
of soluble factors [38]. In addition, due to the produc-
tion of TGF- and IDO and a decrease in the secretion of
IL-2 and IFN-y, regulatory T lymphocytes can suppress

MDSC

Apoptosis

CD73

K Adenosine \

ATP

B-lymphocyte
1COS

ICOSL

Tconv

Tconv

Fig. 1. Mechanisms of immunosuppressive action of regulatory T lymphocytes in the tumor microenvironment
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antigen-presenting cells and increase the activity of TAM
and MDSC, which contributes to the maintenance of the
immunosuppressive microenvironment in the glioma focus.
It was also noted that the FOXP3 transcription factor can
induce the expression of heme oxygenase HO-1, which
leads to the expansion and increased survival of the Treg
population, as well as to a decrease in the expression of
proinflammatory cytokines and suppression of the prolifer-
ation of effector T lymphocytes [39]. In addition, regulatory
T cells can cause replicative aging and death of effector
CD4* T lymphocytes, CTL, B lymphocytes, and NK cells
both in vitro and in vivo [4Q].

The TGF-B secreted by regulatory T lymphocytes is not
only involved in the process of immunosuppression main-
tenance, but also acts on tumor cells by inducing the ex-
pression of the main genes associated with glioma stem
cells (CD133, SOX2, NESTIN, MUSASHI1, and ALDH1A), as
well as the NF-kB-IL6-STAT3 signaling pathway, which en-
hances the carcinogenic potential and glioblastoma stem-
ming [41].

The multitude of mechanisms of the immunosuppres-
sive action of regulatory T lymphocytes in the glioblastoma
microenvironment can serve as the basis for the develop-
ment of targeted drugs for certain metabolic pathways and
Treg effects. However, such a diversity creates difficulties in
selecting the necessary foci of action for therapy.

Targets of regulatory T lymphocytes for targeted
therapy

Regulatory T lymphocytes make a significant contribution
to tumor progression, invasion, and therapeutic resistance;
therefore, they can act as a target for the treatment of pa-
tients with glioblastoma [42]. Currently, drugs aimed at vari-
ous types of targets and metabolic processes of Treg are
being developed and undergoing preclinical and clinical
studies for targeted therapy [43].

Although systemic depletion of regulatory T cells can
lead to increased antitumor immunity, this process is ac-
companied by severe autoimmune reactions. Therefore,
numerous studies have attempted to selectively deplete
regulatory T cells only in tumors, without affecting Tregs in
healthy tissues. A decrease in the activity and proliferation
of effector T cells (including due to exposure to Treg) leads
to low effectiveness of, e.g., CAR-T therapy. At the same
time, it was found that a combination with the therapy
aimed at depletion of the total number of T cells increases
the effectiveness of not only CAR-T [44], but also radioim-
munotherapy treatment [45].

One possible approach to selectively affect Treg con-
sists in the use of drugs targeting receptors for certain in-
terleukins essential for the functioning of regulatory T lym-
phocytes. These include, e.g., drugs against the alpha
chain of the IL.-2 and CD25 receptors [46]. A member of the
tumor necrosis factor (TNF) OX40 (CD134) receptor super-
family is mainly expressed by CD4+ and CD8* T cells, while
tumor-infiltrating Tregs exhibit a higher OX40 expression
than peripheral Tregs. After TCR activation on TILs, OX40 is
temporarily expressed to transmit a powerful costimulatory
signal when it is bound to OX40L. Thus, OX40 agonists can
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enhance antitumor immunity [47]. The TNF CD27 receptor,
as well as its CD70 ligand, can also act as a target [48].

The metabolic pathways of activation and inhibition
of regulatory T cells, as well as transcription factors and
various costimulating molecules can act as targets for tar-
geted drugs [49]. Drugs of this type include, e.g., check-
point inhibitors (CTLA-4, IDO, programmed cell death pro-
tein 1 — PD-1, T cell immunoglobulin 3 — Tim-3, STAT3
signaling pathway, etc.), which are successfully used in
some malignancies [50]. The CTLA-4 receptor is consti-
tutively expressed on naive Tregs and other T-lymphocyte
populations; however, its expression is most pronounced
in tumor-infiltrating Tregs. Monoclonal antibodies against
CTLA-4 can deplete Treg cells in the tumor microenviron-
ment through the mechanism of antibody-dependent cell-
mediated cytotoxicity, thereby enhancing antitumor immu-
nity [51]. Although ICB treatment (including the most widely
used PD-1 blockers [52]) has not so far shown sufficient ef-
fectiveness in glioblastoma patients, some drugs of a new
generation of inhibitors may be more effective [53].

The phenomenon of mutual transformation of activat-
ed Treg and unregulatory T lymphocytes not expressing
FOXP3 (Treg/Tconv) can potentially be used for glioblas-
toma therapy. Indeed, shifting the balance in favor of inac-
tive regulatory T lymphocytes may reduce the immunosup-
pression severity in the microenvironment, which in turn will
lead to greater effectiveness of the patient’s own immune
response and other types of therapy [54].

The current evidence shows that Tregs do not play
such an unambiguous role in the tumor focus as previously
thought. A number of studies confirm the antitumor activ-
ity of Treg and their correlation with improved prognosis
in certain types of malignant neoplasms (stomach cancer,
squamous cell carcinoma of the head and neck, colorec-
tal cancer, etc.) [55]. Regulatory T cells, on the one hand,
suppress inflammatory reactions that contribute to the
progression of certain types of tumors; on the other, some
Treg subpopulations can enhance antitumor immunity.
For example, targeting the glucocorticoid-induced TNFR-
related protein (GITR) of regulatory T cells with an agonist
antibody («GITR) promotes CD4+ differentiation Treg in ef-
fector T cells. Reprogrammed regulatory T lymphocytes
express genes characteristic of Thi, produce IFN-y, and
acquire cytotoxic activity against glioma cells, while losing
their suppressive function. In turn, aGITR and «PD1 com-
bined with standard treatment of newly diagnosed glioblas-
toma increased recovery rates in experimental models [56].

In addition to affecting regulatory T lymphocytes di-
rectly, the attraction of Treg from peripheral blood into
the glioblastoma microenvironment is also possible [57].
Modulation of the interaction of chemokines and their re-
ceptors can be used to develop immunotherapeutic drugs
for the treatment of malignant gliomas.

CONCLUSION

Pronounced immunosuppression and a high cellular het-
erogeneity in the glioblastoma focus prevent the develop-
ment of a natural antitumor response, thus reducing the
effectiveness of standard treatment methods.
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Regulatory T lymphocytes play an ambiguous role.
On the one hand, Tregs are necessary for maintaining im-
mune homeostasis in the body. On the other, regulatory
T cells in the glioblastoma microenvironment ensure the
escape of the tumor from immunological surveillance. Due
to intercellular contacts and secretion of anti-inflammatory
cytokines, perforins, granzymes, and other biologically
active molecules, regulatory T lymphocytes suppress the
activity and proliferation of effector cells in the microen-
vironment, contributing to the growth and progression of
glioblastoma.

Currently, the development of effective and highly se-
lective therapy for malignant gliomas remains an urgent
task for researchers. Trials of new therapeutic drugs and
modified treatment regimens are necessary to improve
the quality of life and the overall survival of patients with
glioblastoma, while reducing the incidence of side ef-
fects and disease relapses. Regulatory T cells make a
significant contribution to the suppression of antitumor
immunity and can act as a target for cancer therapy. To
reduce the activity and total number of Tregs, drugs act-
ing on interleukin receptors, chemokines, costimulating
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Introduction. The improvement of methods for remote health monitoring of astronauts, as well as the search for new noninvasive biomarkers of metabolic
adaptation to microgravity conditions, are priority directions in the field of aerospace medicine.

Objective. To assess the possibility of using individual indicators of tear fluid in aerospace medicine.

Discussion. A number of prospects for the application of human tear biomarkers to determine disorders occurring under the influence of spaceflight factors
or during their imitation were identified. The use of filter paper is a priority method for collecting lachrymal fluid in spaceflight conditions due to its relative
noninvasiveness and simplicity of sample preparation for assay. It was found that the unstimulated tear fluid contains proteins with an antibacterial activity: ly-
sozyme, lipocalin, and secretory immunoglobulin A. The concentration of lysozyme in the tear fluid shows a marked increase relative to pre- and post-flight val-
ues. Changes in the concentration of natriuretic peptide, angiotensin Il, dopamine, and a2-macroglobulin under conditions of real and simulated microgravity
are described. A high diagnostic potential of determining the level of D-dimer in tear fluid under the influence of extreme factors of space flight was established.
Conclusions. The conducted literature review emphasizes the significant theoretical potential for the quantitative determination of natriuretic peptide, D-
dimer, and individual components of the dopamine and renin-angiotensin-aldosterone systems in tear fluid for noninvasive diagnostics of pathological pro-
cesses associated with spaceflight factors.
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MEPCMNEKTUBbI MPUMEHEHUA AHAJIN3A CNE3HON XXNOKOCTU B KOCMUYECKON MEAULINHE

M.O. Cenunnos'?*, O.M. MaHbko?, I"10. Bacunbesa?

" depepanbHoe MednKo-6ronorndeckoe areHTcTeo, Mocksa, Poccus
2NHCTUTYT Meaunko-6uonormyecknx npobnem PAH, Mocksa, Poccus

BBepeHue. YCOBepLIEHCTBOBaAHVE METOAOB AMCTAHUMOHHOIO KOHTPOSS COCTOSIHNSA 3[0POBbS KOCMOHABTOB, & Tak>Xe MOVCK HOBbIX HEMHBA3MBHbIX OUO-
MapKepoB MeTaboNM4eckon agantaummn K yCnoBrUsaM MUKPOrpaBmTaLmm SBASIOTCSA MPUOPUTETHLIMU 3a4a4amm KOCMUYECKON MeaNUMHBbI.

Llenb. OueHka BO3MOXXHOCTY MCMONb30BaHNA aHanmnaa oTaeNbHbIX NokasaTenen CnesHom XXMAKOCTY B KOCMUYECKON MeanLyHe.

0O6cyxaeHue. BoisiBneH psi NepcneKkTyB NPYMEHEHUs aHann3a cocTasa Cresbl YenoBeka A5 onpefeneHns GromMapkepoB pasnnyHbIX HapyLLEeHWA opra-
HU3Ma, NPOVCXOASLLMX B YCNOBUSX AEACTBUS (DaKTOPOB KOCMUYECKOro noseTa v npu nx umutaumm. NMprnopuTeTHbIM MeToaoM 3abopa CNe3Hom XUAKOCTA
B YCJIOBMSAX KOCMUYECKOrO NosneTa ABAsSeTCa NCNob3oBaHne hunsTpoBanbHoM Oymaru BBULY OTHOCUTENbHON aTpaBMaTU4HOCTW, MPOCTOTbI MeToaa, bonee
nerkor NpobonoAroToBkM 61Mo06pasLoB N8 aHanmaa. YCTaHOBAEHO, YTO B HECTUMYNMPOBAHHOW CNE3HOW XXMAKOCTU cogepxkatcst 6enku, obnagatoLime
aHTMbHaKTepranbHOM akTUBHOCTbLIO: IM30LIMM, NIMMOKaNNH U CEKPETOPHBIN MMMYHOMNOBYMH A, NPUYEM OTMEYEHO Bblpa>KeHHOE MOBbILLEHNE KOHLEHTPa-
LW NN30LMMa B CNEBHON >KMAKOCTW OTHOCUTENBHO A0- U NMOCNEeNoNeTHbIX BeNMYMH. OnrcaHbl MBMEHEHNS KOHLEHTPaUMIA HAaTPUNYpeTU4eCcKoro nentnaa,
aHrnoTeHsuHa-1l, gocammnHa n a2-MakpornobynmHa B yCnoBusix UCTUHHOW 1 MOAENMPYEMO MKporpasuTaumm. O6Hapy>KeH BbICOKWIA AUarHOCTUYECKMIA
noTeHuuan onpeaenenns yposHs D-ArMepa B CNe3HOM XXNOKOCTU NPU BO3AENCTBUN SKCTPeMasbHbIX (hakTOPOB KOCMUYECKOro noneta.

BbiBoAbl. Ha OCHOBaHWMM aHanM3a AaHHbIX IMTepaTypbl NOAHEPKMBAETCS CYLLECTBEHHBIM TEOPETUHECKUI MOTEHLMAN MPUMEHEHNS KONMYECTBEHHOIO OMnpe-
LEeNenHVs HaTpUnypeTn4eckoro nentnaa, D-gumepa n oTaenbHbIX KOMNOHEHTOB A0MaMUHOBOM 1 PEHNH-AHMMOTEH3WUH-aIb40CTEPOHOBOW CUCTEM B CIE3HOW
XKNOKOCTU ANS HEMHBA3WBHOWM AMarHOCTUKIN aCCOUMMPOBaHHBIX C (hakTopamy KOCMUYECKOro nofieTa naTonorn4eckx npoLeccos.

KnioueBble cnoBa: cnesHas XKNOKOCTb; 060p cnesHom XKNOKOCTU; MeTabonmM3m CnesHom XKNOKOCTW; KOCMUYECKIIA NONET; MUKpOrpasuTauns
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INTRODUCTION

The habitability of space environments is associated with
numerous medical and biological risks. Since the begin-
ning of manned spaceflights, astronauts have shown sig-
nificant adaptive shifts in water-salt metabolism due to
changes in the parameters of the cardiovascular system
and neurohormonal regulation. These shifts were shown to
be determined by a volume regulatory reflex, manifested by
clinically insignificant changes in the concentrations of os-
motically active substances in the blood. At the same time,
tight correlations between the initial vestibular vegetative
stability of astronauts and the specifics of their neurohor-
monal changes under the influence of spaceflight factors
were found [1].

The initial period of weightlessness, due to blood re-
distribution toward the cranial direction, is associated with
jumps in central and renal hemodynamics and is charac-
terized by a decrease in the secretion of hormones of the
renin-angiotensin-aldosterone system (RAAS) and antidiu-
retic hormone during the formation of a new fluid and elec-
trolyte homeostasis with a negative balance of sodium and
calcium [2]. The observed hypohydration and hypovolemia,
associated with primary adaptive hormonal mechanisms,
contribute to an increase in the production of volume and
osmoregulatory hormones [3]. These reactions can lead to
the development of pathological changes in cardiovascular
and hemostatic systems, increase the risk of urolithiasis,
and cause demineralization of bone tissue [1].

Monitoring the metabolic adaptation of astronauts to
microgravity is an essential aspect in the implementation of
space missions. High-precision monitoring of physiologi-
cal parameters of astronauts using molecular biomarkers
is carried out by various methods. However, their analytical
performance remains to be problematic, requiring modern-
ization of current diagnostic procedures to minimize errors
and facilitate the interpretation of the data obtained. Under
conditions of spaceflight, selection of the most noninvasive
biomaterial sampling techniques, which allow an informa-
tive qualitative and quantitative analysis, is of particular im-
portance.

Tear fluid (TF) is one of the most accessible biologi-
cal fluids for analysis, characterized by noninvasiveness
of sampling and a widely studied composition equivalent
to blood plasma [4, 5, 6]. Tear production is regulated by
the autonomic nervous system, which allows the glands
to rapidly adapt to changing environmental conditions and
homeostasis disorders during the development of patho-
logical processes [7].

In this research, our aim was to evaluate the possibility
of individual indicators of tear fluid as biomarkers in aero-
space medicine.

MATERIALS AND METHODS

The literature search and review was performed using
electronic bibliographic databases in the Russian (eLibrary,
CyberlLeninka) and English (Web of Science, Scopus,
PubMed) languages. The search queries included the
following key phrases: tear fluid, tear fluid collection, tear
fluid metabolism, water-salt metabolism, homeostasis,

osmoregulation, glomerular filtration, hormonal regulation,
nonspecific protective factors, acute phase proteins, he-
mostasis system, dopamine system, biomarkers, hypoki-
nesia, immersion, space flight, microgravity. The search
depth was 10 years. The inclusion criteria were the avail-
ability of structured information on the methods of tear fluid
collection, prognostic and diagnostic biomarkers of human
body adaptation to the conditions of real spaceflight and
during its simulation, qualitative and quantitative methods
for their determination.

RESULTS AND DISCUSSION
Methods of collecting tear fluid

The TF sampling method may affect the TF composition.
To date, tear collection for biochemical analysis is carried
out by two principal methods: using microcapillary tubes
with minimal irritation of the conjunctiva and by absorption
using an absorbent material (filter paper, polyvinyl acetate
sponges) [8].

Sampling with microcapillary tubes without touching the
eye provides optimal, unstimulated TF with minimal accom-
panying components for further research [9]. However, due
to the high risk of mechanical injury, this method requires
the participation of specially trained personnel, which limits
its use in routine practice [4].

The advantage of filter paper in TF sampling consists in
its relative noninvasiveness, implementation simplicity, and
easier sample preparation [10]. In addition, this method is
applicable under the conditions of deficiency of the aqueous
component of the tear film observed in microgravity [11, 12].

Antibacterial proteins and natriuretic peptides

Unstimulated TF contains about 20 g/L of proteins, most
of which exhibit antibacterial activity, including lysozyme,
lipocalin, and secretory immunoglobulin A [7, 13].
Lysozyme, being the leading factor of nonspecific protec-
tion of TF, quantitatively prevails over other biological com-
ponents [14]. Thus, according to [15], crewmembers of the
International Space Station (ISS) during spaceflight showed
a marked increase in the lysozyme concentration relative to
pre- and post-flight values.

Natriuretic peptides (NP,) are a group of low molecular
weight proteins, the main source of which in physiologi-
cal conditions is atrial tissue [16]. Currently, three types of
NP, and their organic proteolysis products used in clini-
cal diagnostic practice have been identified: atrial natriu-
retic peptides (ANP), brain natriuretic peptides (BNP), and
type C natriuretic peptides (CNP) [17]. The latter are a local
regulatory factor of blood vessels and bones, not secreted
into the blood [18]. The main physiological effect of NPy
concerns a reduction of the load of hemodynamic factors
on the myocardium [19]. In response to increased pressure
on the cardiac wall, NP cause fluid redistribution to the
extravascular sector at the level of the capillary bed, veno-
dilation, and natriuresis stimulation due to increased glo-
merular filtration rate and RAAS depression [18, 20].

During the initial period of weightlessness and in simu-
lated microgravity, a maximal increase in the NP level in
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blood plasma under a decrease in sympathetic influence
was observed [21, 22].

The researchers in [23] studied the level of the N-terminal
prohormone of brain natriuretic peptide (NT-proBNP), se-
creted in an equimolar BNP ratio and more stable upon
release. A high correlation between the concentration of
NT-proBNP in blood serum and TF was observed both in
normal conditions and during the development of an oph-
thalmic pathology [23, 24].

Components of the renin-angiotensin-aldosterone
system

The RAAS state plays an important role in the adaptation
of water-electrolyte metabolism to spaceflight conditions,
which significantly affect the kidneys osmoregulatory func-
tion [25]. The main RAAS effector is the angiotensin-Il (AT2)
oligopeptide hormone [26]. AT2 possesses vasoconstrictor
properties, stimulates the production of aldosterone and
antidiuretic hormone, increasing sodium reabsorption and
contributing to the development of hypervolemia [27].

During dry immersion experiments, a significant de-
crease in the plasma renin activity and serum AT2 concen-
tration was revealed [28, 29].

At the end of the last century, a local renin-angiotensin
system was discovered in the human visual system with
components (prorenin, renin, angiotensin converting en-
zyme, AT2) in concentrations exceeding those in blood
plasma [30].

At present, convincing data points to the diagnostic
significance of AT2 determination in diabetic retinopathy
(DR). Thus, according to the authors, in patients with DR,
a significant increase in the concentration of AT2 in TF was
recorded in close correlation with a similar indicator in the
blood serum [31].

Components of the dopamine system

The negative effects of microgravity on the brain dopamine
system have also been described. A decrease in the ex-
pression of tyrosine hydroxylase during dopamine synthe-
sis in the substantia nigra and a decrease in the expression
of the dopamine receptor of the 1st subtype in the hypo-
thalamus were noted [32]. These changes may underlie
motor disorders, dyskinesia, and Parkinsonism during and
after space flight, which was shown in studies under the
Bion-M1 program [33, 34].

The involvement of dopaminergic neurons in the regula-
tion of tear production leads to a higher TF level of dopa-
mine and its metabolites compared to blood plasma [35].
In [36], a more than threefold excess of dopamine levels
in tears over its plasma levels was observed, indicating a
high diagnostic potential of TF as a noninvasive source of
biomarkers of Parkinson’s disease (PD) and conditions ac-
companied by a decrease in the expression of dopamine
system genes.

Acute phase proteins

The initial stage of the body’s adaptation to micro-
gravity, in addition to the above, is accompanied by an
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increase in humoral inflammatory factors and changes in
the hepatocyte synthesis of acute phase proteins (APPs)
induced by inflammatory cytokines (interleukin-18, inter-
leukin-6, and tumor necrosis factor «) through interaction
with liver cells [37, 38].

In an experiment with seven-day dry immersion, the
dynamics of APPs in blood plasma corresponding to the
response acute phase was demonstrated. On the sec-
ond day of exposure to simulated microgravity, statistically
significant changes in plasma levels of haptoglobin, ol-
antitrypsin, and a2-macroglobulin were observed [39, 40].

a2-macroglobulin is an acute phase protein, an inhibi-
tor of proteolytic enzymes with a wide spectrum of action.
Upon the development of inflammatory reactions, it re-
duces damage to structural proteins by proteases released
from leukocytes [41]. Over the years, studies have repeat-
edly been conducted on the diagnostic significance of de-
termining the activity of a2-macroglobulin in TF in ophthal-
mic and systemic pathologies [42].

It was found that in patients with an early-stage PD and
when modeling the preclinical stage of Parkinsonism in
mice, the activity of TF a2-macroglobulin significantly ex-
ceeded the clinical norm. In addition, the high specificity
of a2-macroglobulin activity (>85%) was shown [43], which
validates the study of this protein as a biomarker of certain
neurodegenerative diseases and conditions of the acute
period of body adaptation to spaceflight conditions or dur-
ing its simulation.

Components of the hemostasis system

Conditions accompanied by shifts in the hemostasis sys-
tem and coagulation balance also affect the TF compo-
sition. In the acute period of exposure to microgravity,
as mentioned above, hemodynamic shifts are observed,
which in turn lead to changes in the rheological properties
of the blood [2, 44]. These changes, along with physical in-
activity, may induce abdominal congestion, which increas-
es the risk of developing thrombophilia in astronauts [45]. A
striking example is the case of occlusive thrombosis in an
ISS crewmember during a recent orbital space flight [46].

The determination of D-dimer (DD), which is a product
of the proteolytic degradation of fibrin, is currently a wide-
spread test for assessing the activity of fibrin formation
and fibrinolysis processes [47]. A number of studies have
described significant changes in blood plasma DD levels
during the period of adaptation to gravity unloading, with a
tendency to be more pronounced in individuals with signs
of vascular endothelial damage [48, 49].

Tear fluid contains components of the hemostasis sys-
tem. Thus, the researchers in [50] demonstrated a high
diagnostic informative value of antithrombin Ill and plasmi-
nogen levels in tears in patients with complicated diabetes
mellitus and hypertensive angiosclerosis.

According to the results of a number of studies on de-
termining the DD level in the TF, a statistically significant
increase in the DD concentration was revealed in patients
with retinal vein occlusion compared to the control group
with minor changes in blood plasma [51].

The risk of developing occlusive retinal lesions in
real microgravity is probably due to the high level of the
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homocysteine neurotoxin in blood plasma, recorded in as-
tronauts with ophthalmic pathology before and during a
spaceflight mission [52].

The above information justifies further investigation into
the diagnostic potential of DD in tear fluid.

The adaptive restructuring of the water-electrolyte
balance, recorded at an early stage of weightlessness
exposure, may affect the mineral composition of tear
fluid. Basal tear is characterized by high concentrations
of potassium and sodium ions compared to blood se-
rum, which ensures metabolic processes at the level of
the ocular surface through Na, K-ATPase of the lacrimal
glands [563]. An increased level of calcium ions in TF is
observed during bacterial infections, cystitis, and dry eye
syndrome [54, 55].

Pharmacological research

The acquisition of on-board first-aid kits remains relevant to
the medical and biological support of manned space flights,
taking into account the potential change in the pharmaco-
logical properties of individual drugs under the constant in-
fluence of extreme factors on astronauts. Pharmacokinetic
studies of antiemetic, anti-inflammatory, and antibacterial
agents, during flights demonstrated a significant decrease
in the bioavailability of active substances relative to similar
values on the Earth [56]. To date, the retrospective analy-
sis is limited by the heterogeneity of the conducted experi-
ments [57].
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NEW APPROACHES TO THE ORGANIZATION OF LOCOMOTOR TRAINING DURING | 1) Gheck for updates ‘
LONG-TERM SPACEFLIGHT

Nataliya Yu. Lysova™, Olga A. Savenko, Oleg V. Kotov

Institute of Biomedical Problems of the Russian Academy of Sciences, Moscow, Russia

Introduction. In Russia, locomotor training is the key approach to mitigating the negative effects of weightlessness. Locomotor training is performed accord-
ing to strictly defined protocols, without individualization and periodization of the training process.

Objective. To study the effect of periodization of locomotor training on the performance of crewmembers during long-term space missions.

Materials and methods. The study involved 12 cosmonauts, who were divided into two groups. The first group (BD, n = 6) included the participants who
performed locomotor training in strict accordance with the standard on-board documentation system. The second group (ID, n = 6) included the participants
who performed training using individual protocols and periodization of the training process. The assessment of physical performance was carried out accord-
ing to the results of a regular stepwise locomotive test prior to a spaceflight (SF) mission and three times during SF. The test evaluated the achieved speeds at
the most intensive stages of testing, the distance traveled during the test, and heart beats per distance (pulse value performance). Statistical processing was
carried out in Statistica 10; nonparametric methods of descriptive statistics were used.

Results. In the second part of SF, cosmonauts in the ID group reached higher speeds at the stages of medium and fast running and covered a greater dis-
tance by 18.5-20.7% (p < 0.05) and 5-12% (p < 0.05) compared with the BD group and with the baseline testing, respectively. The beats per distance in the
ID group was lower throughout the SF compared to both the baseline values and the BD group in the 2nd and 3rd flight testing sessions.

Conclusions. In the conditions of SF, locomotor training programs based on periodization and individualization demonstrate a greater preventive effective-
ness compared to standard on-board training.

Keywords: space flight; prevention of the negative effects of weightlessness; physical performance; locomotor training; periodization; individual approach
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HOBBbIE NOAXOAbl K OPTAHU3ALM JIOKOMOTOPHbIX TPEHUPOBOK B AJIMTEJIbHbIX
KOCMUWYECKWX MOJIETAX

H.HO. Ibicosa™, O.A. CaseHko, O.B. Kotos
VIHCTUTYT MeaunKo-6ronorn4eckmx npobnem Poccumnckon akagemmn Hayk, Mockea, Poccus

BBepeHue. OCHOBHbIM CPEACTBOM POCCUCKON CUCTEMbI MPOMDUNAKTUKI HEFaTUBHOIO BAINSIHUS HEBECOMOCTH SIBAISIKOTCS JIOKOMOTOPHbIE TPEHUPOBKMW, Bbl-
NOSIHSIIOLLLMECS MO CTPOro 3afaHHbIM NPOTOKONaM, 6e3 MHANBNAYaNbHOMO NOAX0AA Y NEPUOAM3aLMM TREHNPOBOYHOMO NpoLiecca.

Llenb. /13y4eHne BANSHUS Neproamn3aLmmn TOKOMOTOPHbIX TPEHNPOBOK Ha PabOTOCMOCOOHOCTL YNIEHOB SKUMNaXKen ANNTENbHBIX KOCMUYECKUX MUCCUIA.
Matepuansl u meToabl. B nccnenoBaHum NnpuHanm ydacTtve 12 kocMoHaBTOB. KOCMOHaBTbI bl pasfeneHsl Ha Age rpynnbl: rpynna b (n = 6), y4acTHUKK
KOTOPOW BbINOHANN JIOKOMOTOPHbIE TPEHVUPOBKM B CTPOrOM COOTBETCTBUM CO CTaHAaPTHOW cnucTemor 6opToBon AokyMmeHTauuy; rpynna L (n = 6), B koTo-
POV BbINOHSANMCH TPREHVMPOBKYM C UCMOb30BaHMEM UHAMBUAYaNbHBIX MPOTOKOOB U Neproamn3aLein ToeHnpoBoYHoro npotecca. OueHka hrandeckon pa-
60TOCNOCOBHOCTN MPOBOAMNAck A0 KocMudeckoro noneTa (KIM) n 3 pasa B Kl no peaynsratam WTaTHOro CTyneH4aToro TOKOMOTOPHOro Tecta. OueHnsanm
OOCTUIHYTbIE CKOPOCTU Ha Hanmbonee MHTEHCUBHbBIX CTYMEHsX TECTUPOBaHWSA, NMPOMAEHHOE 3a TECT PacCTOsHWE, NMyNbCOBYID CTOMMOCTb TECTUPOBAHUS.
CTaTuctuyeckas obpaboTka nposeaeHa B nporpamme StatisticalO, ncnonb3oBany HenapamMeTpuieckne MeTobl ONcaTeNibHoM CTaTUCTUKN.
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INTRODUCTION

One of the main medical support systems for long-term
spaceflights is that for mitigating the negative effects of
weightlessness. Such a system is designed to maintain
the physical performance of members of long-term space
expeditions and to alleviate the symptoms of the micro-
gravity adaptation syndrome through a range of measures
to reduce negative effects or promote the restoration of
altered functions [1].

In long-term SF, physical training aimed at maintaining
the physical performance and basic physical qualities of
crewmembers is of particular importance. In the Russian
prevention system, physical training is conventionally di-
vided into three stages:

(1) the adaptation to microgravity stage lasts approxi-
mately 30 days; at this initial stage, physical training is
performed at 50% of the recommended load, followed by
its gradual increase to the recommended level;

(2) the stabilization stage, lasting 110-130 days de-
pending on the duration of the flight, assumes physical
training according to the standard scheme; the load at
this stage does not change significantly;

(3) the final stage, starting 30 days before boarding,
assumes physical training with increased locomotor load;
in addition, training with negative pressure on the lower
body is applied [1, 2].

It should be noted that SF conditions, onboard of the
ISS in particular, limit the performance of physical train-
ing to the equipment available on board. These include a
treadmill as the main means, a bicycle ergometer, a power
loader, an Advanced Resistive Exercise Device (ARED)
strength simulator of the American segment of the ISS,
and resistance bands. In our study, only locomotor train-
ing modes will be considered, taking into account the pe-
riodization of physical activity.

Periodization is the cyclical ordering of training work-
outs in accordance with the principles of volume and
intensity specificity in order to achieve maximal perfor-
mance during the most important stages of physical train-
ing. In relation to a space station, the stages of a manned
expedition that place the greatest demands on the physi-
cal performance of a cosmonaut are extravehicular ac-
tivities and return to Earth. Periodization of physical train-
ing is essential to managing physical performance by
reducing the risk of fatigue and the decrease of fitness.
Periodization includes long-term (macro- and mesocy-
cles) and short-term (microcycles) planning of physical
training [3]. Cyclical changes in the volume, intensity, and
types of exercises in training cycles avoids the effect of
overtraining, while contributing to achieving peak levels of
physical performance at the appropriate stages of SF [4].

Currently, locomotor training is carried out accord-
ing to on-board documentation using the BD-2 treadmill
equipment in four-day microcycles. Each day of this mic-
rocycle is aimed at maintaining a certain physical quality,
i.e., day 1 — speed, day 2 — strength, day 3 —endur-
ance, and day 4 — active recovery. On day 4, cosmo-
nauts either do not exercise at all or perform low-intensity
workouts at their discretion [5, 6]. Longer periodization in
meso- and macrocycles is rarely carried out, as a result of

which this approach contradicts modern ideas about the
organization of the training process [7].

In this article, we set out to investigate the effect of
periodization of locomotor training on the performance of
crewmembers during long-term space missions.

MATERIALS AND METHODS

The study involved 12 cosmonauts participating in long-

term space expeditions (average age 42 + 5 years). The

participants were divided into two groups, depending on
the selected approach to performing locomotor training
during SF:

e BD group (on-board documentation) (n = 6), in which
participants performed training sessions in strict ac-
cordance with the standard system defined by on-board
documentation. This implied training using four-day mi-
crocycles without periodization of the training process,
i.e., with constant load, except for the first month of SF;

e |D group (individual training) (n = 6), in which participants
performed locomotor training using individual protocols
developed by experts specializing in the prevention of
hypogravity disorders and ensuring the periodization of
the training process.

In the individual protocols of the ID group, an interval
training method was used. The intensity of the intervals
used was 70-80% of the maximum heart rate (HR) re-
corded in the MO-3 test (medical examination 3) [1] during
preflight testing. In the ID group, the spaceflight itself was
a macrocycle, conditionally divided into 5-6 mesocycles
lasting 4-5 weeks, depending on the tasks and duration
of the flight. In this group, a pyramidal approach to perio-
dization was used, assuming a reduction in the volume
and an increase in the intensity of the load [8, 9, 10]. In
addition, in the ID group, in the middle of SF (2-3 meso-
cycles), a planned decrease in the intensity of physical
activity and unloading microcycles were used during the
transition to a new mesocycle.

Physical performance was assessed on the basis of
the standard MO-3 medical test. This test was performed
in the passive mode of operation of the treadmill (i.e., the
treadmill was moved by the force of the cosmonaut’s
legs). The test had a strict time structure: 3 min of walk-
ing, 2 min of slow running, 2 min of medium running, 1
minute of fast running, and 3 min of walking; the speeds in
this test were selected by the crewmembers subjectively
according to their state of health.

Locomotor training, as well as MO-3 testing, were
performed on a BD-2 treadmill (Institute of Biomedical
Problems of the RAS, Russia). Prior to SF, testing was
performed on a full analog of the BD-2 treadmill, but with-
out a vibration isolation system and a training loading suit.
Heart rate was recorded using a Polar heart rate monitor
(Polar Electro Oy, Finland).

The research comprised the following stages:

e the preflight stage, during which all cosmonauts partici-
pating in the study completed an MO-3 test 60-30 days
before SF (baseline testing);

e the flight stage, during which the cosmonauts per-
formed tests in accordance with the specified flight
days, i.e., flight session 7 — 40-50 days of SF; flight
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session 2 — 80-100 day of SF; flight session 3 — 130-

150 day of SF.

The test results were analyzed by the groups described
above in terms of the parameters described below.

The distance traveled in the test was analyzed, as well
as the maximum speeds of locomotion at the most intense
stages: moderate and fast running. The moderate running
stage (the 3rd pre-maximum load stage in the MO-3 test)
was performed at a speed that cosmonauts defined per-
sonally as of medium intensity. In our study, the average
speed of locomotion at this stage was 8 km/h. The fast-
running stage (the 4th stage in the MO-3 test) was per-
formed with maximum intensity; in our study, the average
speed of locomotion at this stage was 9.5 km/h.

The number of heart beats per the distance traveled
(pulse value performance') was used as an integral indica-
tor of performance. This indicator was calculated as the
ratio of the total heart rate per test to the distance traveled.

>HR
=55 (1)
PV — beats per distance traveled (hereinafter pulse value
performance);
> HR — heart rate during the test (beats per min);
S — distance traveled during the test (m).

It should be noted that the magnitude of axial load dur-
ing SF testing was significantly lower than that on Earth
(60-70% of body weight). However, this parameter was
not integrated into the pulse value formula, since its ef-
fect on the heart rate response is apparently nonlinear.
Given the absence of statistically significant differences
between the groups according to this parameter (Fig. 1),
the groups are to be compared with each other.

In addition, we calculated the pulse debt as the differ-
ence between the sum of heart beats during a 5-min re-
covery period and the resting heart rate before the onset
of testing.

Statistical processing was carried out in the Statistica10
software; nonparametric methods of descriptive statistics
were used. When comparing indicators within the group,
the Wilcoxon t-test with the Benjamini-Yekutieli procedure
was used [11]; when comparing between the groups, the
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Mann-Whitney U-test was used. The median Me, inter-
quartile range, and percentage of changes relative to the
baseline were calculated. For a more complete descrip-
tion of the research cohort, outliers and extreme values
are additionally presented. The former are the values that
are highly different from those in the cohort; extremes are
the border values in the cohort.

RESULTS

In order to determine the volume and intensity of the load in
the BD and ID groups, we considered the average distanc-
es traveled during each workout and the distances traveled
in the passive mode of operation of the treadmill. The num-
ber of training sessions for the cosmonauts of both groups
was almost identical; thus, the average distance traveled
per training session may indicate the amount of work per-
formed.

Throughout SF, we did not detect any differences be-
tween the groups in terms of the average distance traveled
during training (Fig. 2).

The average distance traveled during training in the ID
group was 3326 m in the first month of SP, having in-
creased by 6.6% (to 3547 m) by the second month of SP.
During the third month of SP, this indicator decreased by
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Fig. 1. Axial load in groups when performing the MO-3 test
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Fig. 2. Total distance per workout

SF month 4

SF month 5 SF month 6

Note: data presented as the median (Me) of the values of the lower and upper quartiles Q [25-75%]; p — statistical significance level.

' Translator’s note: In the Russian system, the indicator of heart beats per distance is referred to as “pulse value performance”. These terms are used interchangeably

throughout the text.
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Fig. 3. Distance traveled in the passive mode of operation of the treadmill

Note: data presented as the median (Me) of the values of the lower and upper quartiles Q [25%-75%]; p — statistical significance level.

5.8%, i.e., to 3341 m, compared to the second month of
SP. During the fourth month of SP, in order to achieve the
undulation of the training load, the distance traveled in-
creased by 4.3% compared to the previous month, which
corresponded to 3484 m. During the fifth month of SP,
this indicator decreased by 7% to 3241 m, being signifi-
cantly different from that in the fourth month (p < 0.05).
In the sixth month of SF, the average distance traveled in
training was 3261 m, being also significantly different from
that in the fourth month (p < 0.05) (Fig. 2).

In the BD group, in the first month of SF, the average
distance per workout was 3018 m. In the second month
of SF, this indicator increased by 5.1% and amounted to
3172 m. Further (in the third, fourth, and fifth months of
SF), the changes in distance traveled were less than 1%.
During the sixth month of SF, this indicator decreased
by 3.8% compared to the fifth month and amounted to
3055 m.

In order to assess the intensity of the load, the dis-
tance traveled in the passive mode of operation of the
treadmill was used. This mode is more stressful than the
active mode, since its implementation requires an addi-
tional force of 3.5 kgf [12]. Overall, the total training time
remained unchanged, and the distance traveled in the
passive mode of operation of the treadmill depended on
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Fig. 4. The distance traveled in the MO-3 test
Note: data presented as the median (Me) of the values of the lower and upper
quartiles Q [25-75%]; p — statistical significance level.

the speed and time of execution of this mode. Taking into
account the above, we believe that a change in the dis-
tance traveled in the passive mode of operation of the
treadmill during a workout may indicate a change in the in-
tensity of the load. Data on the average distance traveled
in the active mode of operation of the treadmill were not
considered, since this mode is less stressful and less in-
dicative in terms of intensity.

There were no significant differences between the
groups in terms of the average distance traveled in the
passive mode throughout SF (Fig. 3).

In the ID group, from the first to the third month of SF,
an increase in the distance traveled in the passive mode
was observed (Fig. 3). During months 1, 2, and 3 of SF, this
indicator was 787, 955, and 1024 m, respectively. During
the fourth month of SF, in accordance with the periodiza-
tion of the training process, the distance traveled in the
passive mode was reduced to 1004 m. In the fifth month
of SF, this indicator increased by 15.9% compared to the
fourth month to 1167 m; this indicator was also significant-
ly higher than that in all previous months of SP (p < 0.05).
During the sixth month of SF, the distance traveled in the
passive mode of operation of the treadmill increased by
17.7% relative to the fifth month and amounted to 1369 m.
This indicator was also significantly higher (p < 0.05) than
that in all previous months of the flight cycle (Fig. 3).

In the BD group, this indicator did not undergo such
significant changes throughout the SF. During months 1,
2, 3, 4, 5, and 6, this value was 1297, 1367 (+5.5%), 1418
(+3.7%), 1413 (-0.3%), 1494 (+5.7%), and 1497 m (+0.2%),
respectively.

The distance traveled before SF in the MO-3 test be-
tween the groups did not differ and amounted to 1144.5 m
in the ID group and 1095 m in the BD group (Fig. 4).

In the first flight session, the ID group experienced a
6.9% increase in the distance traveled (1202.5 m) com-
pared to the baseline. In the BD group, the distance
traveled decreased by 7.3% (1040 m) compared to the
preflight survey, while no significant differences were re-
corded between the groups. In the second flight session,
the ID group experienced a further increase in the distance
traveled (1234.5 m), which was significantly higher than in
the baseline test (p < 0.05). In the BD group, the distance
traveled practically did not change, while this indicator
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was significantly lower than in the ID group (p < 0.05) and
amounted to 1022 m. In the third flight session, there was
an increase in the distance traveled in both groups: 1281
m in the ID group, being significantly higher compared to
both the baseline values and the BD group (p < 0.05). In
the BD group, this indicator was 1126 m, which effectively
corresponded to the preflight value (Figure 4).

The speed of locomotion at the fast-running stage be-
fore SF in the ID and BD groups was 9.65 and 9.2 km/h,
respectively. However, no significant differences were re-
corded between the groups (Fig. 5). In the first flight ses-
sion, the ID group experienced an increase in this indica-
tor by 5.2% (10.15 km/h) compared to the baseline, while
the BD group showed a decrease in speed by 4.9% (8.7
km/h) compared to the baseline test.

In the second flight session, the ID group experienced
a further increase in speed at the fast-running stage to
10.45 km/h (p < 0.05), which was 8.3% higher relative to
the baseline value. In the BD group, this indicator was 8.9
km/h, while a significant difference in this indicator was
recorded between the groups (p < 0.05). In the third flight
session, the locomotion speed at the fast-running stage
in the ID group was 10.35 km/h, being significantly higher
than in the BD group, where this indicator was 8.95 km/h.

No significant differences between the groups were
recorded at the stage of moderate-intensity running dur-
ing the preflight testing (Fig. 6). At the same time, in the ID
group, the speed of locomotion was increasing from ses-
sion to session and comprised 8.2 km/h in the baseline
testing, 8.45 km/h in the first flight session, 8.63 km/h
in the second flight session, 8.78 km/h in the third flight
session. Significant changes compared to the baseline
(p < 0.05) were noted in the second and third flight ses-
sions.

In the BD group, the moderate-running speed of loco-
motion throughout SF was reduced relative to the base-
line by 4.7-8.7%, namely 7.55 km/h in the first flight ses-
sion, 7.15 km/h in the second flight session, 7.55 km/h in
the third flight session against the baseline values of 7.93
km/h. In addition, in the third flight session, the speed in
the BD group was significantly lower compared to the ID

group (Fig. 6).
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Fig. 6. Locomotion speed at the stage of moderate running in the MO-3 test
Note: data presented as the median (Me) of the values of the lower and upper
quartiles Q [25-75%]; p — statistical significance level.
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The indicator of beats per distance (pulse value per-
formance) in the preflight testing did not differ significantly
between the groups. In the ID and BD groups, this indica-
tor before SF was 1.48 and 1.54 beats/min/m, respec-
tively (Fig. 7).

During SF, the ID group showed a significant de-
crease in the pulse value parameter in all flight ses-
sions, compared to the baseline. Thus, its values were
1.35 beats/min/m (-8.8%) in the first flight session, 1.28
beats/min/m (-13.2%) in the second flight session, and
1.31 beats/min/m (-11.3%) in the third flight session.
In the BD group, this indicator tended to decrease, al-
though never reaching the level of significance in any
flight sessions and comprised 1.44 beats/min/m in the
first flight session (-6.7%), 1.48 beats/min/m in the sec-
ond flight session (-4.2%), and 1.43 beats/min/m in the
third flight session (-7.1%). In addition, in the second and
third flight sessions, the beats per distance parameter in
the ID group was significantly lower compared to the BD
group (Fig. 7).

In terms of pulse debt, we found no statistically signifi-
cant differences between or within the groups.
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Fig. 5. Locomotion speed at the fast-running stage in the MO-3 test
Note: Data presented as the median (Me) of the values of the lower and upper
quartiles of Q [256-75%)]; p — statistical significance level.

24 - W BD group Il 1D group O Outlier A Extremum
E p =0.028
£22 p=0028
(7] T
© p =0.046
2.0 = =
2 p =0.041 p=0.015
[0}
g 1.8
£
£1.61
[0}
. .
8 1.4 ©
g =]
S 1.2
>
o
1.0
Baseline 1st flight 2 flight 3 flight
session session session

Figure prepared by the authors using their own data

Fig. 7. Beats per distance (pulse value performance) in the MO-3 test
Note: data presented as the median (Me) of the values of the lower and upper
quartiles Q [25-75%]; p — statistical significance level.
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DISCUSSION

Prolonged exposure to SF conditions leads to a de-
crease in the level of physical performance [13]. Physical
training can mitigate the negative effects of SF factors,
which makes both the equipment and organization of the
training process, including its periodization, highly impor-
tant. Experts of the Russian prevention system proposed
the use of periodization of physical activity under condi-
tions of prolonged SF, based on the principle of undula-
tion [14]. In addition, the developers of this system noted
the need for an individual approach, taking into account
the selective attitude of crewmembers to the recom-
mended means and methods of physical training [14]. It
should be noted that our study considered only treadmill
training; however, the use of other preventive measures
also had an effect on the level of physical performance
of crewmembers. At the same time, the results of training
achieved using a bicycle ergometer and a strength sim-
ulator was similar in both groups. These workouts were
performed every other day, while treadmill training was
performed daily and, accordingly, had a greater effect on
the physical performance of the crewmembers.

In our study, the BD group showed a decrease in the
studied indicators (distance traveled, speed of locomotion
at the stages of fast and moderate running) in the first flight
session, despite the reduced axial load, thus indicating a
decrease in physical performance. Subsequently, during
the flight, these indicators demonstrated a slight increase,
except for the speed at the moderate-intensity running
stage, which indicated some recovery in performance.
In the ID group, the distance traveled and the speed of
locomotion increased in the first flight session compared
to the baseline. The results obtained in the BD group are
consistent with those reported by other researchers on
a decreased performance of crewmembers during early
flight stages, which gradually normalized at later stages.
This observation was explained the implementation of
preventive measures [15].

The MO-3 test can be represented as an analog of
the Cooper test [16], where performance is assessed
by the distance traveled. The step-by-step structure of
this test makes it possible to identify the most significant
stages in testing, i.e., moderate and fast running, indicat-
ing the maximum achievable power in testing. Testing in
the passive mode requires an additional 3.5 kgf of effort
from crewmembers to maintain the speed of the BD-2
treadmill [12], which is significantly complicated in SF
conditions due to developing muscular atony and atro-
phy [17]. It should be noted that during SF, the use of the
passive mode is also complicated by the specific fea-
tures of the biomechanics of movement on the treadmill,
which is operated by a vibration isolation system, as well
as by the use of a training loading suit. Prior to SF, when
performing testing, cosmonauts place their hands on
special handrails located in front of them at the shoulder
level, thereby facilitating pushing the treadmill belt back.
In SF conditions, the use of these handrails is impos-
sible due to the presence of a passive vibration isolation
system. The additional hand support from the front shifts
the center of mass of the treadmill belt forward, moving

beyond the center of mass of the vibration isolation sys-
tem. This significantly increases the pitch and leads to
a downward tilt of the front of the belt, while the back
of the belt rises and rests against the frame. In order to
avoid this effect, cosmonauts use a training loading suit
as a support, which requires additional body tilt to cre-
ate a force pushing the belt back, while the step length
is significantly reduced.

The observed changes in the beats per distance pa-
rameter (pulse value) during SF in our study are consistent
with the results obtained by Moore et al. [15]. A gradual
decrease in this indicator during SF indicated an increase
in physical performance, with the changes being more
pronounced in the ID group. The noted decrease in physi-
cal performance during the first month of SF may be due
to various factors [18], including a decrease in plasma vol-
ume [19], a decrease in left ventricular mass [20, 21], and
muscular atrophy [22, 23]. Significantly lower pulse value
indicators in the ID group, starting from the second flight
session, may indicate the efficiency of periodization of the
training process in maintaining muscle strength and per-
formance in SF conditions.

In other space agencies, the periodization of physical
training is carried out in limited volumes. At the National
Aeronautics and Space Administration (NASA), treadmill
training involves a gradual increase in axial load from
60% to 80%; training protocols are created individually
for each crewmember, or the astronaut performs train-
ing at his discretion. The ARED strength simulator uses
a training periodization that includes two three-month
macrocycles. Each macrocycle consists of four meso-
cycles of three weekly microcycles. The microcycle con-
sists of six workouts performed with heavy (4 sets, 6
repetitions), light (4 sets, 12 repetitions), and medium (4
sets, 8 repetitions) loads sequentially, using three train-
ing protocols. In the mesocycle, workouts vary such
that each protocol uses a hard, light, and medium day.
In each microcycle, there is a gradual increase in the
weight of the load by 5% from the repeated maximum.
In the second three-month macrocycle, the weight of the
load increases based on the values obtained in the last
weeks of the first macrocycle [24].

In the European Space Agency, the entire flight pe-
riod is conditionally divided into three stages, similar to the
Russian prevention system. These include the initial (the
first 20 days of SF), the main (about 130-150 days), and
the final (15-30 days before landing) stages. At the initial
stage of the flight, the load on the treadmill and bicycle er-
gometer is low and gradually increases at the discretion of
the crew. On a strength simulator, the load is 50-60% of
the repeated maximum. At the main stage, the load is in-
creased gradually on all the tools used. At the final stage,
the load is maintained at a high level, while the propor-
tion of workouts performed on a strength simulator and
a treadmill increases, and the number of workouts on a
bicycle ergometer decreases [25].

Thus, in all the considered systems of prevention of
the negative effects of weightlessness, the periodiza-
tion of the training process is not implemented at its full-
est. The main approach is to gradually increase the load
(speed, axial load, weight of the load); however, none of
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the considered systems takes into account differences
between the adaptation phases, as well as the time differ-
ence between recovery and adaptation during the training
process.

CONCLUSION

In our study, the use of locomotive training, taking into ac-
count the principles of periodization and individualization,
allowed the crewmembers to perform testing with a greater
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OXIDATIVE STRESS SIGNS IN BLOOD PROTEOME ANALYSIS OF FEMALE M) Check for updates ‘
VOLUNTEERS IN FIVE-DAY DRY IMMERSION TEST

Daria N. Kashirina™, Ludmila Kh. Pastushkova', Alexander G. Brzhozovskiy'?, Alexey S. Kononikhin'?, Evgeniy N. Nikolaev?, Irina M. Larina’

"Institute of Biomedical Problems of the Russian Academy of Sciences, Moscow, Russia
2 Skolkovo Institute of Science and Technology, Moscow, Russia

Introduction. Dry immersion is a model for reproducing the physiological effects of weightlessness. Such tests allow assessment of changes in the functions
of the cardiovascular, musculoskeletal, and other body systems. Mass spectrometry instruments can be used for blood proteome analysis in order to establish
mechanisms of physiological adaptation to spaceflight factors simulated in dry immersion tests.

Objective. To clarify molecular participants in the acute period of adaptation of physiological systems to the conditions of simulated microgravity according
to proteome analysis of dry blood spots of participants in a five-day dry immersion test.

Materials and methods. The study involved eight healthy female volunteers (average age 30 + 4.8 years). Blood proteins were analyzed using the method
of dried blood spots; capillary blood dried on a special paper filter (Perkin Elmer) was used. The enzyme cleavage of proteins was performed using trypsin
(Thermo Scientific, USA). Mixtures of tryptic peptides were analyzed by liquid chromatography-mass spectrometry (LC-MS) on a Dionex Ultimate 3000
nano-HPLC combined with a TimsTOF Pro mass spectrometer. Mass spectrometric analysis was performed using the method of parallel accumulation with
sequential fragmentation (PASEF). The obtained LC-MS/MS data were semi-quantitatively analyzed using DIA-NN 1.8.1. Statistical analysis was performed
in the Statistica 12 software package.

Results. The molecular response to immersion conditions was found to lead to increased levels of antioxidant defense proteins, activation of catabolism
processes and the pentose phosphate pathway. The levels of negative regulators of endopeptidases and iron homeostasis proteins decreased. The revealed
elevated levels of NADPH oxidase activators indicate activation of NADPH oxidase under experimental conditions. These results may indicate the development
of oxidative stress during immersion.

Conclusions. The identified molecular participants in the female body’s response to immersion conditions can provide information about the signaling
pathways and mechanisms involved in the response to hypokinesia, and in the future will contribute to the development of pharmacological measures to sup-
port the health of female astronauts. These results may also be useful for understanding the processes leading to adverse effects in people with low levels of
physical activity.

Keywords: dry immersion; proteome; chromatography-mass spectrometry; dry blood spots; oxidative stress
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MPU3HAKUN PA3BUTUA OKUCIIUTEJIbBHOIO CTPECCA MNP AHAJIN3E NPOTEOMA KPOBW XXEHLLINH-
JOBPOBOJILLIEB B 3KCMEPUMEHTE C 5-CYTOYHOW «CYXOWN» UMMEPCUEN

O.H. KawmpuHa'™, J1.X. MacTywkosa', A.l. Bpxo3osckuin'?, A.C. KoHoHuxuH'?, E.H. Hukonaes?, .M. JlapuHa!

"VIHCTUTYT Meamko-brnonorudeckmx npobnem PAH, Mocksa, Poccust
2 CKOJIKOBCKUI MHCTUTYT Hayku 1 TexHonoruni, Mocksa, Poccust

BBepeHue. «Cyxas» UMMepCHs, SBNSSICb MOAENbIO AN BOCNPON3BeAeHNS (DM3NONOrMYecknx aheKToB HEBECOMOCTM, NO3BONSET OLEHUTb U3MEHEHNS
PYHKLNIA CEepAEHHO-COCYANCTON, ONMOPHO-ABMraTENbHOM 1 APYrX CUCTEM opraHnama. VlccnefoBaHnsa NpoTeoMa KPoBW Ha OCHOBE MaCC-CNeKTPOMETPUM
MOryT CNOCOOCTBOBATb BbISBAEHNIO MEXaHN3MOB (PU3NONOrMHECKO afantaumum K hakTopam KOCMUHYECKOro NofieTa, MOAEMPYEMbIX B «CyXOW» UMMEPCUN.
Llenb. PacluvpeHiie Hay4HbIX NPeaCTaBNeHN O MONEKYNSPHBIX YHaCTHUKaX OCTPOro Nepuoaa agantaummn rusnonormyeckx CUCTeM K yCIOBUSIM MOAENN-
PYEMOW MMKPOrpaBmUTaLmmn No AaHHbIM NPOTEOMHOMO aHanM3a Cyxmx NATEH KPOBW YHaCTHUL, 5-CyTOYHOM «CyXO» UMMEPCHN.

MaTepuanbil u meToabl. B nccnegoBaHny NpUHANKM y4acTue 8 300POBbIX XXEHLLMH-A06p0BOMbLLIEB (CpeaHuin BodpacT 30,0 + 4,8 roga). Benkun kposu aHa-
NN3NPOBaNM NO METOAY «CyXUX MATEH KPOBW»; UCMONb30BaM KanUIISPHYIO KPOBb, BbICYLLEHHYIO Ha crieumansHoM BymaskHom cdunstpe (Perkin Elmer).
DdepMeHTHOE pactlienneHne 6enkoB NPoBOAMAM C 1ncnonb3oBaHnem TpuncuHa (Thermo Scientific, CLUA). Cmecu TpunTudeckrx NenTUaoOB aHanM3rpoBa-
I METOAOM >KNAKOCTHOM XPOMAaTO-MacC-CMeKTPOMETPUN Ha xpomaTorpade HaHo-BOXKX Dionex Ultimate3000, cOBMELLEHHOM C MacC-CNeKTPOMETPOM
TimsTOF Pro. Macc-CnekTpoMeTpr4ecKmin aHanma npoBOAKAM C UCMONb30BaHMEM MeTofa napanfielbHoro HakonneHust npw nocnefoBaTensHon dpar-
MeHTauun (PASEF). Mony4yeHHble fanHble LC-MS/MS 6binv Nonykonm4ecTBEHHO npoaHanuanpoBaHs! ¢ nomolsto DIA-NN 1.8.1. Ctatuctuydeckuii aHanma
npoBoAun B Nporpamme Statistica 12.

Pe3ynbTaTtbl. O6HAPY>KEHO, YTO MONEKYNSAPHbIA OTBET Ha YCIIOBUS UMMEPCUM CBSA3aH C NOBbILLEHEM YPOBHEW HENKOB aHTUOKCUAAHTHOW 3aLLmThI, aKTu-
BaLMei NPoLEeccoB katabonmama 1 NeHTo30PochaTHOro NyTu. YMeHbLLaNNCh YPOBHU OTpULATENbHBIX PEryNaTOPOB SHAOMENTMAa3, OeNKoB romeocTasa
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>xenesa. BbisaBneHHble NOBbILEHHbIe YyPOBHW akTnsaTopos HALPH-okcnaassl cBuaeTenscTytoT 06 aktusaumn HAOPH-okcnaassl B yCnoBmsax saKcnepu-
MeHTa. OTu pesynbraTthl MOryT yKasbiBaTb Ha pasBUTUE OKUCIUTENIBHOrO CTPecca BO BPEMSt UIMMEPCUK.

BbiBoAbI. BbisiBNIeHHbIE MONEKYNSAPHbBIE YHACTHVKIN OTBETA XKEHCKOrO OpraHmnsmMa Ha yCrnoBus MIMMEPCU MOTYT NPefoCTaBnTb MHPOPMALIMIO O CUTHaSBbHbBIX
NyTAX M MEXaH3Max, 3a4eNCTBOBaHHbIX B OTBETE Ha MMMOKNHESNIO, 1 B MOCAeaytoLLeM OyayT CnocobCcTBOBaTb pa3paboTke (hapMakoNorn4eCcKnx Mep Nog-
[EPXKKN 3A0POBbSA MEHLLVH-KOCMOHABTOB. TN pe3ynsTathl TakXKe MOryT ObiTe MONE3Hb! NS MOHUMAHUS NPOLLECCOB, NMPUBOAALLNX K HEONAronpuaTHLIM
NOCNEeACTBUSM Y NOAEN C HU3KUM YPOBHEM [BUraTeIbHON aKTUBHOCTU.

Knio4yeBble cnosa: «Cyxasa» UMMepCcrs; NPoTeoM; XpOMaTo-MacC-CrneKTPOMETPUA; CyXme NATHa KPOBU; OKUCNNTENbHbIN cTpecc

Ans untuposanus: KawwnpuHa [.H., Mactywkosa J1.X., Bpxkodosckuit A.l., KoHoHuxmH A.C., Hukonaes E.H., NapuHa V.M. MNpusHaky pa3suts oKUcan-
TeNbHOro CTpecca npw aHannae NpPoTeomMa KPOBU XKEHLLIMH-A06P0BOSbLEB B 9KCNEPUMEHTE C 5-CyTOYHOW «CyXoi» MMmepcuen. MeauLyHa aKCTpemasibHbIX
cutyauymn. 2025;27(2):205-212. https:/doi.org/10.47183/mes.2025-251
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INTRODUCTION

Dry immersion (DI) is an effective ground-based model
for assessing the impact of initial stages of space flight on
the astronaut health. In comparision with other models,
such as head-down bed rest (HDBR), DI shows a higher
adequacy due to the possibility of simulating physiologi-
cal changes similar to those in the initial period of space
flight and their dynamic monitoring [1]. DI simulates a lack
of support, immobilization, hypokinesia, and centralization
of body fluids, i.e., phenomena observed during space
flight [2]. This model can be used to evaluate microgravity-
induced changes in the functions of the vestibular appara-
tus, cardiovascular, musculoskeletal, somatosensory, and
other body systems.

The biological response of the human body to space-
flight conditions is manifested in pronounced oxidative
stress, which is capable of causing damage to all cellular
structures, including DNA. Oxidative stress occurs when
the production of free radicals exceeds the natural antioxi-
dant capacity of the cell [3]. Exposure to microgravity and
cosmic radiation increases the production of reactive oxy-
gen and nitrogen species (ROS and RNS), thus disrupting
the functions of the cardiovascular system and bone tissue
[4]. An increase in the level of 8-oxoguanosine (a product
of DNA oxidation) in the urine of 59 astronauts was also
shown [5]. At the physiological level, oxidative stress and
redox imbalance contribute to disturbances in the regu-
lation of metabolism of the cardiovascular, immune, and
nervous systems associated with space flight [6].

During ground-based experiments, an increase in vari-
ous parameters was also observed, indicating the develop-
ment of oxidative stress [7, 8] as a result of either increased
generation of ROS or dysfunction of antioxidant defense
systems [9]. Thus, an increase in the marker of oxidative
DNA damage — 8-OH-deoxyguanosine — was detected

in HDBR, accompanied by an increase in the excretion of
markers of bone resorption [N-telopeptide type | collagen
(NTX), pyridine crosslinking, deoxypyridinoline] [8]. An in-
crease in iron reserves during space flight is also associ-
ated with an increase in oxidative DNA damage and bone
loss [10]. During experiments with hypokinesia, the growing
ROS generation in muscles not only affects bone metabo-
lism but also leads to changes in the activity of antioxidant
systems [11].

The action of microgravity and hypokinesia on hu-
man physiological systems is actively studied, including
using postgenomic methods. Mass spectrometry-based
proteome studies aimed at analyzing dynamic changes
in blood proteins, tissues, etc., extend the existing un-
derstanding of physiological adaptation mechanisms to
spaceflight factors simulated in DI tests.

Thus, previous five-day dry immersion studies detected
an increase in the level of free bilirubin and myoglobin in the
blood serum, thereby indicating increased levels of hemol-
ysis and myolysis. Increased levels of hepcidin, ferritin, and
haptoglobin were also shown, which was attributed to in-
creased levels of serum iron [12]. When comparing chang-
es in iron metabolism in males and females who underwent
a five-day Dl test, an increase in the systemic availability of
iron and serum hepcidin levels was revealed, which indi-
cates an incorrect distribution of iron in these conditions,
regardless of the gender [13].

At the same time, changes in the level of a number of
proteins both after space flights and in ground-based ex-
periments under conditions of 21-day HDBR and DI were
revealed. These proteins include A1BG, A2M, SERPINAT,
SERPINA3, SERPING1, SERPINC1, HP, CFB, and TF. This
observation indicates changes in the processes affected by
microgravity, i.e., hemostasis, platelet degranulation, and
protein metabolism [14]. A three-day DI involving female
volunteers found significant changes in the transcriptomic
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profile in the human soleus muscle and a decrease in tissue
respiration stimulated by adenosine diphosphate (ADP);
however, no changes in the content of mitochondrial pro-
teins/respiratory enzymes was observed. This indicates
a regulation disorder of cellular respiration processes.
Downregulated RNAs were closely related to mitochondrial
function, as well as to lipid metabolism, glycolysis, insulin
signaling, and various transporters [15]. In that experiment,
the proteome analysis of dry blood spots revealed intracel-
lular proteins with an increased level of expression, which
are involved in the processes of pentose phosphate shunt
(PGM2, TKT, BPGM). At the same time, the level of extra-
cellular proteins decreased (ALBU, APOA4, AGT, LUM,
HPX, SERPINA7) [16].

In the present work, we aim to study the molecular
markers of the acute period of physiological adaptation of
healthy females to the conditions of simulated microgravity
in a five-day dry immersion test according to the proteome
analysis of extracts of dry blood spots.

MATERIALS AND METHODS
Design of a five-day dry immersion experiment

Dry immersion is a model for ground-based reproduction of
the physiological effects of weightlessness. In our research,
testing was organized using the facilities of the Institute for
Biomedical Problems of the RAS and conducted at the dry
immersion bench base. Eight young healthy female volun-
teers (average age 30+4.8 years) participated in the study.
Each study participant voluntarily signed an informed con-
sent after having been explained the potential risks, benefits,
and nature of the upcoming study. A board of medical ex-
perts confirmed that all the subjects were in good health and
had a normal body mass index. During the period of dry
immersion, the subjects were not subjected to any additional
effects aimed at correcting adaptive changes in physiologi-
cal systems. At the onset of the experiment, the female vol-
unteers were synchronized according to the phase of the
menstrual cycle (follicular phase) in order to avoid differences
in hormonal effects on the studied parameters.

Collection of capillary blood specimens

For the blood proteome analysis, capillary blood dried on
a special paper filter (Perkin Elmer) was used (dried blood
spot, DBS). The advantages of this method lie in its simplic-
ity and low invasiveness, which makes it possible to collect
specimens with high accuracy. Capillary blood specimens
were taken from volunteers two days before the onset of the
experiment (baseline), on days 1, 3, and 5 during the DI ex-
periment, and two days after the completion of immersion
(post-DI). The specimens taken prior to immersion served
as a control. Capillary blood was taken from the subjects
from the terminal phalanx of the ring finger with an automatic
scarifier. Blood in the amount of 20 yL was taken using an
automatic pipette; a drop of blood was placed on a special
filter paper, dried for 2 h, and stored at minus 20°C.

Dry blood spots were excised and placed in micro-
centrifuge tubes. Proteins were then extracted, reduced,
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alkylated, and precipitated as described in [16]. The enzyme
cleavage of proteins was performed using trypsin (Thermo
Scientific, USA). The obtained mixtures of tryptic peptides
were analyzed by liquid chromatography—mass spec-
trometry (LC-MS) on a Dionex Ultimate 3000 nano-HPLC
chromatograph (Thermo Fisher Scientific, USA) combined
with a TimsTOF Pro mass spectrometer (Bruker Daltonics,
USA). The peptides were separated by an emission packed
column (C18, 25 cmx75 pmx1.6 pm; lon Optics, Parkville,
Australia) at a flow rate of 400 nL/min by gradient elution of
4-90% of phase B for 40 min. Mobile phase A consisted of
0.1% formic acid in water, and mobile phase B consisted of
0.1% formic acid in acetonitrile.

Mass spectrometric analysis was performed using the
method of parallel accumulation with sequential fragmenta-
tion (PASEF). The electrospray ionization (ESI) source oper-
ated at a capillary voltage of 1500 V, an end plate offset of
500 V at a temperature of 180°C. The measurements were
carried out in the m/z range 100-1700 Th. The ion mobility
ranged 0.60-1.60 V s/cm?. The total cycle time was 1.88 s,
and the number of PASEO MS/MS scans was set to 10.

The obtained LC-MS/MS data were semi-quantitatively
analyzed using DIA-NN 1.8.1. The specified restrictive pa-
rameters were as follows: the mass accuracy of the frag-
ments was 1.5e-05 (MS2) and 2e-05 (MS1); the enzyme
was trypsin; the maximum number of missing bonds was
3; the fixed modification was carbamidomethyl (C). The
threshold for the frequency of false detections (FDR) was
set at 0.01. A semi-quantitative analysis was performed us-
ing normalized peak intensities in the MS spectra, which
reflects the relative levels of proteins in the samples.

Statistical analysis was performed in the Statistica 12
software using the nonparametric Mann-Whitney test
(p-value < 0.05). The biological processes, in which the
identified proteins are involved, were determined using the
STRING web resource'.

RESULTS

As a result of the proteome analysis of DBS samples of
female volunteers, 829 different proteins were identified,
with about 700 proteins being detected in each sample.
When comparing the protein levels at each point of the ex-
periment on day 1, 3, and 5 of DI and post-DI (on the 2nd
day after the end) compared to baseline (2 days before the
experiment), about 214 proteins were identified. The rela-
tive levels of such proteins significantly changed during dif-
ferent periods of the experiment. Upon lengthening of the
experiment period, statistically significant differences in the
number of proteins responsible for various pathophysiolog-
ical processes in the body is observed.

On day 1 of immersion, the female participants showed
an increase in the levels of four proteins and a decrease in
the level of one protein compared to the baseline levels. On
day 3, the levels of 18 proteins increased and the levels of
28 proteins decreased compared to the baseline. On day
5, the levels of 43 proteins increased, and 32 proteins de-
creased. At the same time, an unexpected result was vari-
ations in the protein level during the recovery period. Thus,
139 proteins underwent variation, out of which 59 and 80

' Search Tool for the Retrieval of Interacting Genes/Proteins — https://string-db.org
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proteins showed elevated and reduced levels compared to
the baseline, respectively.

For all proteins, whose relative levels increased dur-
ing immersion, nine biological processes were identified
using the Gene Ontology (GO) database (Fig. 1A). The
most reliable process was the detoxification of cellular
oxidants, which included proteins of the CAT, TXNDC17,
PRDX1, TXN, TXNRD1, HBB, and HBD genes. Some of

A

Cellular oxidants
detoxification

Hydrogen peroxide catabolism

Catabolism

Protein binding
positive regulation

Binding positive regulation
Cellular catabolism

Protein binding regulation

these proteins were involved in the process of hydro-
gen peroxide catabolism (CAT, PRDX1, HB, HBD). Other
processes to note were catabolism and biosynthesis of
glyceraldehyde-3-phosphate, which is a key intermedi-
ate of hexose metabolism in such biochemical process-
es as glycolysis, gluconeogenesis, pentose phosphate
shunt, etc.

Among the biological processes involving proteins with
reduced levels during DI (HRG, F12, PEBP1, SERPINA10,
AMBP, CLEC3B, USP9X, FN1, SERPINC1, GSN, PSMC2,
SERPINA4), only one was identified — regulation of pro-
teolysis (Fig. 1B). Among these proteins involved in the
regulation of proteolysis, half of the proteins were pro-
tease inhibitors (histidine-rich glycoprotein (HRG); hip-
pocampal cholinergic neurostimulating peptide (PEBP1);
protein Z-dependent protease inhibitor (SERPINA10); inter-
alpha-trypsin light chain inhibitor (AMBP); antithrombin-IIl
(SERPINC1); callistatin (SERPINA4). A decrease in protease
inhibitors is likely to enhance proteolysis under immersion
conditions.

The biological process of cellular oxidants detoxifica-

Nucleoside diphosphate . ) , . \
phosphorylation tion, which is part of antioxidant protection, demonstrated
Gcheraldehyde-S-‘phos%hat.e the most statistically significant change. This change was
biosynthesis | : : : : . manifested in an increase in protein levels involved in this
0 1 2 3 4 5  process. Table 1 lists the antioxidant protection proteins,
-LOG10(FDR) the levels of which varied throughout the dry immersion
B period.
) ) Figure 2 presents a scheme of involvement of antioxi-
Proteolysis regulation . \ , \ . .
dant protection proteins in response to immersion condi-
(', ; é é "1 ;3 tions. On day 3 of DI, protein 17 containing the thioredoxin
—LOG10(FDR) domain (TXNDC17), peroxiredoxin-1 (PRDX1), catalase

Figure prepared by the authors using their own data

Fig. 1. Statistically significant biological processes involving proteins with
altered levels, according to the Gene Ontology database

Note: A — biological processes that include all proteins with significantly
elevated levels during immersion; B — biological processes that include all
proteins with significantly reduced levels during immersion.

(CAT), and the glutamate-cysteine ligase modifier (GCLM)
subunits showed an increase. These subunits exhibit per-
oxidase activity and promote the removal of cellular hydro-
gen peroxide, an active form of oxygen capable of dam-
aging cellular components. On day 5, thioredoxin (TRX)
and thioredoxin reductase 1 (TXNRD1) were involved in the

Table 1. Dynamics of changes in levels of antioxidant protection proteins during and after dry immersion as a percentage compared to the baseline levels

Changes in protein levels compared to baseline, %
Proteins Genes DI period, days

1 3 5 post-DI
catalase CAT 109.7 119.7* 125.5* 114.3
peroxiredoxin 1 PRDX1 1131 119.2* 113.1* 101.5
glutamate-cysteine ligase regulatory subunit GCLM 112.9 119.1¢ 124.0* 114.0
glutamate-cysteine ligase catalytic subunit GCLC 108.6 112.6 111.9 125.8*
thioredoxin domain-containing protein 17 TXNDC17 101.4 130.7* 121.7* 118.5
thioredoxin reductase 1, cytoplasmic TXNRD1 117.8 122.4 147.2* 128.6
thioredoxin TXN 118.1 114.7 150.6* 123.8
hemoglobin subunit delta HBD 118.2 109.5 126.6* 108.4
hemoglobin subunit beta HBB 109.6 113.3 124.4* 118.1*
hemoglobin subunit theta 1 HBQ1 103.5 126.7 128.4 143.7*
superoxide dismutase SOD1 112.6 118.5 115.2 134.2*

Table prepared by the authors using their own data

Note: *significant changes compared to the baseline levels (p-value < 0.05).

MEOVLIHA OKCTPEMATTBHBIX CUTYALIAI | 2025, TOM 27, Ne 2



response. Thioredoxin reduction is carried out by thiore-
doxin reductase, which uses a single NADPH molecule
for this purpose. The levels of beta and delta subunits of
hemoglobin (HB, HBD) also demonstrated a growing trend
during this period.

The molecular response to the completion of immersion
and return to habitual living conditions was also associated
with an increase in proteins involved in this process. Thus,
The levels of superoxide dismutase (SOD1), beta- and the-
ta-1 subunits of hemoglobin (HB, HBQ1) increased, while
those of PRDX1, CAT, TSN, TXNDC17, and TXNRD1 recov-
ered to the pre-experimental values.

In addition, processes associated with antioxidant pro-
tection and oxidative stress, such as the pentose phos-
phate pathway, NADPH oxidase regulation, and iron ho-
meostasis, were also identified. Thus, a significant increase
(p-value<0.05) in the proteins of the pentose phosphate
pathway (transketolase (TKT) and phosphoglucomutase-2
(PGM2) (Fig. 3A) was noted, presumably required for the
formation of NADPH as one of the main components of the
antioxidant defense system.

In addition, in our experiment, after the completion of
immersion, a significant increase in the level of Ras-related
C3 botulinum toxin substrate 1 (RAC1), which is a NADPH
oxidase regulatory subunit that stimulates its activity, was
detected compared to the baseline level before immersion
(Fig. 3B). Another NADPH oxidase regulator is CDC42 [17],
which, according to our data, was elevated on day 3 of
DI and after the completion of immersion (Fig. 3B). In this
chain of interactions, an important link is the adapter pro-
tein beta-parvin PARVB (the level was increased on day 3
of immersion). This protein plays a role in the transmission
of integrin signals through the integrin-bound kinase ILK
(the level was increased only after the completion of im-
mersion) (Fig. 3B) and the activation of the aforementioned
GTPases CDC42 and RACH.

Attention should be paid to decreased levels of iron
ion homeostasis proteins (V-type proton ATPase catalytic
subunit A (ATP6V1A), BolA-like protein 2 (BOLA2)), which
were observed during dry immersion (Fig. 3B). A steady
decrease in the levels of these proteins, starting on day 3
of immersion, may indicate changes in iron metabolism
caused by experimental conditions.

GCLM .TXNDC17
PRDX1 ,
CAT
3" day DI 5% day DI

Figure prepared by the authors using their own data

Fig. 2. Relationship of antioxidant protection proteins
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DISCUSSION

The molecular response to five-day immersion conditions
is primarily associated with increased levels of antioxi-
dant defense proteins and proteins of the pentose phos-
phate pathway, which is important for NADPH generation.
Interestingly, our three-day immersion experiment con-
ducted earlier also observed an increase in proteins of the
pentose phosphate pathway, including the aforementioned
PGM2 and TKT [18]. Since the material for the proteomic
study was protein extracts of dry blood spots (which, in ad-
dition to plasma proteins, also contained cytosol proteins
of destroyed blood cells), we believe red blood cells, as the
most represented cells of the bloodstream, to make the
main contribution to changes in these proteins. In erythro-
cytes, the pentose phosphate pathway of glucose oxida-
tion provides anabolism processes, being not associated
with energy production. In erythrocytes, only NADPH is
formed as a product of the pentose phosphate pathway.
In this case, pentose is not the final product, but turns into
phosphohexose, which closes the cycle or passes into
glycolysis, completing the shunt. NADPH is an important
component of antioxidant protection. This component is
necessary for the regeneration of glutathione, which de-
stroys reactive oxygen species (ROS) together with glu-
tathione peroxidase, as well as for the restoration of thiore-
doxin with the participation of thioredoxin. Since NADPH
is formed in erythrocytes only in reactions of the pentose
phosphate shunt, an increase in the concentration of pen-
tose phosphate shunt proteins may be a response to oxida-
tive stress. The results of studies of erythrocyte metabolism
conducted before and after space flight showed changes
in the metabolic status of cells, expressed in a decrease in
the activity of the processes of the regenerative system (a
decrease in reduced glutathione) [19], which confirms our
assumption.

It has been repeatedly shown that the lack of physical
activity increases ROS generation in muscles [11], activates
the glutathione system [11, 20], and affects the activity of
antioxidant systems [11]. Glutathione is a component of one
of the main antioxidant systems stimulated both in muscles
and at the systemic level (in liver and red blood cells) dur-
ing activation of oxidative processes [21]. Therefore, it is

GCLC
GCLC

SOD1 HBB

Post-DI

Note: red — detoxification proteins of cellular oxidants; blue — proteins of the oxidative stress response; lines of protein—protein interactions: bright green — co-
mentioned in Pubmed abstracts; crimson — experimentally determined protein interaction; black — protein co-expression; light blue — the interaction is specified
in the verified databases; green — close arrangement of protein genes; blue — joint occurrence of protein genes; lilac — protein homology.
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Figure prepared by the authors using their own data

Fig. 3. Changes in protein levels in dry blood spots of participants during a five-day DI test
Note: A — dynamics of changes in the levels of proteins of the pentose phosphate pathway; B — dynamics of changes in NADPH oxidase regulator levels;
C — dynamics of changes in iron metabolism protein levels; *statistically significant changes p-value < 0.05; AU — arbitrary unit.

important for the cell to have sufficient NADPH to restore  tissue. There are two main sources of ROS in muscle fibers,
glutathione and protect against oxidative stress. i.e., mitochondria, which form ROS during incomplete con-

We believe that the main cause of oxidative stress ob-  jugation of oxidation and phosphorylation [22], and NADPH
served both during space flight and in model experimentsis  oxidase-2 (NOX-2), localized in the sarcolemma and inner
the effects of physical inactivity and hypokinesia in muscle ~ membranes [23]. It was shown that muscle unloading leads
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to a decrease in mitochondrial respiration and changes in
the operation of NADPH oxidase-2.

NADPH oxidases as the main sources of reactive oxy-
gen species (ROS) in cells continue to attract research in-
terest due to their exceptional function of generating ROS
under normal physiological conditions.

Increased levels of NADPH oxidase regulators RAC1_
HUMAN, CDC42, as well as proteins signaling these
GTPases, PARVB, and ILK during and after immersion con-
firm the role of NADPH oxidase in ROS generation under
hypokinesia conditions and the development of oxidative
stress. It is believed that oxidative stress is one of the ways
to activate signaling pathways responsible for reducing
muscle protein synthesis and activating proteolysis, which
subsequently leads to muscle atrophy [24, 25].

The modern lifestyle of populations residing in urban
agglomerations raises the importance of creating means
to prevent the development of oxidative stress and its con-
sequences caused by insufficient physical activity. Indeed,
the lack of physical activity leads to increased generation of
ROS by vascular cellular components and deteriorates en-
dothelium-dependent vasorelaxation, which contributes to
endothelial dysfunction and the development of atheroscle-
rosis. Statins were reported to have a beneficial effect on the
cardiovascular system, preventing cardiovascular diseases
by blocking RAC1 and NADPH oxidase, thereby reducing
ROS generation [26]. It should be noted that countering oxi-
dative stress can also reduce the loss of muscle mass dur-
ing physical inactivity. Thus, in animal models of hypokinesia,
the addition of antioxidants prevented atrophy [27].

The second reason for increased levels of protection
proteins from oxidative stress, as well as decreased levels of
iron ion homeostasis proteins (ATPEV1A, BOLA2), observed
in our dry immersion experiment (Fig. 3B), may be related to
increased hemolysis. Activation of hemolysis was detected
both in model experiments and during space flight [12, 28],
although the causes of this phenomenon remain unknown.
A thorough assessment of the iron status, as well as hema-
tological reactions, was carried out in a five-day DI experi-
ment involving 20 healthy males [12]. Immersion was found
to increase the concentration of iron in the spleen, while iron
reserves in the liver were not affected. Sequestration of iron
in the spleen was accompanied by an increase in the level of
hepcidin in the blood, which suppresses the absorption of iron
in the intestine. An increase in the blood level of unconjugated
bilirubin, which is normally formed as a result of the break-
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Introduction. Genetically engineered biological drugs (GEBD) are widely used in the treatment of children with uncontrolled bronchial asthma (BA). In Rus-
sia, several GEBD have been registered for the treatment of children and adolescents with asthma, including anti-immunoglobulin E/anti-IgE (omalizumab),
anti-interleukin 5/anti-IL.-5Ra (mepolizumab), and anti-IL-4Ra (dupilumab). The choice of GEBD depends on the BA phenotype and genotype. However, in
pediatric practice, the difficulty of determining a BA endotype complicates the search for an effective drug. For this reason, there is a possibility of insufficient
effectiveness of the recommended expensive therapy and the need to revise the treatment of GEBD in accordance with the phenotypic features of the disease.
Clinical case description. The paper presents a dynamic follow-up of a 7-year-old child with severe asthma and concomitant atopic dermatitis (AD) receiving
GEBD therapy. The initial biological drug was omalizumab. Subsequently, due to insufficient control of the symptoms of the disease and exacerbation of severe
atopic dermatitis, a switch to dupilumab was performed. The change in GEBD contributed to achieving control over BA symptoms and a relief of the skin condition.
Conclusions. Our observation shows the effectiveness and safety of switching between omalizumab to dupilumab in children with severe asthma and con-
comitant AD. Further research is needed to clarify the clinical profile of patients in order to determine predictors of an effective choice of biotherapy and resolve
the issue of switching to various monoclonal antibodies.
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BO3MO>XHOCTW NEPEKJIOYEHUA BMONOMMYECKOIO NPENAPATA MPU NEYEHUN BPOHXUAJIbHON
ACTMbI Y OETEW. KNMHWYECKOE HABIKOLEHUE

M.A. MbxbsiHoBa'!, C.B. 3anuesa®*™, A.HO. Tomunoea'?, A.A. Vibparnumosa'

"Poccuiickuin HaumoHasbHbIN MCCnefoBaTenbCKnii MeauunMHeKnii yHmsepeuteT um. H.W. Muporosa, Mockea, Poccus
2PenepanbHbli HayYHO-KNMHNHYECKUIA LIEHTP AeTel 1 NnoapocTKoB PefepanbHOro Meamko-6ronornieckoro areHTcTaa, Mocka, Poccus
3 POCCUINCKMIA yHUBEPCUTET MeauLmHbI, Mockea, Poccus

BBepeHue. B Tepanun geter ¢ HEKOHTPONMpyemol BpoHxXmnanbHon actMoi (BA) akTMBHO MCMONb3YIOTCS FeHHO-NHXEHEePHble Bronoruieckmne npenaparsbl
(FMBMM). B Poccun ansa nedenvs aetein 1 nogpocTkoB ¢ BA 3apernctpupoBaHo Heckonbko [MBIM: aHTummyHornobynuH E (IgE) (omannadymab), aHTumnHTep-
nevkun 5 (IL-5/aHTn-IL-5Ra) (Menonnaymat®) n aHtu-IL-4Ra (Qynnnymat®). Beibop I'VIBIM 3aBncuT oT heHotuna n sHaoTvna BA. OgHako B negmaTpu4eckom
npakTuke onpegeneHne sHaotuna BA 3atpyaHUTENbHO, B CBA3M C YeM NMOUCK S(PdEeKTUBHOMO Npenapara ocTaeTca HenpoCcTon 3agadert. o aTo NpuynHe
CYLLLEECTBYET BEPOATHOCTb HEAOCTAaTOYHOW 3(PAPEKTUBHOCTU PEKOMEHAOBAHHOW AOPOroCTOSALLEN Tepann 1 HEOOXOAUMOCTN nepecmoTpa nedenuns MBM
B COOTBETCTBUMN C PEHOTUNMNHECKNMN OCODEHHOCTAMM 3aboneBaHns.

OnucaHue KNMHUYECKOro ciny4vas. B paboTe npefcTaBneHo AnHamu4eckoe HabnoaeHne 3a pebeHKoM 7 NeT C TshkenbiM TedeHnem BA 1 conyTcTBy-
foLLMM aTonuyecknum gepmatutom (AT), nonyyatowmm B Tepanun MBI, ViexogHeiM 6uonorndeckm npenapaTtomM Obin omanudymab. B nocnepytoiem
B CBSI31 C HEAOCTATO4HbIM KOHTPOJIEM CYMMTOMOB 3a60/1eBaHs 1 06OCTPEHNEM TSXKENOr0 aTONMMYECKOro AepMaTuTa NPpoBEAEHO NepeksitoHeHne Ha dynm-
nyma6®. Cmera I'MBIN cnocobcTBoBana AOCTMKEHNIO KOHTPONS CUMNTOMOB BA 11 KYyNpoBaHWO KOXXHOMO CUHApPOMA.

BbiBoabl. Halle HabntogeHve nokasbiBaeT ahdeKTUBHOCTb 1 6E30MacHOCTb NePEKIIOYEHMs ¢ BLUONOrMYecKoro npenapara oManndymab Ha npenapar
Lynunyma6® y feten ¢ Tskenbim TedeHrem BA n conyteTsytowmm AT, Heobxoavmbl fanbHenwmve nccnegoBaHns Ana yTOHHEeHNS KIMHNHYECKOro npoduns
NaLMeHTOB C Lienbto onpeaeneHns NpefnkTopoB addeKTVBHOro Beibopa B1ONorMYecKor Tepanmm 1 peLLeHrs Bonpoca o Nnepexofe Ha pasnnyHble MOHO-
KNIOHaNbHbIE aHTUTENa.

KnioueBble cnoBa: OpoHxuanbHad actMa; aTtonuMyeckui AepmaTuT; T2-BocnaneHue; reHHO-WHXEeHepHble Buonorndeckre npenapatbl; omanuaymat;
Lynunyma6®; netn

Ana untuposaHus: [MbkbaHosa A, 3anuesa C.B., Tomunosa A.O., Mbparmmosa A.A. BO3MOXHOCTV NepekMtoHeHns G1OoNorm4eckoro npe-
napata npu fedeHnn OpoHXManbHOM acTMbl y AeTen. KnuHudeckoe HabnopeHne. MegvumHa skcTpemasibHbix cutyaumi. 2025;27(2):213-219.
https:/doi.org/10.47183/mes.2025-27-2-213-219
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INTRODUCTION

Bronchial asthma (BA) is a chronic heterogeneous res-
piratory disease with the incidence of about 400 million
people worldwide'. In Russia, according to the results of
epidemiological studies, 6.9% of adults and about 10% of
children and adolescents suffer from BA2.

Currently, BA treatment is aimed at achieving control
over the symptoms of the disease and preventing ex-
acerbations. Anti-inflammatory drugs form the basis of
controlled drug therapy; however, BA therapy is selected
individually according to the phenotype and age of the
patient. The treatment volume increases or decreases
depending on the controllability of the symptoms of the
disease. According to the recommendations of the Global
Initiative for Asthma (GINA), inhalant glucocorticosteroids
(ICS) are a basic therapy in children under five years of
age, while combined drugs — fixed combinations of ICS
with long-acting p2-agonists (LABA) — can be used start-
ing from the age of six-year-olds. In addition, from two
years of age, antileukotrienes (leukotrienes receptor an-
tagonists, LTRAS) are recommended as a baseline thera-
py. Provided high adherence and proper inhalation tech-
nique, the majority of patients (80%) respond positively
to such a therapy with the achievement of symptom con-
trol. However, 5-10% of patients are resistant to standard
therapy, having a high rate of BA exacerbations and emer-
gency treatment [1]. Currently, the drugs of choice for this
patient group are genetically engineered biological drugs
(GEBD), which are selected based on the phenotype and
endotype of the disease [1].

The BA phenotype is a combination of features that
describes clinical differences between patient groups and
largely determines the BA clinical outcomes. There are
five main BA phenotypes in adults, i.e., allergic, non-aller-
gic, with late onset, with fixed airway obstruction, and BA
in obese patients [1, 2]. The allergic (atopic) BA phenotype
is most common in pediatric practice. This phenotype is
associated with a family history of atopic diseases, early
onset in childhood, the presence of concomitant allergic
diseases in the patient (allergic rhinitis, pollinosis, atopic
dermatitis (AD)), being characterized by severe sensitiza-
tion to allergens [1].

The BA endotype is a disease subtype characterized
by a unique pathogenetic or molecular mechanism. One
BA endotype may underlie several phenotypes [1-4].
There are two most common BA endotypes, i.e., with
the dominance of T2 inflammation (T2-BA) and without
it — non-T2-BA, and a mixed endotype. As a rule, non-
T2-BA is characterized by neutrophilic or paucigranulo-
cytic inflammation, whereas T2-BA is characterized by the
presence of eosinophilic inflammation of the respiratory
tract [4]. Eosinophilic inflammation in T2-BA is formed due
to the involvement of Th2 lymphocytes and type 2 innate
lymphoid cells (ILC 2), which produce excess T2-profile
cytokines IL-4, -5, -13. The secretion of these cytokines
triggers IgE-related hypersensitivity reactions in the lower
respiratory tract, activating and maintaining the inflamma-
tory process. The markers of the BA T2-endotype include

an increase in immunoglobulin E (IgE) in blood serum, the
eosinophil blood level >150 cells/ulL and/or the number of
sputum eosinophils >2%, and/or the level of nitric oxide in
exhaled air (FeNO) >20 particles per billion (ppb) [3].

The above inflammatory endotypes served as a the-
oretical basis for the development of personalized ap-
proaches to BA therapy. In this regard, the creation of
GEBD is a promising direction. The GEBD mode of action
consists in binding to a certain determinant, e.g., a cy-
tokine or a receptor, and blocking the further inflammatory
process. Due to this selectivity, biologics are ideally suited
for personalized or targeted medicine.

In Russia, three GEBD are currently used for BA treat-
ment in pediatric practice. Among them are anti-immu-
noglobulin  E/anti-IgE  (omalizumab), anti-interleukin-5/
anti-IL-5Ra (mepolizumab), and anti-IL-4Ra (dupilumab)
[3]. These drugs have demonstrated their efficacy in BA
treatment in clinical trials. In the setting of GEBD therapy,
most patients showed a decreased relapse rate, improved
BA control and lung function [5-7]. However, the effec-
tiveness of therapy is largely determined by the correct
choice of GEBD, which is based on the assessment of
the patient’s BA phenotype and BA endotype. In pediatric
practice, the determination of the endotype and related
biomarkers may be problematic. Thus, children with eo-
sinophilic BA may not exhibit an increase in all markers of
T2 inflammation, similar to adult patients. BA patients may
be phenotypically similar, but have different responses to
GEBD. This results in significant difficulties in selecting
GEBD and their insufficient effectiveness in actual clini-
cal practice [3, 5]. Thus, according to [8], about 10% of
patients treated with GEBD experienced insufficient clini-
cal response during therapy. In such cases, experts rec-
ommend considering changing the drug and switching to
another monoclonal antibody [1]. Unfortunately, there are
currently no clear clinical criteria for selecting the most
effective biological drug, as well as evidence-based rec-
ommendations regarding the timing of the transition from
one biological drug to another [9]. Switching to another
biological drug is possible in case of insufficient control
of BA during therapy, the presence of potential adverse
events (hypereosinophilia, for example), and emergence
of concomitant pathology (nasal polyps, AD) [1].

Omalizumab was the first monoclonal antibody (mAb)
approved as an adjunctive therapy for patients with se-
vere persistent allergic BA. It is a recombinant humanized
IgG1 mAD that inhibits the binding of freely circulating IgE
to the high-affinity IgE receptor (FceRl) on the surface of
both mast cells and basophils, thereby limiting the release
degree of allergic reaction mediators. The omalizumab ef-
fectiveness in patients who responded to treatment is due
to its inhibitory effect on the type 2 cytokines (IL-4, IL-5,
and IL-13) release and eosinophil transport.

Numerous studies performed in different countries,
including the Russian Federation, have shown the ef-
fectiveness of omalizumab in the treatment of adults and
children >6 years of age with severe and moderate atopic
BA, uncontrolled by high doses of ICS in combination with
LABA [10, 11]. The atopic nature of BA must be proven

" GINA. Global Strategy for Asthma Management and Prevention. Global Initiative for Asthma, 2024.

2 Bronchial asthma. Clinical practice guideline. Ministry of Health of Russia; 2024.
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by significant sensitization (positive skin tests and/or the
presence of specific IgE antibodies) to allergens. Total se-
rum IgE should range within 30—-1500 IU/mL in adults and
children >12 years of age and 30-1300 IU/mL in children
over six years of age. Omalizumab is administered sub-
cutaneously at a dose of 150-375 mg every two or four
weeks. The dosage and frequency are calculated based
on the body weight and the total serum IgE level. The first
evaluation of the effectiveness of omalizumab treatment
is recommended after 16 weeks of treatment®. After this
follow-up period, treatment may be discontinued due to a
lack of efficacy.

Since the approval of omalizumab, a number of rand-
omized clinical trials (RCTs) have demonstrated the thera-
peutic efficacy of subcutaneous administration of omali-
zumab [10, 12]. According to the literature [13], the highest
therapy was observed in patients with sensitization to al-
lergens. In a combined analysis of data from five RCTs,
including 2236 patients with moderate and severe persis-
tent allergic BA who received ICS in moderate and high
doses, improved clinical outcomes during omalizumab
treatment were associated with a decreased peripheral
blood eosinophil count, while the worst clinical outcomes
were associated with an increased peripheral blood eo-
sinophil count [14].

The researchers in [15] obtained the data indicating
the possibility of switching from omalizumab to other bio-
logical drugs (mepolizumab, dupilumab) with insufficient
control of BA symptoms (for example, in patients with a
high level of eosinophilic inflammation). However, there
are no clear clinical criteria and biological markers to iden-
tify patients in whom such a drug switch will be effective.

Dupilumab is a human monoclonal antibody capable
of inhibiting IL.-4 and IL-13 signaling by specifically bind-
ing to their common IL-4R receptor component. IL.-4 and
IL-13 are the key factors in T2 inflammation, which plays
an important role in the pathogenesis of many atopic
diseases. Dupilumab may be recommended for children
(with BA) =12 years of age. According to research data,
the drug effectiveness has been proven in patients with
increased eosinophil count and FeNO (i.e. =150 cells/pL
and =25 ppb, respectively). It is important to note that
dupilumab is the only effective GEBD in children with AD.

A sufficient number of clinical studies have confirmed
the feasibility of applying dupilumab in BA treatment. In
case of insufficient efficiency, it is recommended to switch
to another GEBD.

Mepolizumab is a humanized monoclonal antibody
(IgG1k) directed against human IL-5 and preventing its in-
teraction with a specific receptor on the surface of eosino-
phils, initiating recovery of the IL-5-dependent eosinophil
count to the physiological norm. Mepolizumab is indicat-
ed for children =6 years of age as an additional supportive
therapy for severe BA with an eosinophilic profile of res-
piratory tract inflammation®.

The GINA report also lists additional indications for the
choice of GEBD. In addition to BA, mepolizumab has in-
dications as a nasal polyposis and eosinophilic granulo-
matosis with polyangiitis (from the age of 18); omalizumab

CLINICAL CASE | PULMONOLOGY

has indications as a chronic idiopathic urticaria (from the
age of 12) and nasal polyposis (from the age of 18); me-
polizumab has chronic rhinosinusitis with nasal polypo-
sis (from the age of 18), eosinophilic esophagitis (from 12
years old) and moderate to severe AD with insufficient
response to therapy with topical medications (from six
months), which is especially important given the comor-
bidity in BA.

Thus, the choice of GEBD is a difficult task in clinical
practice. The effectiveness of biotherapy depends on the
correct assessment of the patient’s clinical, anamnestic,
laboratory, and instrumental data. An effective biological
drug can only be selected based on a comprehensive
assessment of the initial data based on determination of
the BA phenotype and the expected BA endotype. At the
same time, the insufficient effect of GEBD therapy and
the appearance of concomitant pathologies is a reason
for reassessing the patient’s data followed by a possible
decision to switch to another GEBD.

In this article, we present a clinical case of a patient
with severe BA, who underwent a change of GIBT due to
a worsening of the disease course and an AD exacerba-
tion.

CLINICAL CASE DESCRIPTION

The 7-year-old patient was observed during the 2020-
2024 period at the Federal Scientific and Clinical Center
for Children and Adolescents. The child had been admit-
ted with complaints of recurrent bronchial obstruction
syndrome, persistent cough, and nasal congestion for a
one year.

It became known from the patient’s life history that the
girl was born from the second physiological pregnancy,
the second spontaneous vaginal delivery at term. The
birth body length was 52 cm; birth weight was 3150 g.
The Apgar score was 8/9. She was breastfed on the first
day and was breastfed for up to 5.5 months. She grew
and developed according to her age. She was vacci-
nated according to the National Calendar of Preventive
Vaccinations. The hereditary history of allergic diseases
was burdened: the maternal brother and maternal uncle
suffered from hay fever, allergic rhinoconjunctivitis; the pa-
ternal grandmother suffered from asthma.

At the age of six months, skin rashes appeared after
the introduction of complementary foods and the trans-
fer to a milk formula. The skin process was widespread,
located on the face, trunk, and limbs. The child was diag-
nosed with atopic dermatitis. Against the background of
therapy with topical corticosteroids (TCS) and moisturiz-
ers, relief of the skin syndrome with positive age dynamics
was noted. By the age of 1.5 years, the skin process was
limited.

From the age of two, complaints of nasal conges-
tion, rhinorrhea, and itchy eyes in the spring appeared.
Constant nasal congestion was noted throughout the
year. The examination revealed significant sensitization
to pollen (birch, weeds), household (dust mites), and
epidermal allergens (cat epithelium). Second-generation

3 Xolair® (omalizumab) patient information leaflet. https://grls.rosminzdrav.ru/Grls_View_v2.aspx?routingGuid=2ace7eaa-ac77-48e5-9571-529dc017235a
4 Nucala® (mepolizumab) patient information leaflet. https://grls.rosminzdrav.ru/Grls_View_v2.aspx?routingGuid=b7a6f6cf-2e9¢c-4718-91¢9-442c9c294777
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systemic antihistamines and intranasal corticosteroids
were recommended for drug therapy, which significantly
improved the patient’s quality of life.

The first episode of bronchial obstruction was noted at
the age of 2.5 years after contact with a cat. Subsequently,
episodes of bronchial obstruction recurred 1-2 times a
month against the background of acute respiratory viral
infections, contact with animals. In the spring and sum-
mer periods, the episodes were observed almost daily. At
the age of three, the child was diagnosed with BA followed
by prescription of low doses of ICS (budesonide 250 pg/
day via a nebulizer) as a control therapy. Subsequently,
there were complaints of bouts of bronchial obstruction
during physical exertion. LTRA (montelukast 4 mg/day)
were added in the therapy. During therapy, partial control
of BA symptoms was observed for 1.5 years: episodes
of bronchial obstruction, cough occurred during the pe-
riod of frequent acute respiratory viral infections, and in
the spring. However, since the age of five, episodes of
bronchial obstruction had become more frequent, occur-
ring during daytime and night hours under the action of
specific (animals, dusty premises, pollen allergens) and
non-specific triggers (physical exertion, acute respira-
tory viral infections). An increase in basic therapy was
recommended: ICS doses ranged from medium to high
(budesonide 500-1000 pg/day). Due to severe BA exac-
erbations, the child was repeatedly hospitalized. Taking
into account the lack of disease control from the age of
six, fixed combinations of LABA with ICS (formoterol +
budesonide 4.5/80 ug) at a dose ranging 2—4 inhalations
per day were included in therapy, and the course of LTRA
(montelukast 5 mg/day) was continued. During the follow-
ing two years, combined therapy was used to control BA
symptoms without severe exacerbations.

At the age of eight, the child’s condition worsened. Due
to a severe exacerbation of BA, the child was admitted to
a hospital, where infusion therapy was performed along
with the use of systemic corticosteroids and bronchodila-
tors. During the last hospitalization, the child complained
of almost daily episodes of bronchial obstruction, noctur-
nal symptoms (cough, shortness of breath, distant wheez-
ing). The assessment of BA symptom control based on
the results of the ACQ-5 (Asthma Control Questionnaire)
was 4 points (uncontrolled BA). The girl continued to re-
ceive formoterol + budesonide 4.5/80 ug in therapy, two
inhalations twice a day with periods of increasing the dose
of ICS (up to 600 pg/day) due to the additional administra-
tion of budesonide, montelukast 5 mg/day.

Objective examination during the BA exacerbation

The general appearance was severe. Nasal breathing
was very difficult. The respiratory rate was 28-32 per
minute. Oxygen saturation was 89%. The chest was
of the usual shape. The skin was dry with foci of hy-
popigmentation in the elbow folds area and the pres-
ence of desquamation around the lips. The chest was
swollen. The auxiliary muscles were involved in the act
of breathing. Percussion sound was vesicular reso-
nance with a boxy tinge. Auscultation: harsh breath-
ing was heard in all departments, wheezing. Blood

pressure — 105/80 mmHg, heart rate — 98/min.
Height — 142 cm, body weight — 39 kg.

During a comprehensive examination, congenital pa-
thology and hereditary respiratory diseases, immunode-
ficiency conditions that might occur with the phenomena
of bronchial obstruction were excluded. According to the
results of an allergological examination (skin test and de-
termination of specific IgE by ImmunoCAP), high sensi-
tization to household allergens (house dust, dust mites),
pollen allergens (tree pollen: birch; weeds: wormwood),
epidermal (cat) allergens was confirmed. According to a
pulmonary function test performed on a JAEGER APS
pro device (Germany), restrictive changes were not de-
tected (vital capacity/VC — 92%), but bronchial obstruc-
tions were detected (forced expiratory volume in 1 sec/
FEV1 — 76%; peak expiratory flow rate at the level of the
medium bronchi (PEFR 50) — 48%; peak expiratory flow
rate at the level of the small bronchi (PEFR 75) — 34%), the
bronchodilator test (salbutamol) was positive (FEV1+20%).

Thus, based on the clinical picture, the dynamics of
the disease, clinical laboratory and instrumental diagnos-
tic tests, the child was diagnosed with severe uncontrolled
allergic bronchial asthma, I-Il stage of respiratory failure,
seasonal allergic rhinitis, seasonal allergic conjunctivitis,
pollinosis, limited mild atopic dermatitis.

Disease dynamics on the therapy

In order to relieve bronchial obstruction, the child un-
derwent infusion therapy (saline solution, euphyllin up
to 12 mg/kg/day, prednisone 2 mg/kg/day) for three
days, inhalation therapy through a nebulizer (budesonide
1000 pg/day, salbutamol 8 mg/day). On the therapy, the
phenomena of BA exacerbation were stopped. Further,
the child was prescribed a combination therapy with
LABA/ICS (formoterol + budesonide 4.5/80 pg) two doses
twice a day with additional administration of ICS (budeso-
nide 200 pg), montelukast 5 mg/day.

In January 2020, due to the BA severity and insuffi-
cient control over the symptoms of the disease, it was
decided to initiate GEBD therapy. Taking into account the
atopic phenotype of BA (family and personal history of
atopic diseases; bronchial obstruction to causally signifi-
cant allergens from an early age) and the identified BA
biomarkers (total IgE 345 IU/mL, polysensitization), GEBD
omalizumab became the drug of choice. The dose of the
drug was calculated based on the patient’s weight and
the total IgE level — 300 mg (150 mg in both hands) sub-
cutaneously once every four weeks. On the combined
therapy, following 16 weeks, control over BA symptoms
was achieved: nocturnal symptoms were relieved, physi-
cal activity was increased, the ICS dose was reduced
(budesonide 200 pg was discontinued), the ICS dose in
combination LABA/ICS was reduced to medium doses,
LTRA discontinued.

Due to the sufficient control of BA symptoms, omali-
zumab was discontinued in June 2022. Further, the child
continued to receive basic therapy LABA/ICS (formo-
terol + budesonide 4.5/80 pg) — one dose twice a day
in combination with LABA with sufficient control over BA
symptoms. During the flowering period of the trees, the
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child noted a decrease in the symptoms of allergic rhino-
conjunctivitis. According to the ACB-5, the control of BA
symptoms has significantly improved (ACQ-5 = 2 points).

However, six months after discontinuation of omali-
zumab therapy, despite the continuation of LABA/ICS con-
trol therapy, the child showed a catadrome after an acute
respiratory illness. Bronchial obstruction attacks appeared
1-2 times a week at night, and physical activity decreased
significantly. Despite the therapy correction with an in-
crease in the dose of LABA/ICS to four inhalations per day,
episodes of coughing and distant wheezing persisted. The
ACQ-5 score was 4.5 points. During the BA exacerbation,
high eosinophilia in the blood (780 cells/ul) and high eo-
sinophilia in the rhinocytogram (41%) were noted.

At the same time, the child had an AD exacerbation:
common skin rashes appeared (hyperemia, excoriation
on the face, body, limbs, severe pruritus, affecting the
child’s sleep and quality of life). TCS was treated with an-
tihistamines without a lasting positive effect.

Due to the severe course and insufficient control over
BA symptoms and the concomitant severe course of AD,
it was decided to re-initiate biotherapy. Taking into ac-
count the clinical picture of the disease with concomitant
AD and uncontrolled BA, laboratory test data (high eo-
sinophilia), it was decided to initiate a targeted therapy
with switching of GEBD to dupilumab. The choice of this
drug was justified by the severe AD and evidence-based
medical data on the positive effect of dupilumab in pa-
tients with AD. The drug was administered in an age-ap-
propriate dosage: an initial dose of 400 mg subcutane-
ously, followed by 200 mg once every two weeks. After
16 weeks of therapy, control over BA symptoms was
achieved, with an ACQ-5 of 1.5 points. The girl started
attending sports aerobics classes, showing a high exer-
cise tolerance. In February 2024, given the good control
over the BA symptoms, the basic therapy was reduced:
the child was switched to low doses of LABA/ICS (for-
moterol + budesonide 4.5/80 ug).

On the dupilumab therapy, a marked relieve of AD was
noted after four weeks: there was no exacerbation of the
skin condition and pruritus. After 16 weeks, complete re-
lief of the skin manifestations of AD was achieved.

Currently, in the setting of dupilumab therapy, the pa-
tient has a positive trend in the absence of AD symptoms
and maintains control over the BA symptoms. The dis-
ease prognosis is favorable. Taking into account the high
sensitization to birch allergens, allergen-specific immuno-
therapy (AIT) is planned.

CLINICAL CASE DISCUSSION

To date, the issue of selecting an optimal GEBD has not
lost its relevance. The emergence of new biopharmaceuti-
cals and an increase in their availability in practical health-
care raises the importance of criteria for the prognostic
effectiveness of GEBD in patients. In this regard, the de-
termination of the phenotypic features of the disease and
the inflammatory phenotype of BA would be an optimal
method for selecting patients with the most complete po-
tential response to a particular type [1, 2].

CLINICAL CASE | PULMONOLOGY

Currently, it is recommended to determine biomark-
ers before prescribing biotherapy to predict the clinical
response, such as the level of FeNO, the number of eo-
sinophils in the blood and, if possible, in sputum, as well
as allergen-specific IgE® [14, 16, 17]. It is also necessary
to analyze the clinical and anamnestic data, such as the
frequency of exacerbations and concomitant diseases,
the volume and effectiveness of inhalation therapy, ad-
herence to the use of basic BA therapy, and triggers
of asthma exacerbation. However, due to the hetero-
geneity of the pathogenetic mechanisms of T2 inflam-
mation, the choice of an effective drug may be difficult,
especially in pediatric practice. Thus, according to [18],
up to one third of patients with severe BA have overlap-
ping criteria for prescribing four GEBD (mepolizumab,
benralizumab, dupilumab, and omalizumab), and 75%
of patients meet the requirements for prescribing two
or more biologics. The study [19] showed that among
patients (n = 101) suitable for treatment with mepoli-
zumab, 27-37% also meet the criteria for prescribing
omalizumab. It is important to note that not all patients
have the same phenotype throughout their lives. Thus,
the research study [20] on the temporal stability of AD
phenotypes in adults (n = 3320) after 10 years of follow-
up found that the initial phenotype was preserved in
54-88% of the study participants. The phenotype can
be influenced by environmental factors, allergens, envi-
ronmental factors, respiratory infection, and ICS therapy
[20]. The choice of GEBD also depends on the presence
of concomitant pathologies, such as AD, especially se-
vere, since dupilumab is the drug of choice in pediatrics
in this group of patients.

In turn, the wrong choice of a target for therapy, and,
therefore, the starting monoclonal antibody, frequently
leads to a replacement of the targeted drug and an ex-
acerbation of the allergic disease. A retrospective cohort
study using data from patients (n = 3531) with severe
BA from 11 countries established that 10.8% of patients
needed to switch to another GP, and 10.2% stopped
treatment due to inefficiency or the development of ad-
verse events [21].

Our patient had a clinically significant sensitization
with a confirmed association between allergen exposure
and the development of BA exacerbations, which led to
a positive response to omalizumab therapy. However,
shortly after discontinuation of biotherapy, insufficient
control over BA symptoms and severe exacerbation of
AD were noted, which was an indication for initiation of
therapy with dupilumab. The change of the GEBD con-
tributed to the positive dynamics during both the BA and
the AD.

Thus, the described GEBD switching in a patient with
severe BA was necessitated by the specific features of the
disease course and exacerbation of severe AD.

CONCLUSION
GEBD are the therapy of choice in patients with uncon-

trolled BA; at the same time, their effect on the patho-
genetic mechanisms of the disease differs. The above

5 Bronchial asthma. Clinical practice guideline. Ministry of Health of Russia; 2024.

EXTREME MEDICINE | 2025, VOLUME 27, No 2

217




KNVMHWYECK CNYYAI | MYJIBMOHONOMSA

clinical case demonstrates the need for a personalized
approach when prescribing this type of therapy, taking
into account the clinical course of the disease and con-
comitant pathology in each individual patient.

At present, when deciding on the treatment strate-
gy, as well as when switching between different GEBD,
biomarker analysis is used as a basis, including the eo-
sinophil count in peripheral blood and sputum, FeNO
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COMPUTATIONAL PHANTOM FOR RED BONE MARROW DOSIMETRY IN ADULT M) Check for Updates‘
MALES AND FEMALES

Pavel A. Sharagin'™, Evgenia |. Tolstykh', Elena A. Shishkina'?

"Urals Research Center for Radiation Medicine, Chelyabinsk, Russia

2Chelyabinsk State University, Chelyabinsk Russia

Introduction. The dose assessment of internal irradiation of red bone marrow (RBM) by osteotropic radionuclides is based on dosimetric modeling using
computational phantoms. Creating such phantoms for 8<°Sr requires careful description of the shape and size of bones, as well as their microarchitecture.
Descriptions of phantoms representing newborn, one-year-old, 5-year-old, and 10-year-old children have been published. Our study continues work on creat-
ing a set of computational skeletal phantoms for people of different ages.

Objective. Development of computational skeletal phantoms of male and female adults for estimating radiation doses of beta-emitting radionuclides incor-
porated in RBM.

Materials and methods. The stochastic parametric skeletal dosimetry (SPSD) method of creating phantoms was used. The skeletal sections with active
hematopoiesis were divided into segments. On the basis of literature data, the parameters of segment models were evaluated: linear dimensions, cortical layer
thickness, bone microarchitecture characteristics, density, chemical composition, and RBM proportion.

Results. The developed phantoms of male and female adults are composite, including 46 segments each; the parameters of 21 segments were independent
of sex. The sizes of segment phantoms range within 4-66 mm; the cortical layer thickness ranges within 0.3-2.2 mm. The parameters of bone segment
microarchitecture are presented.

Conclusions. The resulting phantoms simulate the micro- and macro-architecture of bone tissue, and, together with sets of additional phantoms, represent
the population variability of individual skeletal bones and take sex differences into account. The developed phantoms can be used for internal dosimetry of
osteotropic beta-emitters, including as part of radiopharmaceuticals.

Keywords: trabecular bone; cortical bone; bone marrow dosimetry; computational phantoms; strontium; computational phantom of an adult
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BbIYUCNUTENIbHbIM ®AHTOM A1 AO3UMETPUN KPACHOIO KOCTHOIO MOSIA A1 B3POCIIbIX
MY>X4UHbI N XKEHLLIMHbI

M.A. WaparnH'™, E.N. ToncTbix!, E.A. LUnwknHa'?

"YpanbCkuii HayYHO-MPaKTUYECKMIA LEHTP PaAnaLIMOHHOM MeauLmHbl PefepansHoro MeAnKo-61Monormieckoro areHTcTea, YensbrHek, Poccust
2YensbUHCKNIA rocyaapCTBEHHbI yHUBEPCUTET, HYenabuHek, Poccurs

BeepeHue. OueHka [03 BHYTPEHHEro 06y4eHnst KpacHoro koctHoro Mmoara (KKM) oT 0cTeoTpOnHbIX paanoHyKNnaoB OCHOBaHA Ha O3MMETPUHECKOM MO-
[eNMpoBaHnN C UCMONBb30BaHNEM BblMMCUTENbHbIX haHToMOB. Co3aaHne Takmx (haHTOMOB A5 89°°Sr TpebyeT akkypaTHOro onvcaHns hopMbl U pa3mepoBs
KOCTEM, a TaK>Xe UX MUKPOaPXMTEKTYPbI. B HacTosiLLee Bpems ony6MKoBaHbl ONncanunst paHTOMOB HOBOPOXXAEHHOI0, rof0Banoro, 5-neTHoro 1 10-neTHero
neten. [laHHoe nccnegoBaHne — o4epenHon atan paboTbl MO CO3AaHMI0 Habopa BbIYUCANTENBbHBIX (PAHTOMOB CKeneTa A1 NtoAen pa3Horo Bo3pacTa.
Llenb. Pa3paboTka BblHMCANTENbHbIX (DAHTOMOB CKeNeTa B3POCIIbIX MY>XXHYNHbI U XKEHLLMHbI AN oLeHKN o3 B KKM OT MHKOpnopupoBaHHbIX 6eTa-n3ny4ya-
IOLLMX PaaVOHYKMAOB.

Martepuanbl u metTogbl. B paboTte 6bin ncnons3osaH SPSD-meTof (stochastic parametric skeletal dosimetry) codganns haHToMOB. Y4acTku ckeneTa ¢ ak-
TUBHBIM rEMOM0330M Pa3feNsann Ha cerMeHTbl. Mo nuTepaTypHbIM AaHHbIM Oblnv OLEHEHbI MapaMeTPbl MOLENEN CErMEHTOB: NIMHENHbIE Pa3Mepbl, TONLLMHA
KOPTUKAIBHOIO CI0S, XapPaKTEPUCTUKN KOCTHOM MUKPOAPXUTEKTYPbI, MIOTHOCTb, XMMUYECKMIN COCTaB 1 [oNs conepkaHns KKM.

Pe3ynbratbl. PazpaboTaHHble (haHTOMbI B3POCIIbIX MY>XXHUHbI 1 XKEHLLMHbI ABASIOTCS COCTaBHbIMY 1 BKNOYAIOT Mo 46 CErMeHTOoB; napameTpbl 21 cermeHTa
He 3aBucenn oT nona. Paamepbl haHTOMOB-CErMeHToB Obln B Mpeaenax 4—66 MM, TONLWmHa KOPTUKabLHOro cnos — B npedenax 0,3-2,2 mm. MNapameTpsbl
MUKPOAPXUTEKTYPbI KOCTHBIX CEMMEHTOB NPefCTaBeHbl B cTaTbe.

BbiBoApbl. [1ony4eHHble (haHTOMbI UIMUTUPYIOT MUKPO- 1 MakpOapXMTEKTYPY KOCTHOW TKaHW 1 BMECTE C Habopammn AONONMHUTENbHbIX (DaHTOMOB OTparkatoT
NONyNALUMOHHYIO BapnabeNbHOCTb OTAENbHbIX KOCTEW CKeneTa, a TakxKe yYMTbIBatOT NonoBble pasnunyuns. CreHeprpoBaHHble (DaHTOMbl MOTyT BbITb MCMOSb-
30BaHbl 4151 BHYTPEHHE LO3VMETPUM OCTEOTPOMHBIX 6eTa-m3nyyarteneit, B TOM YMCie B COCTaBe paavodapmMnpenapartos.

Knto4yeBble cnoBa: TpabekynspHas KOCTb; KOPTMKasbHas KOCTb; AO3UMETPUS KOCTHOrO MO3ra; BblHMCANTENbHbIE (DaHTOMbI; CTPOHLMI; BbIMUCIUTENBbHbIN
haHTOM B3pPOCNOro

Ansa untnposanusa: LLaparvn M.A., Toncteix EN., LUnwknHa E.A. BencantenbHbii haHTom Ans AO3UMETPUN KPACHOMO KOCTHOMO MO3ra Af1s B3POCbIX
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INTRODUCTION

Strontium isotopes accumulate in mineralized bone tissue
and locally irradiate red bone marrow, which can lead to an
increased risk of leukemia. 8°Sr isotopes were the main
source of RBM radiation for residents of the coastal areas
of the Techa River, contaminated with radionuclides in the
1950s as a result of radioactive effluents from the Mayak
Production Association [1-4]. These radionuclides were
also released into the environment as part of global fallout
from nuclear weapons tests. In this context, the strontium
isotope internal dosimetry of RBM represents a highly sig-
nificant research task.

The assessment of RBM radiation doses caused by
8990Gr in the population of the coastal areas of the Techa
River includes the use of biokinetic and dosimetric models.
The biokinetic model for strontium isotopes developed at
the Urals Research center for Radiation Medicine (URCRM)
simulates the processes of exchange and transport of
these radionuclides in the human body, thus allowing es-
timation of their specific activity in bone tissue (Ba/g). A
dosimetric model is being developed to estimate the co-
efficients of transition from the specific activity of a radio-
nuclide in bone tissue to the absorbed dose rate in RBM
(Gy/s) [4]. Dosimetric modeling involves the use of compu-
tational phantom models that simulate the geometry and
chemical composition of media in which radiation transfer
is assumed, i.e., bone and RBM [5]. Creating such phan-
toms for beta emitters is a challenging task, due to strict
requirements on the description of both the linear dimen-
sions of bones and their microstructure.

The latest computational phantoms are based on the
analysis of computed tomography (CT) images of skeletons
of deceased people [5-10]". Such phantoms are difficult to
perform and, due to the limited amount of autopsy mate-
rial, are not sufficiently informative with regard to popula-
tion variations in the size and microarchitecture of the skel-
eton [11]. As an alternative, URCRM specialists proposed
an original parametric method for stochastic modeling of
bone structures — stochastic parametric skeletal dosim-
etry (SPSD) modeling [11], suitable for internal dosimetry of
89905y, The parameters of SPSD phantoms are based on
a large number of published bone measurement results.
This makes it possible to assess the variability of skeletal
characteristics within population groups and the associat-
ed DF variability, which is extremely important for dosimet-
ric support of studies among the irradiated population of
the coastal areas of the Techa River. The adequacy of the
model is confirmed by a good convergence of the calcu-
lated energy dependencies for SPSD phantoms and those
presented in the literature [11-13].

Previous studies reported the parameters of skeletal
phantoms representing newborn, one-year-old, 5-year-
old, and 10-year-old children [14-17]. The skeleton of a
15-year-old child, as well as various characteristics of the
simulated areas, are similar to those of an adult, whose
skeleton has been described in greater detail in previous
research. Therefore, we decided first to model the skeleton
of an adult and then to model the skeleton of a 15-year-old

ORIGINAL ARTICLE | RADIOBIOLOGY

child on its basis. It should be noted that sex differences in
skeletal characteristics should be taken into account for the
purposes of dosimetric modeling.

Our study continues work on the creation of compu-
tational phantoms for different age groups. In the present
research, we aim to develop computational skeletal phan-
toms representing an adult male and an adult female to
estimate doses of beta-emitting radionuclides incorporated
in RBM.

MATERIALS AND METHODS

The stages of creating computational phantoms for adults
did not differ from those for younger age groups [11] and
included:

1. ldentification of simulated skeletal sites with active
hematopoiesis (hematopoietic sites), assessment of the
mass fraction of RBM therein;

2. Assessment of the linear dimensions and micro-
architecture parameters of the simulated bones based on
published data;

3. Segmentation of hematopoietic sites;

4. Generation of voxel phantoms for each segment.

PET data were used to assess the distribution of RBM
within the adult skeleton and to identify the main hemat-
opoietic sites on this basis [18]. This method is more accu-
rate than MRI scanning, the results of which were used to
analyze the RBM distribution inside the skeleton for young-
er age groups [19]. Hematopoietic sites are whole bones
or sets of bones, they may include areas without RBM. In
order to establish the presence of RBM in a particular site
of a particular hematopoietic site, published MRI data were
used [20-25].

The parameters of the phantoms included the average
values of bone microarchitecture characteristics, including
the thickness of the trabeculae (Tb. Th.), the size of the in-
tertrabecular space (Th. Sp.), the bone tissue proportion in
the bone volume (BV/TV) [26], the thickness of the cortical
layer (Ct. Th.), and the linear dimensions of the bones.

The set of published data used to estimate the phantom
parameters, as well as the methodology for their collec-
tion and analysis, were described in detail earlier [26]. To
assess the parameters of adult phantoms, bone measure-
ments published in peer-reviewed publications, atlases,
monographs, and dissertations were used, as well as
electronic resources containing collections of X-ray im-
ages. The measurement results of people/samples identi-
fied by the authors as healthy and free of diseases leading
to bone deformity were used for analysis. In cases where
the published data were unavailable, bone measurements
from the anatomical collections of the South Ural State
Humanitarian Pedagogical University and the South Ural
State Medical University were used to obtain characteris-
tics of a specific area of the skeleton. These bones were
undamaged and were not divided into groups according
to sex. The measurements were carried out by the staff
of the URCRM biophysical laboratory using micrometers
(REXANT MK 12-9110-2, China).

' Pafundi D. Image-based skeletal tissues and electron dosimetry models for the ICRP reference pediatric age series. Dissertation for the degree of doctor of the

philosophy. University of Florida; 2009.
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The analysis used bone measurements from peo-
ple belonging to ethnic groups typical of the Ural region:
Caucasoid and Mongoloid aged 20 to 50 years for females
and from 20 to 60 years for males.

The characteristics of the bone microarchitecture re-
quired for SPSD modeling included: the thickness of the
trabeculae (Tb. Th.), the size of the intertrabecular space
(Tb. Sp.), and the bone tissue proportion in the bone vol-
ume (BV/TV) [26]. These characteristics were evaluated
based on the results of studies obtained using histomor-
phometry and micro-CT (computed microtomography). To
assess the thickness of the cortical bone layer, published
measurement results using CT, micro-CT, and micrometers
were used. The linear dimensions of bones were estimated
based on published measurement results using anatomical
boxes, ultrasound and X-ray examinations, as well as com-
puted tomography (CT).

In the absence of sex differences in the studied bone
characteristics, the data sets for both sexes were com-
bined. In this case, the bone section was modeled regard-
less of sex. In other cases, the phantoms for males and for
females were modeled separately.

The skeletal areas with active hematopoiesis were di-
vided into smaller segments. Each segment not only has
a uniform microarchitecture and thickness of the cortical
bone layer, but is also described by a simple geometric
shape. A basic phantom of bone segment (BPS) was mod-
eled for each such site [27]. This segmentation allowed us
to take into account the heterogeneous microarchitecture
inside the bone and the thickness of the cortical layer. The
reduction of the phantom size by their separation allowed
us to increase their resolution, thus improving the accuracy
of modeling.

Table 1. RBM mass fraction (% of the RBM total mass in the skeleton) in the
main hematopoietic sites of the adult skeleton

No. Hematopoietic site RBM mass fraction, %
1 Femur 59+25
2 Humerus 3.6+1.9
3 Sacrum 74+18
4 Pelvic bones 23.2+3.0
5 Skull 6.2+£23
6 Clavicle 0.8 + 0.01
7 Scapula 47 +£0.8
8 Ribs 9.8+17
9 Sternum 1.8+0.7
10 Cervical vertebrae 3.5+1.0
1 Thoracic vertebrae 17.5+2.4
12 Lumbar vertebrae 15.5+2.5

Table prepared by the authors using their own data [18]

Note: the data are presented in the form of a mean value (M) and a
standard deviation (c); the source [18] shows the RBM total proportion in
the collarbones, shoulder blades, and ribs equal to 15.3 + 2.6%; the RBM
proportion in each of these areas is calculated in proportion to the total volume
of BPS (calculated automatically in the Trabecula software), the constituents
of each hematopoietic site.

The linear dimensions and parameters of bone micro-
architecture were determined separately for each segment
as the mean values of bone characteristics [26].

The density and chemical composition of the simulated
media (mineralized bone and bone marrow) were the same
for all BPS, being estimated based on literature sources
[28, 29].

The generation of BPS was carried out in the Trabecula
software [30]. The BPS consists of voxel cubes, which,
depending on their position, simulate one of the simulated
environments.

It should be noted that further dosimetric modeling
considered the trabecular (TB) and cortical bone (CB) as
separate source tissues, although in the BPS they are
modeled by voxels simulating mineralized bone tissue. The
bone marrow was considered as a single target tissue [30].
TB is a 3D net (bone strands) of trabeculae, the thickness
and relative position of which are determined randomly
within the variability of microarchitecture parameters inside
the simulated bone [30], estimated on the basis of pub-
lished data [31-35]. This method of modeling trabeculae
took their heterogeneity into account, thereby bringing the
model closer to the structure of an actual bone. The bone
marrow (BM) fills the space between the trabeculae, and
the CB covers the BPS from the outside with a continuous
layer with a thickness equal to Ct. Th. The voxel resolution
for each BPS was selected separately, the voxel size did
not exceed 70% Tb. Th. ranging within 50-140 pm [30]. The
volumes of TB, CB, and BM were automatically calculated
in the Trabecula software.

Figure 1 shows the main hematopoietic sites of an
adult, the bone division into segments, as well as sections
of simulated BPS using the femoral bone of an adult male
as an example.

One important advantage of the SPSD methodology
consists in the possibility to estimate the uncertainty of DF.
To that end, for each BPS generated with parameter mean
values, 12 supplementary phantoms of bone segment
(SPS) were created with randomly selected parameters of
the micro- and macrostructure of bone within their individu-
al variability (within the limits of the minimum and maximum
measured values). A method for estimating uncertainties
when applying the SPSD approach was described in detail
earlier [36].

RESULTS

The hematopoietic sites of the adult human skeleton, as
well as the mass fraction of RBM therein, were determined
according to PET results [18] and presented in Table 1.

Table 1 shows that the adult skeleton includes 12 hemat-
opoietic sites. The RBM mass fraction in these sites varies
from 1.8% to 23.2%. The RBM distribution within each he-
matopoietic site was taken from published MRI data [20-25].
No sex differences were found in the RBM distribution.

The data of the International Commission on Radiation
Protection [28] for adults were used to determine the chem-
ical composition of the simulated media; the corresponding
data are presented in Table 2.

The density of mineralized bone tissue was estimated
based on the published measurements of adult cortical
bone density (regardless of sex), being equal to 1.9 g/cm?®
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Figure prepared by the authors

Fig. 1. Hematopoietic sites of the adult human skeleton and their segmentation using the femoral bone of an adult male as an example
Note: a) skeleton of an adult male (simulated areas of the skeleton with active hematopoiesis are highlighted in blue); b) femur (simulated areas of the skeleton with
active hematopoiesis are highlighted in blue); c) bone separation scheme into BPS and their linear parameters; d) femoral BPS in the voxel representation in the

section (voxels are shown in black, imitating mineralized bone, white — BM).

[29]. The density of red bone marrow was assumed to be
equal to the density of adipose tissue (0.98 g/cm?®) [28].

According to a review of published data [26], there are
no significant sex differences in the characteristics of the
bone microarchitecture; therefore, the data of males and
females were combined. Table 3 shows the parameters of
the BPS microarchitecture for male and female adults.

The creation of a realistic model for a 3D trabecular net-
work requires evaluation of the variability of the microarchi-
tecture characteristics inside the bone. Concerning this
characteristic, we found published data only for the bones
of the pelvis, spine, and skull. The mean value of the vari-
ability among the indicated regions was used to generate
the remaining phantoms. The values of variability within the
bone, accepted for different parts of the adult skeleton, are
shown in Table 4.

Table 5 shows the linear dimensions and thickness of
the cortical layer adopted for adult male and female BPS.
The data on which these parameters are based can be
found in [26].

Conversely, for a number of adult bones, the param-
eters of bone microstructure demonstrated significant sex
differences in linear sizes. Therefore, for these areas, the
sizes were estimated separately for males and females.

The SPSD skeletal phantoms of male and female adults
are composite, consisting of 71 BPS. Out of the latter, 25
segments are specific to males, another 25 for females,
and 21 segments were modeled identically for both sexes,
as shown in Table 5.

The largest number of phantoms in a single hematopoi-
etic site was determined for the sacrum — 10, while the
skull and humerus each contain one BPS.

As far as the phantoms of younger age groups are con-
cerned [14-17], most of the adult BPS are cylinders and
rectangular parallelepipeds, the linear dimensions of which
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ranged from 4 mm to 66 mm. The greatest sex differences
in linear size were observed for the lower part of the upper
branch of the pubic bone (the area of the pubic symphysis),
amounting to 66%. The lowest value of the cortical layer
thickness was determined for BPS of the cervical verte-
brae (0.3 mm), being more than sevenfold different from
the maximum value assumed for the proximal end of the
femur (2.2 mm). The parameters of the BPS microarchitec-
ture also varied widely. The BV/TV value ranges from 6% to
52%, Tb. Th. — from 0.1 mm to 0.29 mm, Th. Sp. — from
0.5 mm to 2.37 mm (Table 3).

The population variability of BPS linear sizes comprises
12%, on average; the highest value of variability is estimat-
ed for the lower branch of the pubic bone (36%), and the
lowest — for the bodies of the cervical vertebrae (3%). The
variability in the cortical bone layer thickness ranged from

Table 2. Chemical composition of the simulated media, accepted for all BPS

Chemical composition, relative units
Chemical element Bone Bone marrow

H 0.035 0.105
C 0.16 0.414
N 0.042 0.034
o 0.445 0.439
Na 0.003 0.001
Mg 0.002 0.002
P 0.095 0.002
S 0.003 0.002
Ca 0.215 0

Table prepared by the authors using data from [28]
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Table 3. Bone microarchitecture parameters adopted for adult BPS

Hematopoietic site BV/TV, %' Tb. Th., mm? Tb. Sp., mm?
Femur (neck) 17 (14-22) 0.19 (19) 0.78 (13)
Femur trochanter area 11 (8-13) 0.136 (65) 0.99 (20)
Humerus 6 (1-13) 0.1 (18) 2.37 (25)
Ribs 12 (5-25) 0.14 (12) 0.82 (11)
llium 19 (11-25) 0.13 (15) 0.6 (20)
Ishium bone and pubic ramus inferior 25 (23-27) 0.3(7) 1.0 (40)
Pubic ramus superior 17 (12-23) 0.29 (10) 1.0 (12)
Skull 52 (41-65) 0.29 (32) 0.57 (35)
Clavicle body 13 (8-18) 0.19 (13) 0.8 (25)
Clavicle ends 29 (15-46) 0.14 (31) 0.8 (25)
Scapula 22 (9-47) 0.24 (42) 0.96 (23)
Sternum 15 (8-22) 0.15 (29) 1.4 (9)
Cervical vertebrae 21 (16-28) 0.15 (14) 0.5 (10)
Thoracic vertebrae 15 (11-28) 0.1 (15) 0.6 (15)
Lumbar vertebrae + Sacrum 16 (11-28) 0.15 (15) 0.6 (15)
Table prepared by the authors using data from [26]
Note: 'the range of possible values is parenthetic; ?the coefficient of variation (CV) in % is parenthetic.
Table 4. Variability of microarchitecture parameters inside the bone
Hematopoietic site Tb. Th. Tb. Sp. Data source
Pelvic bones 10 10 [25]
Vertebrae and Sacrum 48 43 [26]
Skull 8 15 [27-29]
Other bones (mean value) 22 23 [26-30]
Table prepared by the authors using data from [25-30]
Note: data is presented in %.
Table 5. Linear dimensions and thickness of the cortical layer accepted for adult BPS
Hematopoietic ; Phantom parameters, mm (parenthetic CV, %)?
. Segment Shape Sex
site h a b c d Ct. Th.
m 30 (13) 36 (6) 32 (4) 1.9 (5)
Neck cyl
f 31 (14) 29.4 (10) | 23.9(9) 1.9 (5)
Femur
m 43 (26) 66 (6) 44 (6) 30 (7) 30 (7) 2.3(15)
Trochanter area dc
f 34.5 (5) 58 (7) 39 (7) 27 (6) 27 (6) 2.3 (15)
m 28 (12) 56 (5) 56 (5) 25 (15) 25 (15) 1.1 (18)
Humerus Proximal dc
f 249 (10) | 51.3(6) 51.3(6) | 23.9(11) | 23.9 (1) 1.1 (18)
m 17 (12) 30°¢ 7 (14) 0.7 (38)
Ribs*1-2 p
f 14 (11) 30° 5.5 (15) 0.7 (38)
m 11 (18) 30° 6 (17) 0.7 (38)
Ribs*11-12 p
f 9.5 (11) 30°¢ 4 (25) 0.7 (38)
Ribs
m 13 (8) 30°¢ 7 (14) 0.7 (38)
Ribs*3, 4, 9, 10 p
f 11.3 (11) 30° 6 (14) 0.7 (38)
m 14 (14) 30° 8 (13) 0.7 (38)
Ribs*5, 6,7, 8 p
f 12.5 (1) 30°¢ 6.8 (13) 0.7 (38)
m 30 (7) 40 (11) 24.5 (10) 1.5(8)
Body-1 p
f 30 (9) 37.8(11) | 22.2(12) 1.5(8)
m 46 (8) 28.7 (11) 15 (9) 1.5(8)
Sacrum Body-2-3 p
f 45.2 (15) 28 (11) 13.8 (13) 1.5(8)
m 36 (9) 28 (11) 8.5 (13) 1.5(8)
Body-4-5 P
f 35 (14) 28 (11) 8.5(12) 1.5(8)
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Table 5 (continued)
it Phantom parameters, mm (parenthetic CV, %)?
Hemat9p0|et|c Segment Shape! Sex
site h a b c d Ct. Th.
Pedicle 1 cyl m+f 13.9(14) | 23.7(15) | 15.3(11) 1.5(8)
Pedicle 2 cyl m+f 14.2 (14) | 25.0 (11) | 13.6 (17) 1.5(8)
Pedicle 3 cyl m+f 13.9(14) | 18.3(11) | 13.2(14) 1.5(8)
Pedicle 4 cyl m+f 13.9(14) | 14.5(11) | 11.2(18) 1.5(8)
Sacrum m 30 (13) 20 (10) 42 (13) 1.5(8)
Ala 1 o}
f 30 (9) 21 (15) 38.6 (8) 1.5(8)
m 26 (15) 23 (17) 25 (8) 1.5(8)
Ala 2 P
f 26 (9) 23(17) | 22.7 (13) 1.5(8)
Ala 3-4 pr m+f 19 (16) 18 (9) 38.5(15) | 38.5(15) 1.5(8)
lliac ala P m-+f 9.5 (31) 30° 30° 1(30)
m 11 (15) 30°¢ 13 (9) 1 (30)
lliac crest P
f 11 (15) 308 13 (9) 1(30)
lliac dorsal segment” p m+f 19 (16) 30°¢ 30° 1 (30)
Ischium ramus cyl m-+f 30° 34 (9) 25 (8) 0.5 (30)
Pubis ramus inferior dc m+f 47 (17) 16 (25) 22 (23) 26 (23) 14 (36) 0.5 (30)
m 32 (19) 15 (20) 29 (20) 0.7 (30)*
Pelvic bones 1.5 (12)4
Pubis ramus superior (lower part) o}
f 19 (13) 11(7) 33 (18) 0.7 (30)*
1.5(12)4
m 51.2(8) | 14.5(20) | 16 (20) 0.7 (30)*
1.5(12)4
Pubis ramus superior (upper) p
f 55.8 (77) | 11 (18) 13 (20) 0.7 (30)*
1.5(12)4
m+f 29 (10) 26 (10) 21 (20) 0.5 (30)°
Acetabulum hc 3.6 (30)°
. m+f 5.2 (12) 30° 30° 1.3 (33)°
Skull Flat bones p 15 22
m 56 (7) 26 (15) 24 (12) 12 (5) 12 (8) 0.8 (2)
Shaft (acromial part) cyl
f 51.5 (6) 24 (16) 21 (14) 10 (10) 10 (9) 0.8 (2
m 20 26 (15) 24 (12) 0.6 (19)
Clavicle Ends dc
f 20 24 (16) 21 (14) 0.6 (19
m 56 (7) 22 (14) 12 (5) 12 (9) 12 (8) 0.8 (2
Shaft (sternal part) dc
f 51.5 (6) 21 (14) 12 (10) 10 (10) 10 (9) 0.8 (2
Glenoid cyl m+f 8.8 (18) 48 (11) 26 (11) 0.8 (13)
Scapula Acromion P m+f 20 (9) 36 (9) 26 (10) 0.9 (28)
Lateral margin p m-+f 30° 5(10) 10 (13) 0.8 (13)
m 1(10) 30°¢ 30° 1.1 42)
Body p
f 9 (10) 30° 30° 1.1 (42)
Sternum
m 1.3 (16) 30° 30° 1.45 (22)
Manubrium P
f 1.1 (16) 30°¢ 30° 1.45 (22)
m 13 (16) 19 (14) 16 (12) 0.3(7)
Vertebral body 3-7 cyl
f 12 (6) 16 (6) 15 (8) 0.3 (7)
Cervical vertebrae
Vertebral body 2 m-+f 19.2 (13) | 14.3 (10) 17.5 () 0.3(7)
Lateral mass 1 m-+f 15 (13) 11.4 (9) 10.5 (9) 0.3(7)
m 27 (7) 33(9) 28 (11) 1.3 (16)
Vertebral body cyl
f 22 (6) 29 (6) 26 (8) 1.3 (16)
Lamina-+inferior articular. proc. P m-+f 32 (12) 10.2 (14) | 4.2 (13) 1.3 (16)
Thoracic vertebrae
Spinous process p m-+f 10.3 (15) 50 (4) 5.1 (20) 1.3 (16)
Superior articular process p m+f 11.4(12) | 11.3(14) | 44 (11) 1.3 (16)
Transverse process P m+f 12 (9) 18 (11) 10.6 (13) 1.3 (16)

EXTREME MEDICINE | 2025, VOLUME 27, No 2



OPUTMHAJIbHASA CTATbA | PAOVOBKONOT NS

Table 5 (continued)
Hematopoietic , Phantom parameters, mm (parenthetic CV, %)?
) Segment Shape Sex

site h a b c d Ct. Th.
m 27 (12) 35 (8) 47 (9) 1.3 (34)

Vertebral body cyl
f 27 (7) 32 (8) 43 (8) 1.3 (34)
Lamina-inferior articular. proc. p m-+f 20.4 (10) | 12.7 (13) 41 (13) 1.0 (34)
Lumbar vertebrae m 24 (13) 31 (6) 6 (17) 0.4 (50)

Spinous process p
f 20 (15) 31 (6) 6 (17) 0.4 (50)
Superior articular process P m-+f 14 (14) 15 (13) 12 (17) 1.0 (34)
Transverse process p m-+f 12 (8) 23 (9) 8 (13) 0.4 (50)

Table prepared by the authors using data from [13, 28]

Note: m — male; f — female; m+f — BPS was modeled independent of sex

' — phantom shape was designated as follows: cyl — cylinder, dc — deformed cylinder, p — rectangular parallelepiped, pr — prism with triangle base; t — hollow

cylinder;

2 — BPS dimensions were designated as follows: h — height; a — major axis (c), major axis for a large base (dc) or side a (p) or outer diameter (t); b — minor
axis (c), minor axis for a large base (dc) or side b (p) or inner diameter (t); ¢ — major axis for a small base (dc); d — minor axis for a small base (dc); for prism (pr):

a, b, c — sides of the triangle base;

8 — cortical layer thickness was assumed to be different for the inner (medial) and outer (gluteal) surfaces of a given segment of the skull;
— symphyseal surface covered by thicker cortical layer than other surfaces of BPS;

4
5— a higher Ct. Th. value assumed for the medial side of the acetabulum
6

— BPS imitated only a part of the simulated bone segment, when the bone segment dimensions exceeded significantly 30 mm, since in terms of dosimetry in

such cases it makes no sense to simulate the entire bone fragment
7 — describing thick part of ilium, adjacent to sacrum

Table 6. Comparison of BPS volumes of 10-year-old children with adult males and females

Volume of modeled structure, cm?
BPS Modeled media Adults
10-year-old
Male Female
BM 6.95 18.43 10.39
B 3.77 3.68 214
Femur neck
CB 3.93 5.94 4.58
Entire BPS 14.65 28.05 1711
BM 12.42 28.55 23.73
B 1.97 4.96 419
Lumbar vertebra body
CB 0.38 1.37 1.26
Entire BPS 14.77 34.88 29.18
BM 1.43 2.29 1.64
B 0.38 0.6 0.46
Cervical vertebra body
CB 0.07 0.21 0.17
Entire BPS 1.88 3.1 2.27

Table prepared by the authors using data from [17]

2% (cervical vertebrae) to 50% (lumbar vertebrae), averag-
ing 20%. The variability of the microstructure parameters
ranged from 7% to 65%, averaging 18%.

The obtained values of the variability of phantom pa-
rameters were used to generate an SPS. The SPS volume
ranged within 23—-264% of the BPS volume.

DISCUSSION

The characteristics of adult human phantoms are compre-
hensively presented in the literature, including about 260
publications with descriptions of 28,000 people or bone
samples [26]. The processes of ossification in the adult
human skeleton are complete, as well as the conversion
of bone marrow into yellow marrow. Those skeleton areas
that are small in size and/or do not ossify in childhood, and
being omitted in modeling for this reason, were modeled

for adults. This is why the phantom of the adult human skel-
eton contains a greater number of BPS in its composition
than the phantoms of younger age groups [14-17]. The dis-
tribution of RBM for adults differs significantly from that for
children: the proportion of RBM in the skull is 6.2%, which
is twice lower than for 10-year-old children [17]; the largest
proportion of RBM in adulthood is typical for the bones of
the pelvis and spine. BV/TV for adult BPS is, on average,
1.5-fold lower than for BPS of 10-year-old children. Th. Th.
practically does not change with age, while Tb. Sp. increas-
es, on average, by 15% compared to the age of 10-year-
old. Table 6 compares the volumes of media in the BPS for
a ten-year-old child with those for adult males and females.

The total volume of adult phantoms is, on average, 17%
higher than that of a 10-year-old, with a much more sig-
nificant increase in skeletal size. Such small volume differ-
ences are associated with the cessation of hematopoiesis
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in skeletal areas modeled by relatively large phantoms, as
well as with a more detailed segmentation of the skeleton,
resulting in a large number of small BPS. Nevertheless, for
BPS, which are modeled in a similar manner for 10-year-
olds and adults, a significant increase in the volume of me-
dia with age is observed, as shown in Table 6. For such
BPS, the media volume showed, on average, a twofold
increase. The sex differences in the media volume in the
composition of phantoms modeled for adults for individual
BPS reached 62% (the upper branch of the sciatic bone),
averaging 8%.

For adults, the data on the mass ratio of lumbar ver-
tebrae were reported in [37]. According to this informa-
tion, the weight of a lumbar vertebra equals 65.3 + 4% of
the mass of the entire vertebra. Due to the small amount
of RBM, the vertebral pedicles were not modeled in the
framework of the SPSD. Nevertheless, the mass of BPS of
the vertebral body comprises 70.0 + 5% of the sum of the
masses of all BPS simulating the lumbar vertebra, which
agrees well the published measurements of actual bones.

CONCLUSION

In this paper, we present a description of SPSD skeletal
phantoms for male and female adults. Each skeleton
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Introduction. Alginate is a natural polysaccharide that shows promise as a non-toxic material for the development of hydrogel wound dressings. Natural
amino acids such as arginine and lysine are important components in the synthesis of the extracellular matrix and other vital bodily processes.

Objectives. Development of alginate gels modified with arginine and lysine and compatible with dermal fibroblasts. Study the release rate of these amino
acids from the gel.

Materials and methods. The study was performed using three types of aqueous solutions of 3% sodium alginate containing arginine or lysine in amounts of
5, 10, and 20% of the alginate dry weight. To assess the stability of lysine gels over time, they were incubated for 1, 3, and 7 days in 600 pL of water at room
temperature. The intensity of amino acid release from the alginate gel was evaluated by the spectrophotometric method after the reaction of ninhydrin. The DF2
cell line (human dermal fibroblasts, the shared research facility “Vertebrate cell culture collection” RAS) was used as model objects. Human dermal fibroblasts
were cultured on the gels obtained. The cells cultured on the gels were evaluated using optical microscopy. Statistical analysis was performed using Microsoft
Excel software; Student’s t-test was used to evaluate the differences between the samples. The differences were considered statistically significant at p < 0.05.
Results. On the first day, the gel containing the minimal lysine concentration of 5% showed the amino acid release of almost 16% of its initial amount. A more
prolonged incubation of the gel led to a decrease in the desorbed lysine proportion relative to the initial amount. Statistically significant differences were ob-
tained between the samples of alginate gels with the lysine content of 5 and 20% (p < 0.05). An increase in the lysine proportion in the gel was associated with
a decrease in its release, i.e., the higher concentration of lysine the gel contained, the less amount of lysin was detected after seven days of incubation. It was
shown that when a gel sample with a lysine content of 5% was incubated in a large volume of water (the gel-to-water ratio of 11%), more than 40% of lysine was
desorbed into water during the first hour of incubation. Therefore, lysine was 4.3% more intensively desorbed from the alginate gel compared to the arginine
gel. The following pattern was established: a twofold decrease in the amount of lysine release under an increase in the gel-to-water ratio from 11% to 20%.
Conclusions. During the study, alginate gels modified with amino acids were obtained. It was found that the higher the concentration of an amino acid in
the gel, the less intensively it leaves the gel. The rate of amino acid release from the gel is directly proportional to the volume of liquid in which the gel was
incubated. Human dermal fibroblasts adhered better to alginate gels modified with amino acids compared to cells on alginate gels without modification. As a
result of the study, gels with controlled desorption of amino acids were obtained, which promote the adhesion of human dermal fibroblasts.
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AJNbIr’MHATHBbIE F'ENTX, MOAN®ULIMPOBAHHbIE MPUPOAHBIMA AMUHOKUCITIOTAMW,
ONA PEFTEHEPATUBHOW MEAULIVHBI

B.A. KoHcoH', N.A. Bapcyk?, KO.A. HauleknHa'™

"WHcTutyT untonorum PAH, CaHkT-MNeTepbypr, Poccus
2[naBHOE BOEHHO-MeaMLUMHCKOe ynpaBneHe MuHnctepcTea obopoHbl Poccuiickon ®epepaum, Mocksa, Poccust

BBepeHue. AnbrHar — NPUPOAHBIV NofiMcaxapu, KOTopbii 3apekoMeHaoBas cebst Kak NepcrneKkTVBHbBIN HETOKCUYHBIA MaTepuan ans hopMmpoBaHms
paHeBbIX MOKPbLITUA B BUAE renen. Takme NpupoaHble aMUHOKUCIOTbI, Kak aprHnH 1 U3KH, ABAAKOTCA BaXKHbIMU COCTaBAAOLLMMN NPU CUHTE3€e BHEKI1e-
TOYHOrO MaTPUKCa, a TakXKe y4acTBYIOT BO MHOIVIX XKM3HEHHO BaXKHbIX MPOLIECCax B OPraHm3me.

Llenb. PopMunpoBaHre anbrHaTHbIX refieil, COBMeCTUMbIX ¢ hnbpobnactamm KOXN 1 MoANMUUMPOBaHHBIX MPUPOAHBIMI aMUHOKUCIOTaMN aprHUHOM
1 IN3VHOM, a Tak>Xe NCCneaoBaHne CKOPOCTU BbIXOA4A AaHHbIX aMUHOKUCOT U3 rens.

Matepumansl u meToAbl. PaboTa BbinonHeHa Ha 3 Buaax BOAHbIX PacTBOPOB 3% anbrimHara HaTpus C COAep XXaHNeM aMVHOKUCNOTbI aprMHHA UM N3vHa
B KonmdectBe 5, 10 1 20% OT cyxol Maccbl anbruHata. [Jns oueHKN cTabubHOCTY renei ¢ IM3NHOM BO BPEMEHM UX MHKYBMpoBanu B TedeHne 1, 3 7 cyT
B 600 MK BOAbI MPY KOMHATHOM TeMnepaType. VIHTEHCMBHOCTb BbIXOAa aMVHOKMCOT U3 aNbrMHATHOIO refst OLeHNBaN CNEKTPOMOTOMETPUHECKM METOLOM
rnocne NpoBeAeHNst HUHMAPVHOBOWN peakumn. B kadecTBe MoaesibHbIX 0ObeKTOB B paboTe bbina ncnonb3oBaHa knetodHast nuHust DF2 ((hrnbpobnacTbl KOXn
YenoBeka, «Konnekumst KyasTyp KNeTok no3BoHo4HbIx» IHL| PAH). Ha nonydeHHbIX rensx KynstMBupoBanv gepmarnbHble hnbpobnacTbl Yenoseka. OueHKy
KNIETOK Ha rensix NpoBOAMM C MOMOLLbIO ONTUHECKON MUKPOCKOMUW. CTaTUCTUHECKNUIA aHann3 BbIMOMHEH C UCMOMb30BaHeM NporpaMMHOro obecneveHus
Microsoft Excel, anst oueHky pasnmymin mexxay obpasuamm ncnonbaoanu t-rect CtetogeHTa. Pasnnyms cHmtani cTaTucTUHeckn aHaqnMbiMm npn p < 0,05.
Pe3ynbratbl. YCTAHOBNEHO, YTO A5 FeNs C MUHMMabHOW KOHUEHTpaLmMen nianHa (5%) BbIXod aMUHOKNCOTLI B NepBble CyTKU COCTaBm No4T 16% oT 1c-
XO[HOro ee KONM4ecTBa, a Npu AIUTENBHOM UHKYOMPOBaHWN rens 4oNa 4eCOPOMPOBAHHOIO NM3NHA OTHOCUTENBHO UCXOAHOrO KOMYeCTBa yMeHbLUanach.
[Mony4eHbl CTaTUCTUYECKM [OCTOBEPHbBIE OTAMHYNS MEX LY 06paslamu anbrMHaTHbIX refnen ¢ cogepxkanem nuanHa 5 n 20% (p < 0,05). Mpun yBenndeHnn
[ONN NM31Ha B refie ero BbIXO CHKaNCs: YeM H6onbluas KOHUEHTpaums nianHa Obina B rene, TeM MeHblee KONMYeCTBO ero obHapy KmBasv No UCTeYeHmn
7 cyT nHKybupoBaHus. NokasdaHo, 4To B 0bpasLe rens ¢ cogepkaHnem nusmHa 5% npu nHKyonpoBaHum B 60bLLOM 06bemMe BOAbl (COOTHOLLEHNE rens
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Nno OTHOLLEHWIO K Bofe — 11%) y>ke 3a nepBbiin Yac NHKyOupoBaHus 6onee 40% nuanHa fecopbupoBanoch B BoAy, T.e. M13uH Ha 4,3% 6onee MHTEHCKBHO
[ecopbupyeTcs U3 anbrmHaTHOMO renst N0 CPaBHEHWUIO C aprHMHOM. YCTaHOBNEHa 3aKOHOMEPHOCTL B BUAE CHUKEHWS NMPOLEHTAa BbIxo4a N3nHa NpakTu-
YecKu B Ba pasa npu yBenm4eHny cooTHolweHns rens k soge ¢ 11 0o 20%.
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INTRODUCTION

Wound healing is a major challenge for healthcare systems
worldwide [1]. The use of wound dressings can provide a
physical barrier to further infection during wound healing
[2]. Ideal wound dressings should be biocompatible and
biodegradable, being capable of preventing the loss of bio-
logical fluids, removing exudate, protecting the wound from
pathogens, demonstrating good breathability and moisture
permeability, promoting cell proliferation, and accelerating
wound healing [3].

Alginate is an anionic linear block polysaccharide
consisting of repeating monomeric units of (1-4)-p-D-
mannuronic acid (M) and (1-4)-a-L-guluronic acid (G), ca-
pable of forming fairly user-friendly gels [4]. Alginate wound
dressings are available in the form of hydrogels, foams,
films, nanofibers, and sponges. Alginate dressings absorb
wound fluid, resulting in the formation of gels that maintain
a physiologically moist environment and thereby minimize
the attachment/development of bacterial infections in the
wound [5]. They can be modified to meet the requirement
of chemical stability or degradation upon contact with bio-
logical fluids over a period of time. Hydrogels are used for
wound healing due to their biocompatibility, as well as their
ability to load and release bioactive substances of moder-
ate porosity, high water content, and flexibility [6].

Successful wound healing is accompanied by the syn-
thesis of extracellular matrix components. Arginine and
lysine are essential amino acids that are involved in the
synthesis of the extracellular matrix. Arginine is an a-amino
acid with the L-form, being one of the twenty most com-
mon naturally occurring amino acids. L-arginine exhibits a
number of biological activities [7]. Arginine acts as one of
the key metabolites involved in the processes of nitrogen
metabolism, in particular, in the ornithine cycle, character-
istic of mammals. Arginine participates in the synthesis of
nitric oxide (NO), which has multiple effects, ranging from
anti-inflammatory to vascular effects (vasodilation) and
stimulation of angiogenesis. Due to its biocompatibility and

biodegradability, L-arginine is used in the development of
components of numerous biomedical matrices [8]. It was
shown that an overdose of L-arginine is not accompanied
with the development of serious side effects, since its ex-
cess is excreted in the urine within a few hours [8]. At the
same time, L-arginine is actively involved in wound regen-
eration, making controlled administration of this amino acid
an urgent task of regenerative medicine [9].

[t should be noted that lysine can also improve wound
healing in the body. Lysine participates in the formation
of collagen, a protein that acts as a scaffold by support-
ing and imparting structure to skin and bones. Lysine can
act as a binder, increasing the number of new cells in the
wound [10].

The process of repairing damaged tissues is quite
lengthy; in this regard, it is possible to increase the effi-
ciency of regeneration, including the synthesis of a new
extracellular matrix, by dosing amino acids into the wound
bed. Creating a wound dressing that exhibits not only pro-
tective and bactericidal, but also regenerating properties is
an urgent task of modern regenerative medicine.

This study was aimed at developing alginate gels modi-
fied with arginine and lysine, natural amino acids, that are
compatible with dermal fibroblasts and to study the release
rate of these amino acids from the gel.

MATERIALS AND METHODS
Formation of gels

Three types of aqueous solutions of 3% sodium alginate
(Sigma-Aldrich, USA) containing arginine or lysine amino
acids (Sigma-Aldrich, USA) in amounts of 5, 10, and 20%
of the alginate dry weight were prepared for experiments.
Amino acids were added in dry form followed by mix-
ing the resulting solution thoroughly on a magnetic stirrer
(Tagler MM 135H, Russia) at room temperature for 10 min.
Next, an alginate solution with an amino acid was added to
a 24-well plate with 300 pL of gel per well. To form a gel,
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the alginate in the wells was sprayed with a 10% solution
of calcium chloride (CaCl,) from a spray bottle and left for
20 min at room temperature.

After gelling, the gels were washed three times with
deionized water to remove amino acids that were not ab-
sorbed by the gel. The gels were then filled with a fixed
volume of water (600-2500 L) for subsequent incubation
and measurement of the content of amino acids released
from the gels.

To assess the stability of lysine gels over time, they were
incubated for 1, 3, and 7 days in 600 pL of water at room
temperature.

To assess the effect of the volume of liquid in which the
gel was located on the rate of arginine release from the
gel, each sample with a volume of 300 pL with an arginine
content of 5, 10, and 20% by weight of alginate was kept
in 600, 1200, and 2500 pL of water at room temperature
for 1 h; alginate gel in relation to water occupied 33, 20,
and 11%. To compare the release of arginine and lysine,
the gels were incubated for 1 h in 600 pL of water at room
temperature.

Determination of amino acid release from gels

The content of amino acids released from the gels was
estimated by spectrophotometry (PE-5400UF spectro-
photometer, Ekros, Russia). To that end, a ninhydrin re-
action was carried out, during which the amino groups
interacted with ninhydrin. Next, the optical density of the
reaction product was measured: a violet-colored complex
at a wavelength of 400 nm. This method highly very sensi-
tive, allowing determination of amino acids in low concen-
trations [11].

To construct calibration graphs of the dependence of
optical density on the concentration of amino acids, the
following solutions were prepared: 0.2% ninhydrin solution
(Sigma-Aldrich, USA) in deionized water, 0.2% lysine and
arginine solutions in deionized water. Solutions of lysine
and arginine at a concentration of 0.2% were used in five
samples with a volume of 50, 100, 200, and 300 pL, which
contained 0.1, 0.2, 0.4, and 0.6 mg of the amino acid, re-
spectively. 250 pL of ninhydrin solution was added to each
tube. The tubes were then placed in a thermostat and incu-
bated at 100°C for 3 min. The volume of solutions in each
tube was adjusted to 6 mL of deionized water and the opti-
cal density of the solutions was measured at a wavelength
of 400 nm. The values obtained were used to construct
calibration curves to depict the dependence of the optical
density of the solution on the amount of amino acids in the
solution.

The content of amino acids released from the gels in
the experiments was calculated using calibration curves.
To that end, 500 pL of liquid in which the gels were incu-
bated was taken in each experiment. 250 pL of ninhydrin
solution was added to tubes with liquid followed by their
placement in a thermostat at 100°C for 3 min. The vol-
ume of solutions in each tube was adjusted to 6 mL of
deionized water; the optical density of the solutions was
measured using a spectrophotometer at a wavelength of
400 nm.
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In vitro studies

The DF2 cell line (human dermal fibroblasts, INC RAS cell
culture collections) was used as model objects. For ex-
periments with cells, alginate was previously sterilized by
ozone. After preparation of sterile gels with 5% amino acid,
a 300 pL cell suspension was applied to gels with a diam-
eter of 1 cm, the cell content of which was 30,000 cells
per well, and incubated in a DMEM/F-12 medium (Biolot,
Russia) containing 10% fetal bovine serum FBS (Gibco,
USA) for 3 days. The results were recorded using an in-
verted microscope (Nikon eclipse, TS 100, Japan).
Statistical analysis was performed using Microsoft Excel
software. Student’s t-test was used to evaluate statistically
significant differences between the samples. The differ-
ences were considered statistically significant at p < 0.05.

RESULTS AND DISCUSSION

Effect of incubation duration on the percentage of
lysine release from the alginate gel

Initially, the kinetics of lysine desorption from alginate gels
was investigated. Gels with a different lysine content (5, 10,
and 20%) were incubated in water for 7 days. When com-
paring the effect of incubation duration on the amount of
lysine bound to the gel, the gel with the minimum lysine
concentration (5%) showed the amino acid release on the
first day of almost 16% of its initial amount; the correspond-
ing data are shown in Fig. 1. Under a longer incubation of
the gel, the proportion of desorbed lysine relative to the
initial amount decreased. However, statistically significant
differences were found between the samples with a lysine
content of 5 and 20%. This result is likely to be related to
the concentration equilibrium reached in the system during
prolonged incubation of gels in water.

Then, for 7 days, the amount of lysine released from the
gel remain at the same level. An increase in the proportion
of lysine in the gel led to a decrease in its release through-
out the week: the more lysine the gel contained, the less
lysine was detected after 7 days of incubation. This can be
explained by the establishment of a concentration equilib-
rium between the gel and the solution.

The study of the effect of the volume of liquid in which
the gel was incubated on the amount of lysine release
found that larger volumes of water, in which the gel was
incubated, were associated with a more intense desorption
of amino acids from the gel. Figure 2 shows that lysine re-
lease from the gel increased with an increase in the volume
of the liquid in which it was incubated.

Thus, in a gel sample with a lysine content of 5% incu-
bated in a large volume of water (the gel-to-water ratio of
11%), more than 40% of lysine was desorbed into water
during the first hour of incubation. However, a threefold in-
crease in the proportion of gel relative to water to 33% led
a decrease in the intensity of lysine release to 15%. This
is approximately three times less than in the sample with
the gel-to-water ratio of 11%. This case also demonstrates
the pattern of reducing the amount of lysine release by half
with an increase in the gel-to-water ratio from 11% to 20%.
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Fig. 1. Kinetics of lysine release from gels
Note: * — statistical significance level p < 0.05.
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Fig. 3. Dynamics of amino acid release from gels with a different ratio of amino
acid and alginate after 1 h of incubation in 600 pL of liquid
Note: * — statistical significance level p < 0.05.

These changes can be explained by saturation of the sur-
rounding aqueous solution with lysine during its release
from the gel, which process decreased the rate of lysine
desorption.

Comparison of the amount of lysine and arginine
release from the gel after 1 h of incubation

There are two amino acids in the human body that are
involved in metabolism and construction of new proteins.
Therefore, the presence of both amino acids can promote
faster tissue regeneration. Since lysine and arginine have
different structural features, it should be expected that their
ability to desorb from gels will also be different.

When incubating gels with both lysine and arginine in
600 pL of water, lysine was found to release out of gel more
intensively than arginine (Fig. 3). Moreover, the lysine re-
lease varied from 15 to 11%, depending on its initial con-
tent, and the arginine release from 14 to 7% for gel samples
with an amino acid content from 5 to 20%.

When the volume of water was increased from 600 pL
to 250 ym during gel incubation, no difference in the inten-
sity of desorption between arginine and lysine was noted.

Figures 3 and 4 show that when incubating gels in a
small volume of water (600 pL), lysine left the gel faster than
arginine, by an average of 4.3%. When the volume of water

W 10% M 20%

Lysine proportion in the gel: M 5%

Amino acid release, %

1 20 33
Gel-to-water volume ratio, %

Figure prepared by the authors using their own data

Fig. 2. Effect of the gel-water ratio on the amount of lysine desorbed from
the gel
Note: * — statistical significance level p < 0.05.
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Fig. 4. Dynamics of amino acid release from gels with a different ratio of amino
acid and alginate after 1 h of incubation in 2500 pL of liquid
Note: * — statistical significance level p < 0.05.

was increased to 2500 pL, no statistically significant differ-
ences between the desorption of arginine and lysine was
observed. It should also be noted that for both amino ac-
ids, the intensity of their desorption from the alginate gel
increases several times with an increase in the volume of
water from 600 to 2500 pL.

In order to explain the results obtained, it is necessary
to consider the structure of the molecules of these amino
acids. Due to its structure, the arginine molecule is capable
of imparting greater stability to proteins than lysine [10]. The
guanidine group of arginine interacts with other molecules
in three different directions, while the additional amino
group of lysine interacts in only one direction. This feature
allows arginine to form many electrostatic and hydrogen
bonds and provide a stronger interaction than lysine [12].

The ionic interaction should also be taken into account.
In this respect, arginine should be more stable, especially
at higher pH values, due to the higher acid dissociation
constant (pKa) compared with lysine [13].

It should be noted that a further increase in the amino
acid content in the alginate solution prevented the forma-
tion of a gel. During the experiment, it was necessary to
take into account that the viscosity of alginate depends
on the acidity of the medium. Thus, according to Lee KY&
Mooney, it increases with a decrease in acidity, reaching a
maximum at a pH value of 3-3.5 [14].
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Fig. 5. Optical microscopy of DF2 cells on alginate gels

Note: the arrows indicate the cells on the surface of the cup and inside the gel.

Under physiological conditions (pH=7), the L-arginine
and L-lysine amino acids have a positive charge. However,
when measuring the pH of alginate solutions with these
amino acids, this value turned out to be 11. Despite the high
importance of pKa, especially for arginine, this could have
an effect on both the amino acid charge and the stability of
the alginate gel [15, 16].

Human dermal fibroblasts were applied onto the surface
of alginate gels followed by analysis of the gels using optical
microscopy (Fig. 5). The surface of the culture plastic was
used as a control. Figure 5 showed that after 3 days of cul-
ture, the cells on the plastic had a fusiform shape, character-
istic of fibroblast-like cells. When applying a cell suspension
to alginate gels without modification, no cells on the gels
were observed: all cells migrated to the surface of the culture
plastic and proliferated only on the surface of the culture ves-
sel. When applying a cell suspension to alginate gels modi-
fied with amino acids, the cells adhered to the gels; however,
their morphology was spherical. Indeed, this form is typical
for cells cultured on alginate gels, since the negative charge
of alginate prevents the cells from spreading, but the pres-
ence of positively charged amino acids such as lysine and
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APPLICATION OF ALGINATE POLYMER POLYSACCHARIDE HEMOSTATIC M) Check for updates ‘
HYDROGEL FOR ONGOING ARTERIAL BLEEDING FROM PEPTIC ULCER OF
GASTROENTEROANASTOMOSIS (A CLINICAL CASE)
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Introduction. Treatment of ulcer gastroduodenal bleeding is a challenging problem of emergency surgery. The combined technique of endoscopic hemo-
stasis in ongoing arterial ulcer bleeding reduces the rate of recurrences in only 21.3% of cases, which indicates the need for improved endoscopic hemostasis
technologies. In this regard, the use of triple therapy based on conventional methods (injections, coagulation, clipping) and local hemostatic systems seems
promising.

Clinical case description. We describe a clinical case of ongoing arterial ulcer bleeding from a peptic ulcer of gastroenteroanastomosis treated by endo-
scopic hemostasis using a 5% solution of aminocaproic acid with adrenaline in combination with argon plasma coagulation and pneumatic insufflation of an
alginate polymer polysaccharide hemostatic hydrogel on the bleeding site.

Conclusions. The use of a personalized approach to endoscopic hemostasis of arterial bleeding from peptic ulcer of gastroenteroanastomosis using an
alginate polymer polysaccharide hemostatic hydrogel as part of combined therapy improves the treatment outcome by ensuring final hemostasis, avoiding
emergency surgery for massive bleeding, and facilitating the healing process of the ulcerous defect.

Keywords: gastrointestinal bleeding; peptic ulcers of gastroenteroanastomosis; endoscopic hemostasis; alginate polymer polysaccharide hemostatic
hydrogel
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NMPUMEHEHUE ANIbIr MHATHOIO NOJIMMEPHOIO NOJINCAXAPUOHOIO TEEMOCTATUHECKOIO
r’MAPOrENs NPU NPOAOIKAIOLLEMCSA APTEPUAJIBHOM KPOBOTEYEHMWN N3 NMENTUYECKOW
A3Bbl FACTPOSHTEPOAHACTOMOS3A (KNTMHUYECKUIA CINYYAN)
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BBepeHue. [pobnema neveHns ractTpoayoaeHasbHbIX KDOBOTEYEHMIN A3BEHHOIN 3TNONOMM — OfiHa U3 HaMboee CNOXHbIX B 9KCTPEHHOM xupypriv. daxe
NPV NCNONb30BaHNN KOMOUHNPOBAHHOWM TEXHONOMMM SHAOreMOCTa3a NPOACIKAIOLLErOCH apTePUabHOro A3BEHHOrO KPOBOTEHEHWS YacToTa PeLMANBHBIX
KPOBOTEYEHNIN MOXET gocTurath 21,3%, 4TO ykasbiBaeT Ha HEOOXOAMMOCTb COBEPLLEHCTBOBAHNSA TEXHOOMMIA 9HAOreMocTasa KpOBOTOHaLLEN racTpoayo-
[eHanbHoM A3Bbl. B COBEPLUEHCTBOBaHNN KOMBVMHUPOBAHHbBIX TEXHOMOMMI 3HAOremMocTasa nepcrnekTUBHbIM NPeACcTaBsaeTCs UCMOoNb30BaHNe TPOHO
Tepanuu, BKOHaOLLEe NpUMeHeHre TpaanLMOHHBIX CNOCOb0B (0bKkanbiBaHve, Koarynauus, KIMnMpoBaHue) ¢ AOMOMHUTENBbHBIM BKIIOHEHNEM MECTHbIX
reMOCTaTNHECKNX CUCTEM.

OnucaHune KnuHn4eckoro cny4vas. Onvcan KNMHUYECKNIA Cyyai NPYMEeHEHNs KOMOBVHUPOBaHHOM TEXHONOT M 3HAOCKOMMHYECKOro remocTasa Npoaos-
»KaloLerocs apTepuanbHOro KpOBOTEHEHNS N3 MeNTUYECKOM A3Bbl raCTPO3SHTEPOaHAaCTOMO3a C NMPUMEeHeHeM obkabiBaHs 5%-HbIM pacTBOPOM aMMHO-
KanpOHOBOW KNCNOTbI C aAPEHAIMHOM B COMETAHNN C aprOHOMIA3MEHHON KoarynaLmelt 1 MHEBMOVHCY(PMNALMEN anbrMHaTHOrO NOIMMEPHOrO Nnonmcaxa-
PYAHOIO reMoCTaTU4ECKOro rMaporens Ha NCTOYHUK KPOBOTEHEHNS.

BbiBopAbl. [Icnonb3oBaHne nepcoHanmMa3npoBaHHOrO NOAXOAA K 9HAOCKOMMYECKOMY remMocTady apTepuanbHOrO KPOBOTEYEHUS N3 MENTUHECKOW A3Bbl ra-
CTPO3HTEPOAHACTOMO3a C NMPUMEHEHNEM aNbIMMHATHOrO NOIMMEPHOrO NONCAXapUAHOro reMoCTaT4eCKOro MAaPOreNs B KOMMIEKCHOM Tepanum no3so-
VN0 YAYHLWUTL PesynbTaThl IeYeHrs nauyeHTa: obecneynTb OKOHYaTebHbIN reMocTas, n3bexxaTb HeOTNIOKHOW onepauun Ha «BbICOTe» KPOBOTEYEHNS
N YAYHLINTD Ka4eCTBO 3aXKMBEHNS S3BEHHOMO AedekTa.

KnioueBble crnioBa: »enyaoqHO-KULLEYHbIE KPOBOTEHEHNS; NeNTUYECKINe S3Bbl raCTPOIHTEPOaHACTOMO3a; SHAOCKOMUYECKUNIA FeMOCTa3; anbrMHaTHbIN NMo-
JNIMMEPHBIA NONNcaxapuaHbli FeMOCTaTUHECKUI TMAPOrenb
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INTRODUCTION

Peptic ulcer disease (PUD) of the stomach and duodenum
is a widespread problem affecting mainly young and able-
bodied patients. From 2006 to 2017, the occurrence and
prevalence of PUD in the Russian Federation decreased
from 128.7 to 79.5 per 100,000 population'. However, its
complication rate shows no downward trend. The most
common PUD complication is gastrointestinal bleeding.
According to Amiran S. Revishvili, the Chief Surgeon of the
Russian Federation, 47,224 cases of ulcer upper gastroin-
testinal bleeding (UGIB) were registered in 2023 in Russia,
with the total mortality rate of 1.49-17.81%. The postop-
erative mortality rate reached the level of 6.17-62.5%?.

Patients with bleeding peptic ulcers of gastroentero-
anastomosis (GEA) form a separate group. According to
statistical data, the current incidence of post-gastrectomy
peptic ulcers ranges within 0.5-15%. At the same time,
about 90-98% of GEA peptic ulcers are known to de-
velop after partial gastrectomy for duodenal ulcers (DU).
The main reasons for the formation of GEA peptic ulcers
include preservation gastrectomy (less than 2/3 of the
stomach); reservation of a part of the antrum gastric mu-
cosa in the duodenal stump after Billroth Il operation; va-
gus hypertonus and incomplete vagotomy if performed in
combination with preservation gastrectomy; adverse ef-
fects of the biliary and pancreatic secretions on the gastric
stump mucosa in anastomoses other than isolated Roux
loop. Complications of GEA peptic ulcers are observed in
75-80% of patients, presenting a significant healthcare
problem. Gastrointestinal bleeding is one of the most
common complications of GEA peptic ulcers [1, 2].

UGIB patients with ongoing arterial bleeding are
classified as Forrest la cases according to J. Forrest’s
Classification for Bleeding Peptic Ulcer [3]. In the structure
of UGIB, this type of bleeding accounts for about 7.7% of
cases; however, their treatment is associated with signifi-
cant difficulties. In the management of such patients, it is
extremely important to reliably stop the ongoing arterial
UGIB and create conditions for the prevention of its recur-
rence [4, 5].

Despite the recent progress in the development of
endovascular hemostasis technologies, therapeutic

endoscopy remains to be the leading approach to the
treatment of such patients. The modern methods of en-
doscopic hemostasis (EH) for ongoing arterial ulcer UGIB
include injectable, physical, mechanical, and combined
EH. Endoscopic injections around the bleeding site with
various solutions reduce or eliminate arterial ulcer UGIB
due to vasoconstriction and local tamponade. The ef-
fectiveness of injectable EH in ongoing bleeding reaches
85-92%. However, injectable monotherapy is not recom-
mended due to its temporary effect and a high rate of
recurrences that reach about 17.6-24.0%. Argon plasma
coagulation (APC) occupies a special place among the
EH physical methods. This non-contact method does not
involve welding of the diathermy probe (electrode) to the
coagulation scab. The effectiveness of APC in primary EH
reaches 95-100%. At the same time, the APC method
possesses a number of drawbacks: thus, similarly to other
coagulation techniques, the violation of the protocol may
lead to perforation of the organ wall and bleeding relaps-
es, which are observed in 12.5-25.0% of cases [6, 7].

Clipping, i.e., constriction of the bleeding point by a
metal clip, is an effective EH approach in the case of arte-
rial ulcer UGIB. The EH using clips is similar to the surgi-
cal retroclusion of a bleeding vessel. The clip is passed
through the instrumental channel of the endoscope and
fixed by a clip applier across the vessel, thereby reliably
stopping the bleeding. Clipping is effective in bleeding
from destructed large vessels (more than 2 mm in diam-
eter), as well as in patients with severe hypocoagulation.
However, the disadvantage of clipping includes the com-
plexity of its implementation. In addition, endoclips are
difficult to use in hard-to-reach anatomical areas, such
as the lesser curvature of the stomach, the cardia, and
the duodenum posterior wall. The use of endoclips is as-
sociated with ulcer UGIB relapses, observed in 8-37% of
cases [8, 9.

Combined EH is currently considered to be the most
advanced EH of arterial ulcer UGIB. Injections around the
bleeding site with subsequent clipping of the destructed
vessel or injections in combination with APC are often
used. Combination (dual) therapy, i.e., infiltration in combi-
nation with coagulation of the bleeding point or mechanical
compression using hemoclips, remains the endoscopic

' Clinical guidelines for Peptic Ulcer disease. Ministry of Health of the Russian Federation; 2024.
2 Revishvili AS, Olovyannyi VE, Gogia BS, Gurmikov BN, Markov PV, Ruchkin DV, et al. Surgical care in the Russian Federation. Moscow. 2024.
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therapy of choice recommended in the main international
clinical guidelines for the treatment of patients with ulcer
UGIB. However, according to N.V. Lebedeva, the use of
combined EH technologies for ongoing arterial ulcer UGIB
is also associated with a high recurrent bleeding rate of
about 21.3%, which indicates the need to improve EH
technologies [9-11].

The use of hemostatic powders and gels is a promis-
ing EH of ulcer UGIB. Hemostatic powders absorb blood,
exhibit a mechanical tamponing effect, and activate the
blood coagulation cascade [12]. Hemospray (TC-325)
and EndoClot endoscopic powder systems have be-
come widespread in clinical practice. However, the ac-
tion of Hemospray and EndoClot is limited to less than
24 h; moreover, they do not promote tissue regeneration
[13]. It should be noted that the Voronezh City Specialized
Center for the Treatment of Patients with Gastroduodenal
Bleeding (Russia) has accumulated extensive experience
in the use of powdered granular sorbents (Sephadex®,
Gelevinum, Aseptisorb®, etc.) in the GIB treatment. The
application of these sorbents to the bleeding point forms
a soft elastic gel, which remains on the surface of the de-
fect for up to four days and improves the healing of gas-
troduodenal ulcers. However, the use of powdered he-
mostatic systems in the EH of ongoing arterial ulcer UGIB
was shown to have low efficiency [14].

The possibility of applying the Diovine granular sorb-
ent with the Gelplastan and NovoSeven® lyophilizate he-
mostatic agents in the combined endoscopic treatment of
ulcer UGIB was described by M.N. Romantsov et al. This
technology produced positive results by reducing the ulcer
UGIB recurrence risk to 5.01% and mortality to 1.7% [15].

Japanese scientists T. Uroka, N. Ueda, et al. reported
the successful application of innovative EH technology
using a gel-like hemostatic matrix for GIB after endoscop-
ic submucous dissection. The gel-like hemostatic matrix
is a viscous transparent peptide that forms a sealing layer
after contact with tissue or blood. The use of this matrix
reduces the need for coagulation to stop gastroduodenal
bleeding [16].

The use of a triple therapy, which combines conven-
tional EH methods (injections, coagulation, and clipping)
with local hemostatic systems, seems to be a promising
direction. One such domestic technology of combined
EH of ulcer UGIB consists in the use of an alginate poly-
mer polysaccharide hemostatic hydrogel (APPHH) [17].
Previously, we reported an experimental study into the
possibility of using APPHHSs in the treatment of bleeding
stomach defects [18] and the first experience of APPHH
clinical use in the combined endoscopic treatment of un-
stably stopped ulcer bleeding [19]. The clinical research
into the use of APPHHSs in a combined EH of ulcer UGIB
is currently underway.

In this article, we describe the use of an APPHH in the
combined treatment of ongoing arterial ulcer UGIB in a
patient with GEA peptic ulcer.

CLINICAL CASE DESCRIPTION

On 13.10.2024 at 7:56 a.m., a 73-year-old patient was ur-
gently admitted the Voronezh City Clinical Emergency

EXTREME MEDICINE | 2025, VOLUME 27, No 2
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Hospital No. 1. On admission, the patient complained of
vomiting blood with clots, black tarry stools, discernible
weakness, and dizziness.

The patient had been ill since 1995, after a Billroth I
partial gastrectomy due to duodenal ulcer profuse bleed-
ing. During the 1995-2023 period, the patient had no
gastrointestinal complaints. In 2023, GEA peptic ulcer
bleeding was detected, which was surgically treated in
Kazan. His state worsened on 13.10.2024 with the follow-
ing symptoms: discernible weakness, dizziness, fainting,
decrease in blood pressure to 90/60 mm Hg, black liquid
stools, and vomiting blood with clots. He had a history
of acute myocardial infarction, type 2 diabetes mellitus,
gout. At the moment of admission, the patient was taking
Aspirin® on a regular basis.

Objective data. Examination in the emergency depart-
ment. On admission, the patient’s condition was severe.
Consciousness was clear, 15 points on the Glasgow Coma
Scale (GCG), blood pressure (BP) — 90/60 mm Hg, heart
rate (HR) — 110 per minute, respiratory rate (RR) — 18 per
minute, SPO, — 98%. The overall health status was se-
vere; the skin was pale. During auscultation of the lungs,
vesicular respiration occurred in all pulmonary fields, no
wheezing. The heart tones were muted and rhythmic. The
tongue was dry, covered with a white coating. The stom-
ach was not swollen. An old postoperative scar on the an-
terior abdominal wall after an upper-midline incision was
present. On palpation, the abdomen was soft and pain-
less in all parts. Infiltrates in the abdominal cavity; liver,
spleen, kidneys were not palpated. Peritoneal symptoms
were negative in all parts of the abdomen. During percus-
sion, hepatic dullness was normal, displaced dullness of
percussion sound in the lateral abdominal regions was not
detected. Normal peristaltic sounds were listened by aus-
cultation. No costovertebral angle tenderness. Per rec-
tum: traces of liquid black feces on the glove. A nasogas-
tral tube was inserted, and altered blood was obtained
through the tube. Simultaneously with the emergency
care, diagnostic tests were performed in the emergency
department: general and biochemical blood tests, hemo-
stasis system examination, blood type and Rh factor de-
termination, electrocardiographic examination, abdominal
ultrasonography and examination by a therapist.

Predominant diagnosis: peptic ulcer of gastroentero-
anastomosis with bleeding (ICD 10 — K28.4, chronic
or unspecified gastrojejunal ulcer with hemorrhage).
Complication of the main diagnosis: severe haemorrhage
(A.l. Gorbashko, 1982), 3 Grade blood loss anemia.

Secondary diagnosis: coronary heart disease; postin-
farction and atherosclerotic cardiosclerosis; coronary ar-
tery aortic atherosclerosis; stage 3 hypertension; Class |
chronic heart failure, functional class I; diabetes mellitus
type 2; individual target HbA1c level less than 7.5%; myo-
cardial dystrophy; diabetic polyneuropathy; diabetic en-
cephalopathy; gout is not acute.

Medical interventions. Emergency esophagogastrodu-
odenoscopy (EGDS) was performed urgently (30 minutes
after admission) (Fig. 1).

Examination of gastroenteroanastomosis (Billroth Il
operation): the gastric remnant contained a moder-
ate amount of altered blood, which made a detailed
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examination difficult. The gastric folds were low, longi-
tudinal-and-convoluted, and expanded by air. Peristalsis
was satisfactory, with smooth waves in all parts. The mu-
cosa closer to the gastroenteroanastomosis was covered
with fresh blood. Gastroenteroanastomosis was wide and
freely passable; incomplete visualization of the mucous
membrane due to blood residues was noted. In the anas-
tomoatic spur area, a spurting bleeding from a destructed
vessel 1.0 mm in diameter was noted, the base of the ves-
sel was not brought into the field of view (Fig. 1A). A 5%
solution of aminocaproic acid with 0.1% epinephrine solu-
tion was injected paravasally into the area of the anas-
tomosis using a disposable endoscopic injector with a
needle diameter of 0.7 mm and a needle length of 4 mm
until an infiltrate was created (Fig. 1B). The massive bleed-
ing was stopped. After washing, a flat-surface ulcerous
defect 7 mm in diameter and 1.5 mm deep was revealed
on the anastomosis spur, with a fixed blood clot 5 mm
in diameter at the bottom. An attempt to remove the clot
with an irrigator and visualize the destructed vessel had
no effect. Clipping was technically impossible.

The APC of the bleeding point through the clot was
performed using an electrosurgical coagulator with
ERBE APC 2 (Elektromedizin) accessories: operating
mode FORCED APC, power 30 W (max), flow rate 1.0 L/
min; probe for argon plasma coagulation — Flexible
Argonsonde REF 932-149 (BOWA), diameter 2.3 mm.
Diffuse blood leakage was noted after APC (Fig. 1B). In
order to achieve final hemostasis to the bleeding point
using an endoscopic pump for pumping an air mixture
(EndoClot Air Compressor, EPAC-2, EndoClot Plus.

Photo taken by the authors

Inc., USA), in an air supply mode of 1.3 L/min through
an endoscopic catheter 2.5 mm of diameter, insufflation
of powdered APPHH was performed in the amount of
0.5 g. After insufflation to the bleeding point, upon con-
tact with blood and mucus, the powdered hemostatic
was actively soaked in blood, turning into a hydrogel.
The final hemostasis had been achieved; blood leakage
had been stopped (Fig. 1 D).

Further treatment was carried out in the intensive care
unit (ICU). The patient refused to perform endoscopic
monitoring after the EH. A nasogastric tube was used to
control the recurrence of GIB.

On the day 3 of inpatient treatment (15.10.2024), a
control EGDS was performed (Fig. 2). The gastric rem-
nant contained a moderate amount of foamed bile. No
blood and hematin was present. The ulcerous defect on
the anastomosis spur was 0.7 cm in diameter, superficial,
and the ulcer base was covered with an alginate hydrogel
soaked in bile (Fig. 2A). The hydrogel was removed, and
fibrin was present at the ulcer base. In order to prevent
recurrence of bleeding and cytoprotective treatment for
the ulcerous defect using an endoscopic pump to inject
an air mixture in an air supply mode of 1.3 L/min through
an endoscopic catheter 2.5 mm of diameter, APPHH in-
sufflation in the amount of 0.5 g was performed (Fig. 2B).
A rapid test for the presence of Helicobacter pylori was
positive. After the dynamic EGDS, the patient was trans-
ferred to a general ward.

During the following three days, the patient’s status
remained unchanged. On day 6 of inpatient treatment
(18.10.2024), a control EGDS was performed (Fig. 3).

Fig. 1. Endoscopic images of gastroenteroanastomosis, white light examination: A — ulcerous defect of gastroenteroanastomosis with massive spurting bleeding
from the destructed vessel; B — injection compression of the destructed vessel; C — argon plasma coagulation of the bleeding point; D — APPHH insufflation

for the ulcerous defect
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No traces of blood or hematin in the examined sec-
tions of the gastric remnant (foamed bile) were noted. The
ulcer of the gastroenteroanastomosis spur decreased in
size to 5x4 mm, superficial, covered with a transparent
hydrogel soaked in bile (Fig. 3A), after which the hydrogel
was removed (Fig. 3B). The ulcer base was covered with
fibrin with islands of granulation tissue; marginal epitheli-
alization was observed.

In order to prevent bleeding and cytoprotective treat-
ment using an endoscopic pump for pumping an air mix-
ture in an air supply mode of 1.3 L/min through an endo-
scopic catheter 2.5 mm of diameter, APPHH insufflation
was performed (Fig. 3C, D). The patient was discharged
from the hospital and forwarded for outpatient treatment
to a polyclinic at his place of residence. On 29.10.2024, a
control EGDS was performed at the outpatient stage of
treatment (Fig. 4).

On examination: the stomach was resected accord-
ing to the Billroth Il type, its stump was small, the gas-
troenteroanastomosis did not gape widely. A delicate
whitish linear scar on the gastroenteroanastomosis spur
was seen. The patient had a moderate risk of recurrent
gastroduodenal bleeding according to the digital program
“Prevention of gastroduodenal bleeding: an individualized
risk assessment scheme, the formation of recommenda-
tions on patient management tactics” [20]. The patient
was given personalized recommendations for the preven-
tion of recurrent gastroduodenal bleeding.

CLINICAL CASE DISCUSSION

The number of patients with PUD in the Russian Federation
is demonstrating a pronounced downward trend, largely
due to the current achievements of the state programs.
These include a medical examination program with a wide
population coverage, the availability of endoscopic ex-
amination, as well as the use of highly effective treatment
regimens. However, the rate of complicated forms of peptic
ulcer disease, and above all, ulcer UGIB, remains at a high
level in Russia, showing no reduction in recent years?.

CLINICAL CASE | SURGERY

Modern surgical achievements in the treatment of
ulcer UGIB (EH, improvement of drug-induced hemo-
stasis, endovascular hemostasis, etc.) have significant-
ly improved the treatment outcomes of patients with
ulcer UGIB. However, in situations where ulcer UGIB
cannot be stopped using conservative methods, sur-
geons are forced to perform emergency surgery under
the conditions of massive bleeding. The main types of
surgical interventions in such patients are retroclusion
of a bleeding vessel in an ulcer and, less often, partial
gastrectomy [21, 22].

At present, there is no doubt that therapeutic endos-
copy plays a leading role in the treatment of patients with
ulcer UGIB. The international community is actively en-
gaged in the development and application of local he-
mostatic systems in the form of powders, gels, etc., for
the treatment of gastroduodenal ulcer bleeding [23]. Most
modern powdered endoscopic systems are non-Russian
products. The development of domestic endoscopic he-
mostasis technologies is an important direction in the
context of raising the technological sovereignty and lead-
ership of the country. This highlights the importance of
exploring the possibility of using alginate polymer poly-
saccharide hemostatic hydrogels (APPHHSs) in clinical
practice.

Alginate polymer polysaccharide hemostatic hydrogel
is a powdered, finely dispersed hemostatic agent, the de-
rivatives of which are sodium alginate, potassium sorbate,
sodium benzoate, iodoform, and tricalcium phosphate.
Upon contact with the bleeding surface and mucus, this
hemostatic turns into a hydrogel followed by its tight ad-
hesion to the area of the bleeding point, which provides
for prolonged local hemostasis. Preliminary experimental
studies into the use of APPHH in the treatment of stomach
bleeding have shown its efficacy in stopping experimen-
tal bleeding and facilitating the healing process of upper
digestive tract defects, which was confirmed by morpho-
logical studies [18].

It is important to note that PUD is a chronic disease,
which makes the healing quality of the ulcerous defect

Photo taken by the authors

Fig. 2. Endoscopic images of gastroenteroanastomosis on day 3 of inpatient treatment, white light examination: A — fixed APPHH soaked in bile in the area of the

ulcerous defect; B — additional APPHH insufflation for ulcerous defec.

8 Kotova EG, Kobyakova OS, Alexandrova GA, Golubev NA, Oskov Yul, Polikarpov AV, Shelepova EA. Morbidity of the entire Russian population in 2021: statistical
materials. Moscow: Central Research Institute of the Ministry of Health of the Russian Federation. 2022.
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Photo taken by the authors

Fig. 3. Endoscopic images of gastroenteroanastomosis on day 6 of inpatient treatment, white light examination: A — fixed APPHH soaked in bile in the area of the
ulcerous defect; B — ulcerous defect on the gastroenteroanastomosis spur after washing the APPHH; C — the onset of APPHH insufflation for ulcerous defect;

D — fixed APPHH in the area of the ulcerous defect
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Photo taken by the authors

Fig. 4. Endoscopic images of gastroenteroanastomosis on day 17 of treatment, white light examination. The arrow indicates a delicate whitish linear scar on the

gastroenteroanastomosis spur

particularly important in the treatment of gastroduodenal
ulcers. According to L.I. Aruin, it is the rough scar that
acts as the pathomorphological substrate for PUD exac-
erbation [24].

In the present article, we describe the experience of
using APPHH in the combined treatment of ongoing arte-
rial ulcer UGIB. The discussed clinical case was compli-
cated by massive arterial ulcer UGI, which was treated
using a combined EH by injections to the bleeding point
followed by APC of the destructed vessel. Following APC,

diffuse blood leakage persisted, and the endoscopist had
the opportunity to continue APC of the bleeding point.
It should be borne in mind that intensive prolonged co-
agulation can lead to perforation of the hollow organ wall
and the development of peritonitis. This complication is
extremely serious and can lead to death against the back-
ground of acute blood loss. The APPHH application to
the bleeding defect allowed us to solve the problem of
blood leakage and achieve final hemostasis. Repeated
EGDS revealed the absence of bleeding relapses and
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pronounced cytoprotective properties of APPHH. Due to
its pronounced adhesive properties, the APPHH com-
position used remained on the ulcerous defect for up to
three days. EGDS on day 6 revealed signs of ulcerous
defect healing in the form of marginal epithelialization, and
on day 17, complete healing of the GEA peptic ulcer in the
form of a delicate scar.

Summarizing the presented clinical case, the use of a
personalized approach to endoscopic hemostasis of arte-
rial bleeding from GEA peptic ulcer in a patient with severe
somatic pathology and a high-degree surgical risk, the
use of APPHH as part of combined therapy improved the
treatment outcome by ensuring final hemostasis, avoid-
ing urgent surgery for massive bleeding, and improving
the healing quality of the ulcerous defect. These aspects
are extremely important in the treatment of UGIB patients
with various concomitant somatic pathologies. In such
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POTENTIALLY SIGNIFICANT MARKERS OF IMMUNE SYSTEM AND BLOOD W) Check for updates ‘
CLOTTING RESIDUAL DISORDERS IN ATHLETES WITH A HISTORY OF COVID-19
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"Pirogov Russian National Research Medical University, Moscow, Russia
2Federal Research and Clinical Center of Sports Medicine and Rehabilitation, Moscow, Russia

Introduction. The increase in the number of patients with post-acute sequelae of COVID-19, including athletes, requires improved diagnostic methods for the
long-term effects of this disease. The study of changes in the blood-clotting and immune regulation in a limited but homogeneous group of athletes (intense
physical activity and careful health monitoring) with post-acute sequelae of COVID-19 can contribute to identification of reliable diagnostic and prognostic
biomarkers of this condition.

Objective. A comparative analysis of the cytokine profile and hemostasis system features as promising prognostic markers for the diagnosis of post-acute
sequelae of COVID-19 in athletes.

Materials and methods. 60 athletes (24 men and 36 women, average age 20.8 + 1.86 years) were examined. All participants were divided into two groups:
group 1 — 40 athletes who had suffered from coronavirus infection; group 2 (control) — 20 athletes who had not had COVID-19. The athletes specialized in
various sports: figure skating, rhythmic gymnastics, athletics, rugby, and wrestling. To assess the residual effects of COVID-19, biochemical parameters were
studied in all participants: alanine aminotransferase activity, aspartate aminotransferase, C-reactive protein level, troponin-I level; hemostasis parameters:
prothrombin time (PT), prothrombin index (PTI), activated partial thromboplastin time (aPTT), international normalized ratio (INR), D-dimer; immune status
indicators: interleukins-6, -8, -10 (IL-6, -8, -10, respectively), tumor necrosis factor-a (TNF-a). Statistical data processing was carried out using the Statistica 10
software.

Results. Anincrease in clotting time was revealed in terms of aPTT, prothrombin time, international normalized ratio, and a decrease in the prothrombin index
(p < 0.05). Statistically significant differences in the functional state of the immune system were also found: an increase of IL-8 from 2.5 to 7.42 times [3.08;
9.96] pg/mL and IL-10 from 2 to 5.08 times [2.93; 6.66] pg/mL compared to similar indicators in athletes who had not suffered from COVID-19 — 3.05 [1.86;
8.15] pg/mL and 2.53 [1.0; 5.68] pg/mL (p < 0.05) in the group of athletes who had undergone COVID-19. A direct correlation was established between an
increase in IL-8 levels and an increase in PT (r, = 0.355; p < 0.05) and INR (r, = 0.420; p < 0.05) in athletes who had undergone a coronavirus infection. At the
same time, a negative association was found between an increase in IL-8 levels and a decrease in PTI (r, = -0.323; p < 0.05).

Conclusions. Higher levels of activating cytokines and lower values of parameters of the anti-inflammatory immune system indicate residual dysregulatory
phenomena in the immune system in post-acute sequelae of COVID-19. The revealed relationships between the coagulation profile and the components of
the immune response allow these relationships to be considered as possible diagnostic markers of residual phenomena after coronavirus infection. The data
obtained confirm the validity of IL-8 and IL-10 indicators as potential markers of residual disorders after COVID-19 in athletes. However, these findings should
be verified on larger samples, where the observed ratios may show a different dynamics.

Keywords: athletes; diagnosis; post-acute sequelae of COVID-19; cytokines; coagulation profile
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MOTEHLUUAJIbHO 3HAYUMBIE MAPKEPbI PE3VOYAJIbHbIX HAPYLLEHUA CUCTEMbl UMMYHUTETA
M CBEPTbIBAHNA KPOBW Y CIMTOPTCMEHOB, NMEPEBOJIEBLLNX COVID-19

M.B. Ecovmos', M.C. Tapacoa®*, A.B. XKonuHckui®, C.A. MapacTaes'?

TPoccuiickunii HaLUMOHaNbHbIV UCCNeaoBaTeNbCKUA MEAULMHCKINI yHBepcuTeT um. H.W. Muporosa, Mocksa, Poccus
2®epnepanbHbIfi HAYHYHO-KIMHUHECKNIA LIEHTP CMIOPTUBHOM MednUMHbI U peabunutaumun ®egepansHoro Meanko-61onornieckoro areHTctea, Mockea, Poccus

BBepeHue. YBennyerve 4ncna naumMeHToB C NOCTKOBMAHBIM CYHLPOMOM, B TOM 4YMCAe CPeAy CMOPTCMEHOB, TPebyeT yCOBEPLUEHCTBOBaHNS METOA0B
OVNArHOCTUKM JONrOCPOYHbIX MOCNEACTBUN AAaHHOrO 3abonesaHns. VccnegoBaHne M3MEHeHU B CUCTEME CBEPTLIBAHMSA KPOBW 1 UIMMYHHOWN perynsumm
Y OrPaHU4YEHHON MO YNCNEHHOCTH, HO OAHOPOAHON MO KIIIOHYEBLIM XaPaKTEPVCTVIKAM rpynmbl COPTCMEHOB (MHTEHCUBHbIE (hU3NYeCKre Harpy3kun v Tia-
TeNbHbIN MOHUTOPWHI 340P0BbS) C MOCTKOBUAHBIM CUHAPOMOM MOXKET MOMOYb BbISIBUTL HaAEXHbIE ANarHOCTUYECKME W MPOrHOCTUHECKME O1OMapKepbI
3TOr0 COCTOSAHMSA.

Lenb. CpaBHUTENbHBIN aHaM3 0COBEHHOCTEN LIMTOKMHOBOIO MPOMUASA 1 CUCTEMbI reMocTada Kak NepCreKTUBHbIX MPOrHOCTUHECKX MapKepOoB AviarHo-
CTUKM MOCTKOBWAHOIO CUHAPOMA Y CMOPTCMEHOB.

MaTepuanbl u meToabl. BoinonHeHo ob6cnenosaHme 60 CMOPTCMEHOB (24 My>4nHbI 1 36 »KeHLLWH, cpeaHuin Bo3pacT 20,80 + 1,86 roga). Bce y4acTHMKM
6bInn pacnpeneneHsl Ha 2 rpynnbl: rpynna 1 — 40 aTneToB, NepeHecLnX KOPOHaBMPYCHYIO MHAEKUMIO; rpynna 2 (KoHTponb) — 20 atneTos, He 601eBLUMX
COVID-19. CnopTcMeHbl cneunanv3npoBanncb B pasnm4Hbix Buaax cnopra: uUrypHoe KataHue, XyAoKecTBeHHas N’MMHacTUKa, lerkas atnetunka, perov
1 cnopTueHas 6opsba. [ns oLeHKn pesuayanbHbix geeHnin COVID-19 y Bcex y4acTHUKOB MCCneoBanm GUOXMMNYECcKe Nokasartenm: akTMBHOCTb anaHnH-
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ammHoTpaHcdepasbl, acnapTataMMHoTpaHcdepassl, ypoBeHs C-peakTBHOrO 6eflka, ypoBeHb TPOMOHMHA-I; nokasaTenn remocTasa: NpOTPOMOVHOBOE
Bpems (MTB), NnpoTPOMOBMHOBbIN MHAEKC (TTW), akTMBMPOBaHHOE YacTU4YHOE TPOoMOBoMNNacTUHoBoe BpeMsi (AYTB), MexxayHapoaHOe HOPManM30BaHHoOe OT-
HoweHwe (MHO), D-oumep; nokasaTtenv MMMYHHOro cTaTyca: MHTepnenkuHbl-6, -8, -10 (LJ1-6, -8, -10 cCOOTBETCTBEHHO), (hakTop HeKpo3a ornyxonemn-o
(PHO-a). CTaTucTMHeckas 06paboTka faHHbIX NPOBOAMIACH C MOMOLLLIO MPOrpaMmHoro obecneveqns Statistica 10.

Pe3ynbTratbl. BbisiBNIeHO NOBbILIEHVE BPEMEHW CBEPTbIBaHNUS Mo nokasatenam A4TB, NpoTpoOMBMHOBOMO BPeMEHN, MexXXayHapOAHOro HOPMAasIM30BaHHOrO
OTHOLLEHUSI N CHUXKEHWE MPOTPOMBMHOBOMO MHAekca (p < 0,05). Takxke bl 0OHaPYXeHb! CTaTUCTUHECKM 3HAYUMblE Pa3M4ns B PyHKLMOHANBHOM CO-
CTOSAHUM UMMYHHOW c1cTeMbl noBblwerve VJ1-8 B 2,5 pasa fo 7,42 [3,08; 9,96] nr/mn n UJ1-10 B 2 pasa o yposHs 5,08 [2,93; 6,66] nr/mn B rpynne atneTos,
nepebonesLLnx COVID-19, No cpaBHeEHWO C aHaNorMyHbIMU NokasatensMn y He 6onesLumnx COVID-19 cnoptemeros — 3,05 [1,86; 8,15] nr/mn 1 2,53 [1,0;
5,68] nr/mn (p < 0,05). YcTaHoBNEHa NpsAMas KOpPenaUMOHHas CBA3b MeX[1y nosbieHnem yposHs V1f1-8 u nosbiwernem MTB (r, = 0,355; p < 0,05) n MHO
(r, = 0,420; p < 0,05) y cnopTcMeHOB, NepeboeBLUMX KOPOHaBMPYCHOM UHMEKLMeNn. B To xe Bpems oTpuuatesibHasa accouypauns Gbina BoidBreHa Mexay
noBblLeHneM yposHs AJ1-8 n cHxernem MTU (= -0,323; p < 0,05).

BbiBopbl. Bosiee BbICOKME YPOBHW aKTVBUPYIOLLMX LMTOKNHOB Y HU3KME 3HaYeHVs MapaMeTpoB B MPOTVBOBOCNANNTENBHOM 3BEHE MMMYHUTETA yKa3dblBa-
tOT Ha OCTaTOYHble AN3PEryNATOPHbIE SABNEHUS B UMMYHHOW CUCTEME MPWU MOCTKOBUAHOM CUHAPOME. BbISBNEHHbIE B3aMMOCBA3N MeXAy NoKasarensaMmn
KoarynorpamMmmbl 1 KOMAOHEHTaMV IMMYHHOMO OTBETa NO3BOMAKOT paccMaTpuBaTh MX Kak BO3MOXHbIE AMarHOCTUYECKME MapKepbl OCTaTOYHbIX ABNEHMN
nocne NepeHeCceHHoN KOPOHaBMPYCHON MHMeKLMN. [TonyYeHHbIe AaHHble NOATBEPKAAOT COCTOATENBHOCTL Nokadatenen MJ1-8 n NJ1-10 B kayecTBe no-
TeHUMasbHbIX MapKepOB peanayabHbix HapyLweruii nocne COVID-19 y cnoptcmeHoB. OfHaKo CTOUT y4UTbIBATbE, HTO 06BbEMbI BbIOOPOK Obl HEGONBLLMMU
1 MPUY YBENNHEHUN KONMHYECTBA HABMIOAEHW COOTHOLLEHWS MOTYT M3MEHUTLCS.

KnioueBble cnosa: CMNOPTCMEHbI; AMarHoCcTunKa,; NOCTKOBWUAHbBIV CUHOPOM; LINTOKUHbI; Koarynorpamma

Ansa untnposanusa: Edumos N.B., Tapacosa M.C., XXonunHckuin A.B., Mapactaes C.A. MNoTeHUmansHO 3Ha4Mble MapKepbl pe3nayanbHbiX HapyLLeHni
CUCTEMBI MMYHWUTETA 1 CBEPTbIBAHUS KPOBW y CROPTCMEHOB, nepeboneslnx COVID-19. MeauymHa akcTpemassHbix cuTyauymi. 2025;27(2):243-248.
https://doi.org/10.47183/mes.2025-297

®uHaHcupoBaHue: paboTa BbINoSIHEHA B paMKax NpUKnaaHom Hay4YHO-MCCneaoBaTenbCkor paboTsl «/13y4eHre BANSHUA HOBOW KOPOHABUPYCHOM NH(EeK-
U COVID-19 Ha 3a0poBbe U hyHKLUMOHANBHOE COCTOSIHUE BbICOKOKBANNMULIMPOBAHHBLIX CMIOPTCMEHOB U pa3paboTka MEeTOAUHECKMX PeKoMeHdaLmi
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INTRODUCTION

The term “post-acute sequelae of COVID-19” (PASC) was
proposed in February 2020 to describe the residual mani-
festations detected in individuals with a history of SARS-
CoV-2 infection. Further, in October 2020, this syndrome
received a separate ICD-10 code: U09.9 — post COVID-19
condition, unspecified.

During the development of PASC, symptoms that can-
not be explained by an alternative diagnosis appear, on av-
erage, three months after the onset of the disease. At the
moment, the literature proposes no model for the diagnosis
of PASC for both the general population, whose degree of
motor inertia has increased significantly over the years of
the pandemic, and athletes, whose share in the global pop-
ulation is extremely insignificant [1]. However, although the
positive effect of regular physical activity on the body’s re-
sistance to infectious agents is generally recognized, which
is essential during periods of epidemiological outbreaks,
the effects of excessive physical exertion, characteristic of
high-performance sports, are not that unambiguous. Thus,
the so-called “open window effect” occurs during certain
stages of one-year training, expressed in an increase in the
body’s susceptibility to infectious diseases after significant
physical exertion [2].

The PASC clinical manifestations are highly diverse: a
total of 55 long-term symptoms associated with COVID-19

have been described. Most of them correspond to clini-
cal symptoms or syndromes of the central nervous system
and the mental health, respiratory, cardiovascular, immune,
digestive systems, etc. A meta-analysis of studies (n = 15),
which included characterization of the PASC signs, showed
that up to 80% of patients who have suffered COVID-19
experience long-term consequences in the form of mono-
symptoms and their associations [3]. However, other values
were obtained for the cohort of athletes. Thus, the study
[4] examining the long-term effects of the disease among
11,518 athletes of various skill levels found that the inci-
dence of PASC persistent symptoms was only 8.3%. The
tendency towards a milder (often asymptomatic) course of
COVID-19 in a cohort of athletes with a lower probability of
complications, including viral pneumonia, than in the gen-
eral population, can be considered as a probable cause of
such pronounced differences.

In addition to routine markers, diagnostic search pro-
grams for the sports contingent were advised to include
an assessment of laboratory parameters of cardiac func-
tion, hormonal status, immune response, and the coagu-
lation system. In most cases, the values of the studied
parameters remain within the reference ranges; however,
long-term deviations are also possible, more often of mi-
nor severity [4].

Data on the immune system parameters and coagu-
lation profile in patients with the post-acute sequelae of
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COVID-19 are heterogeneous. A recent meta-analytical
study [5], which covered 23 publications, showed that pa-
tients with suspected PASC are more likely to have elevated
levels of leukocytes, C-reactive protein (CRP), and D-dimer;
however, the prognostic effect of deviations was assessed
as insignificant. At the same time, the authors [6] proposed
to consider the D-dimer and CRP as some non-cytokine
markers, the values of which increase in patients infected
with SARS-CoV-2. At the same time, more pronounced dif-
ferences in the D-dimer level are associated with concomi-
tant pathology revealed by imaging and functional testing
methods [7].

In addition, after COVID-19, there may be a slight in-
crease in the activity of other components of the blood-
clotting sequence [5], as well as changes in the effector
link of the immune response, namely increased activation
of T cells, as evidenced by the level of the soluble interleu-
kin-2 receptor [8].

The study [9] reported changes in the immunoregula-
tion system, which were multidirectional in some cases.
Thus, it was noted that the levels of interleukin-6 (IL-6), of-
ten considered as the leading indicator of proinflammatory
cytokine activity, were higher in patients with PASC com-
pared to practically healthy patients and individuals without
long-term consequences from COVID-19. The authors in
[10] proposed this cytokine, as well as tumor necrosis fac-
tor alpha (TNF-a), to be considered as potential predictors
of COVID-19 severity in acutely infected patients without
concomitant diseases. It should be noted that IL-6 can be
actively produced in muscle tissue along with other myo-
kines (myostatin, insulin-like growth factor, fibroblast growth
factor, etc.) associated with the level of physical activity [11].
This fact makes it difficult to validate IL-6 levels as a PASC
marker in the athlete cohort due to its significant depen-
dence on the level of training and competitive activity.

At the same time, the interleukin-8 (IL-8) level, which
exhibits proinflammatory activity, is associated with the
COVID-19 severity in the acute period and may be directly
involved in the pathogenetic pathways of the formation of
post-acute sequelae of COVID-19 [12].

One of the main anti-inflammatory cytokines, interleu-
kin-10 (IL-10), has a pleiotropic effect on the immune re-
sponse. The researchers in [13] emphasized that IL-10 is a
predictor of the severity and mortality of patients with acute
infection and residual COVID-19 effects. In this context, IL-
10 can act as an endogenous anti-inflammatory compo-
nent secreted by damaged tissues in response to a hyper-
inflammatory state, which also allows this indicator to be
assumed as a PASC marker.

The growing number of patients with post-acute se-
quelae of COVID-19, including athletes with a high probabil-
ity of latent post-infectious myocardial damage, substanti-
ates the need to optimize approaches to diagnosing the
long-term consequences of COVID-19. Research into the
dynamics of changes in hemostasis and immune regula-
tion in the target group of athletes with PASC, which may
be insignificant in number but fairly homogeneous in terms
of the characteristics taken into account (significant physi-
cal activity and targeted/constant monitoring of health sta-
tus), is likely to contribute to establishing valid diagnostic
and prognostic markers of this condition.
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In this study, we set out to compare the features of the
cytokine profile and the hemostasis system as promising
prognostic markers of post-acute sequelae of COVID-19 in
athletes.

MATERIALS AND METHODS

In total, 60 athletes were examined as part of the research
work. The study included 24 male and 36 female athletes,
with an average age of 20.8 + 1.86 years. All participants
were divided into two groups: group 1 — 40 athletes who
had suffered from coronavirus infection (according to medi-
cal records); group 2 (control) — 20 athletes who had not
suffered from coronavirus infection (according to medical
records). All athletes were at the stages of improvement
and possessed higher sports skills, specializing in various
sports: figure skating (n = 16), rhythmic gymnastics (n = 15),
athletics (n = 10), as well as rugby (n = 10) and wrestling
(n = 9). The study was conducted during the preparatory
period of the training process.

The inclusion criteria were age from 18 to 45 years, his-
tory of coronavirus infection, informed voluntary consent of
the subjects. The exclusion criteria were the patient’s re-
fusal to participate in the study.

For residual COVID-19 estimation, a venous sam-
pling was performed in all study participants. Blood draw
was performed in 30 sportsmen in 2023 (19.05.2023-
22.09.2023) and in 30 sportsmen in 2024 (14.06.2024—-
10.07.2024). Venous sampling was performed following an
overnight fast from the peripheral vein with the help of a
vacuum system in tubes with anticoagulant. The following
parameters were evaluated: biochemical — alanine ami-
notransferase (ALT), aspartate aminotransferase (AST),
C-reactive protein (CRP), troponin-I level (highly sensitive
method); hemostasis parameters — prothrombin time (PT),
prothrombin index (PTI), activated partial thromboplastin
time (@PTT), international normalized ratio (INR), D-dimer;
immune status indicators — interleukins-6, -8, -10 (IL-6, -8,
-10, respectively), tumor necrosis factor-a (TNF-c).

The immune parameters were evaluated by enzyme-
linked immunosorbent on a Real R microplate photometer
(Vector-Best, Russia) and tubes with plasma and EDTA Na,
solution (6.7%) with Tween-20. To evaluate the levels of
troponin-I, C-reactive protein, ALT, AST, and coagulation
profile, a Cobas 501c analyzer (Roche, Germany) was used
along with a tube with plasma treated with Kz-ETDA. The
assay was carried out using the following reagent sets:
ALT and AST — “ALT” and “AST” in accordance with IFCC
without pyridoxal phosphate activation, CRP — “CRP4”
Tina-quant C-Reactive Protein IV, troponin-I — “Elecsys
Troponin I” (Roche Diagnostics GmbH, Germany);
aPTT — “Pathromtin SL’, PTB/PTI — “Thromborel S”,
D-dimer — “INNOVATION D-Dimer” (Siemens Healthcare
Diagnostics, Germany).

The STATISTICA 10 software was used for statistical
data processing. The samples were checked for compli-
ance with the normal distribution law by Shapiro-Wilk test
statistics. The variables were represented as the median
(Me) and the interquartile range [Q25; Q75]. In the presence
of a normal distribution, Student’s t-test was calculated
for unrelated samples. When the distribution was different
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from normal, the nonparametric Mann-Whitney U-test was
used for comparative intergroup analysis. Spearman’s rank
correlation coefficient (r,) was used to identify intragroup
correlations. The statistical significance level was assumed
to be 0.05.

RESULTS AND DISCUSSION

During the study, athletes from group 1 showed a statis-
tically significant increase in clotting time: an increase in
aPTT to 36.6 [34.3; 39.9] s, aPTT of 12.2 [11.5; 12.8] s and
INR of 111 [1.08; 1.16], a decrease in PTl of 89.9 [85.6
93.3] % compared with the indicators of athletes from the
second group — 34.9 [32.8; 35.7] s, 11.5[11.1; 11.9] s, 1.06
[1.02; 1.11], 95.9 [88.5; 101,4] % (p < 0.05), respectively. The
relevant data is shown in Fig. 1.

At the same time, the direction of the changes observed
contradicts the literature data that people with a history of
COVID-19 are more likely to have a procoagulant condi-
tion. The affinity of SARS-CoV-2 to angiotensin converting
enzyme 2 (ACE2) receptors expressed on endothelial cells
triggers a cascade of events provoking endothelial dam-
age, which leads to dysregulation of thrombo-inflammatory
reactions characterized by an increased release of von
Willebrand factor, impaired fibrinolysis, and subsequent
hypercoagulation [14]. The group of researchers [15], who
examined the first patients hospitalized in Wuhan, found
elevated levels of aPTT, PTV, and D-dimer. Subsequently, a
tendency to hypercoagulation was also noted in a number
of studies in patients who had suffered from COVID-19 [16-
18]. It is likely that the level of physical activity and fithess of
athletes contributes to a less pronounced effect of SARS-
CoV-2 on the hemostasis system.

No statistically significant intergroup difference was
found in the athletes in terms of ALT, AST, D-dimer, TNF-a
parameters, probably because the study included the ath-
letes without significant cardiorespiratory disorders. No
comparative analysis was performed for the highly sensi-
tive troponin-l index due to the low variance of values.-

When considering the functional state of the immune
system, statistically significant differences were obtained
for IL-8 and IL-10 levels, indicating disorders in the form of
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Figure prepared by the authors using their own data

Fig. 1. Coagulation profile changes among the study participants
Note: aPTT — activated partial thromboplastin time, PT — prothrombin time,
PTI — prothrombin index, INR — international normalized ratio.

an imbalance of regulatory cytokine activity with the pre-
dominance of pro-inflammatory effects. Thus, athletes with
a history of COVID-19 showed a 2.5-fold increase in IL-8
to 7.42 [3.08; 9.96] pg/mL and IL-10 2-fold to 5.08 [2.93;
6.66] pg/mL compared to similar indicators in athletes
without a history of COVID-19 — 3.05 [1.86; 8.15] pg/mL
and 2.53 [1.0; 5.68] pg/mL (p < 0.05), respectively (Fig. 2),
which indicates a relative lack of activation of the anti-in-
flammatory immune system in athletes who have under-
gone COVID-19.

The data obtained on the level of cytokines in post-
acute sequelae of COVID-19 are consistent with the data
presented in the scientific literature. Thus, the study [19]
found a significant increase in the levels of most regula-
tory chemokines, including IL-8 and IL-10, in patients with
CQOVID-19. The researchers in [20] conducted an analysis
of the cytokine profile in patients with PASC within 2-3
months after COVID-19 and detected high levels of cy-
tokines IL-8 and IL-10. It was shown that their average levels
in those with the decease history were twice higher than
in healthy individuals. In our study, however, no significant
changes in IL-6 levels were found in athletes who had un-
dergone COVID-19 compared to athletes without such a
history, the content of which is directly associated with the
development of post-COVID-19 residual disorders [21]. It is
likely that in the cohort of athletes, taking into account the
level of physical activity, IL.-8 and IL-10 are more correlated
with the development of post-COVID disorders.

In the course of the study, we identified the depend-
ence of coagulative hemostasis parameters and immune
disorders in athletes who had a history of coronavirus infec-
tion (Table 1).

Thus, a weak direct correlation was established be-
tween an increase in IL-8 levels and an increase in PT
(r,=0.355; p < 0.05) and INR (r, = 0.420; p < 0.05). At the
same time, a moderate negative association was found
between an increase in IL-8 levels and a decrease in PTI
(r, = —0.323; p < 0.05). Given that such correlations have
not been found in athletes who have not had COVID-19,
the ratio of IL-8 levels with various coagulation profiles can
probably be considered as a potential marker of residual
COVID-19 effects.

M Group1 M Group 2

pg/mL

IL-8 IL-10

*p <0.05
Figure prepared by the authors using their own data

Fig. 2. Changes in some indicators of immune status among the study
participants
Note: IL-8 — interleukin-8; IL-10 — interleukin-10.
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Table 1. Correlation analysis of the studied indicators in the group of athletes with a history of COVID-19

Variables IL-8 IL-10 aPTT PT PTI INR
IL-8 -0.087 0.112 0.355 -0.323 0.420
IL-10 -0.087 0.136 -0.184 0.214 -0.056
aPTT 0.112 0.136 0.065 0.115 0.099
PT 0.355 -0.184 0.065 -0.920 0.871
PTI -0.323 0.214 0.115 -0.920 -0.770
INR 0.420 -0.056 0.099 0.871 -0.770

Table prepared by the authors using their own data

CONCLUSION

A comparative analysis of the functional state of the coagu-
lative hemostasis system and the immune profile in athletes
who have had coronavirus infection revealed multi-vector
changes in the parameters of the coagulation system in
the form of an increase in blood clotting time according to
the main parameters of the coagulation profile of aPTT, PT,
INR, as well as a decrease in PTI.

Athletes with a history of coronavirus infection are char-
acterized by a relative predominance of pro-inflammatory
cytokine activity over anti-inflammatory activity, which is
manifested by a more pronounced increase in the level of
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Introduction. Various metabolites of the tricarboxylic acid cycle (Krebs cycle, TCA cycle, TCAC) find application in medicine. The emergence of improved
chemical synthesis methods and the more affordable production of individual TCA metabolites make them promising candidates for developing effective
compositions capable of increasing the adaptive potential of the human body.

Objective. Identification of the physiological effects of the main TCA metabolites. This knowledge is important for informed application of TCA metabolite-
based products in the medical and biological support of athletes.

Discussion. The conducted literature review investigated the physiological effects of TCA metabolites — energy metabolism substrates — used in sports
medicine. At present, succinate, citrate, malate, and oxaloacetate have found reasonable use. A number of publications have reported the anti-catabolic
effect of alpha-ketoglutarate; however, the current level of evidence is insufficient. Isocitrate dehydrogenase is promising for use in sports medicine, which
substantiates its further detailed study.

Conclusions. Due to their physiological effects, the majority of TCA metabolites can be used in the compositions of antihypoxic, antioxidant, neuroprotector,
and metabolic correction agents. A number of TCA metabolites are promising substances for creating new products for the medical and biological support of
athletes, which validates additional research of their physiological effects.
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BBepeHue. MHorve metabonuTbl umkna TprkapboHoBbIX KMCNoT (Unkn Kpebea, LITK) npumeHsaoTea B MeavumHe. Pa3sutie MeTogoB XMMUYECKOrO CUH-
Tes3a 1 yaelleBneHne Npon3BoACTBa OTAeNbHbIX MeTabonmToB LITK fenaeT nx nepcnexkTuBHbIMY CyOCTaHLMAMMN A5t CO3AaHMS CPEeACTB NOBbILLEHWs afan-
TaLMOHHOrO NOTeHLMana opraHMama YenoBeka.

Llenb. BoigsneHve duranonorndeckmx apdekToB 0OCHOBHbIX MeTabonmToB LITK, No3BOASIIOLLIMX MCMONB30BaTb MPOAYKLMIO Ha X OCHOBE AN Meanko-6mo-
NOrn4eckoro 06ecneyenmst ClopTCMEHOB.
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INTRODUCTION

In modern sports medicine, the search for new safe
substances capable of optimizing metabolic processes
in athletes experiencing high professional loads repre-
sents a relevant research direction. The incidence of en-
ergy metabolism disorders with profound hypoxic and
ischemic changes can be reduced through the timely
use of antihypoxic agents that directly affect redox pro-
cesses [1-3].

The metabolites of the tricarboxylic acid cycle (TCA
cycle, Krebs cycle, citric acid cycle, TCAC) are promising
agents for preventing energy metabolism disorders result-
ing from professional sports loads.

The tricarboxylic acid cycle is the central pathway for
the conversion of organic acids during the anaerobic oxi-
dation of glucose in the cell with the release of energy in
the form of ATP. This cycle plays a key role in cellular res-
piration, being the main source of energy in aerobic condi-
tions'. Under anaerobic conditions, glucose is oxidized to
pyruvic acid (Pyr), which, under the action of enzymes, is

Acetyl b
m SH + NAD*

@®.
Qﬁ - coz+ NADH, H*

HCO3 +« ATP

Qruvate carboxylase
ADP + P;

Pyruvate dehydrogenase

converted into acetyl-coenzyme A (acetyl-CoA), where the
TCA begins (Fig. 1).

The TCA cycle in athletes has a number of specific char-
acteristics. Thus, during physical exercise with an intensity
above 50% of maximal oxygen uptake (VO, max), the total
concentration of TCA intermediates in skeletal muscles in-
creases. This phenomenon is referred to as anaplerosis [4—
6]. Anaplerosis is commonly associated with an increase in
the activity of the enzyme alanine aminotransferase (ALT)
due to increased availability of pyruvate. As a result of gly-
colysis, its formation rate exceeds the oxidation rate: glu-
tamate + pyruvate < alanine + alpha-ketoglutarate. One
currently leading hypothesis explaining the phenomenon of
anaplerosis under the action of high athletic loads consists
in the following. The observed increase in the pool of TCA
intermediates in muscles is necessary to achieve higher
rates of providing the aerobic pathway of energy formation.
That is why an increase in the pool of TCA intermediates by
exogenous addition of individual TCA metabolites may be
a factor in improving the peak muscle oxidative capacity,
which is especially important for professional athletes [5, 6].
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Fig. 1. Tricarboxylic acid cycle scheme
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In this study, we aim to identify the physiological ef-
fects the main TCA metabolites. This knowledge forms
the basis for developing TCA metabolite-based products
for the medical and biological support of athletes.

MATERIALS AND METHODS

The relevant scientific publications were retrieved from
electronic bibliographic databases in the Russian (eLibrary,
CyberlLeninka) and English (Web of Science, Scopus,
PubMed) languages. The search queries included the fol-
lowing keywords: Krebs cycle; tricarboxylic acids; tricar-
boxylic acid cycle; energy metabolism; energy metabolism
substrates; high-performance sports; antioxidants; antiny-
poxants; isocitric acid. The search depth was 30 years. The
inclusion criteria were the availability of data on the results
of randomized controlled trials, including data from preclini-
cal studies.

RESULTS AND DISCUSSION

The tricarboxylic acid cycle is the central link in the cell
energy metabolism. A number of substances related to
the TCA metabolism have found application in medicine
in general and in sports medicine in particular. Such sub-
stances can be used by athletes to increase the adaptive
potential of the body, optimize energy production in mus-
cle cells, and protect the body from the effects of various
adverse factors, including increased stress. Further, we
summarize the information on TCA metabolites.

Citric acid (citrate) is the first TCA metabolite formed
by condensation of two Pyr molecules®. An increase in
the amount of glucose leads to the formation of a large
amount citrate. As a result, the activity of phosphofructo-
kinase is inhibited and glycolysis slows down, which is en-
ergetically beneficial for the cell. The high concentration of
citrate indicates the presence of a large supply of precur-
sor molecules; therefore, phosphofructokinase does not
release fructose-6-phosphate molecules into glycolysis,
thus saving energy substrates [7].

Citric acid and citrate preparations are widely used in
medicine. For example, citrates are used to alkalize urine
(as an alternative to sodium bicarbonate) under the condi-
tions where, for health reasons, it is desirable to maintain
its pH at an alkaline level for a certain period of time. This
property is relevant for athletes who, when taking citric
acid derivative-based medications, experience an in-
crease in the buffer capacity of body fluids and, therefore,
a delayed onset of fatigue due to a decrease in the body
acidity level 8, 9].

Citrate also exhibits antioxidant properties, having a
synergistic effect with vitamin E [8, 9]. The use of citrate
reduces the load on the body’s antioxidant system (AQS),
which is manifested by a decrease in the activity of su-
peroxide dismutase (SOD), catalase, glutathione peroxi-
dase, a reduced glutathione level, as well as the activity
of some NADPH-generating enzymes, including during
strenuous physical work [8]. In addition, citrate is capable
of exhibiting cytoprotective properties and act as an ac-
tivator of fatty acid biosynthesis and a supplier of acetyl
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fragments for cell membrane repair [7]. Another important
citrate property is its ability to retain magnesium inside
mitochondria, thereby protecting them from damage [9,
10]. All of the above-mentioned physiological properties of
citrate and its derivatives make the use of medications on
its basis highly promising for mitigating the effects of high
loads typical of professional sports.

Isocitrate (isocitric acid, ICA) is the next important TCA
metabolite. ICA is synthesized from citric acid through
the intermediate cis-aconitic acid under the action of the
aconitase enzyme. It is believed that the reaction of con-
version of isocitric acid to alpha-ketoglutarate is the reac-
tion that limits the rate of the entire TCA cycle. Despite this
fact, isocitric acid is currently one of the least studied TCA
metabolites in terms of its effects on the human body. For
a long time, isocitrate was used only as a specific bio-
chemical reagent for analyzing the activity of aconitate hy-
dratase, NAD-isocitrate dehydrogenase, NADP-isocitrate
dehydrogenase, isocitrate lyase, and other enzymes [11,
12]. Relatively recently, ICA has been studied as a natural
preventive and therapeutic agent, with its effectiveness in
the treatment of iron deficiency anemia and therapeutic
thrombolysis being reported [12)].

A number of studies have demonstrated the effective-
ness of isocitric acid in anemia of chronic disease and
inflammation (ACDI), as well as in the setting of profes-
sional sports activities [13, 14]. Using isocitrate, erythro-
poiesis can be therapeutically manipulated without using
iron preparations. This is especially true in cases where
the body’s iron load is undesirable or ineffective [13, 14].

In an experimental rat model, the antioxidant proper-
ties of isocitrate were demonstrated. Monopotassium iso-
citrate was found to be a more effective antioxidant than
ascorbic acid. Monopotassium isocitrate also mitigated
the neurotoxic effect of lead and molybdenum salts, re-
duced learning and memory inhibition in rats poisoned
with heavy metals, and counteracted oxidative stress
caused by heavy metals [15].

In the study [16], a 10-day intake of isocitric acid during
antinypertensive therapy showed a stress-protective ef-
fect. This is likely to be related to the capacity of isocitrate
to influence the processes of excitation and inhibition in
the central nervous system. The researchers also noted
a previously undescribed antihypertensive effect, which
was manifested in a significant decrease in the average
daily diastolic blood pressure when taking isocitric acid.

In addition, the isocitrate dehydrogenase (IDH) en-
zyme plays a central role in the TCA-cycle control during
physical exercise [17]. IDH isoforms play an important role
in protecting cells from oxidative damage due to the reac-
tion of direct oxidative decarboxylation. In addition, these
may serve as a source of NADPH [17].

Another area of research into the physiological effects
of isocitrate concerns its antihypoxic effects. Hypoxia af-
fects the enzymes involved in the TCA cycle in different
ways. In particular, under hypoxia conditions, aconitase
is suppressed, while IDH is not affected or activated. IDH
was shown to be essential for alternative metabolic path-
ways that support cell function under hypoxic conditions.
It is assumed that the addition of exogenous isocitrate

8 Kulinenkov OS, Lapshin IA. Biochemistry in the practice of sports.: Guide. Moscow.: Sport; 2019.
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removes aconitase inhibition and serves as an IDH sub-
strate to provide an alternative energy source in hypoxia
[18, 19]. This isocitrate effect can be used in sports where
hypoxic conditions are present, as well as during training
in the mountains.

Isocitrate is a promising substance for the creation of
medications and specialized food products for use in the
medical and biological support of athletes. However, for
the justified use of this organic acid in sports medicine,
further study of its effect on the body is required, including
under the action of increased physical and psychoemo-
tional stress.

Alpha-ketoglutaric acid (alpha-ketoglutarate, AKG,
2-oxoglutarate) is an important intermediate in the TCA
cycle, passing from isocitrate to succinyl-CoA [15, 19].
Anaplerotic reactions can replenish the TCA cycle at
this stage by synthesizing alpha-ketoglutarate as a
result of glutamate transamination or under the ac-
tion of glutamate dehydrogenase. Another function of
this metabolite is to prevent nitrogen overload of cells
through the capacity of alpha-ketoglutorate to combine
with excess nitrogen and directs it into the urea cycle
[19]. In addition, alpha-ketoglutarate reacts with gluta-
mine to form the excitatory neurotransmitter glutamate.
Then glutamate can be decarboxylated (vitamin By is
required) into gamma-aminobutyric acid (GABA), an in-
hibitory neurotransmitter [20].

In the work [21], alpha-ketoglutaric acid was shown to
exhibit antioxidant properties in mice, being capable of
preventing damage to mitochondrial DNA caused by free
radicals in nerve cells.

Alpha-ketoglutaric acid can also function as a signaling
molecule by regulating the G protein function. Signaling
through this pathway mobilizes intracellular Ca%, which
acts as a diffusive second messenger regulating a wide
range of vital cell functions, including cellular metabolism
and growth, as well as cell division and differentiation [22].
There are also studies demonstrating the effectiveness of
AKG in accelerating tissue repair after surgery, injury, and
burns [19, 23].

As a precursor to glutamine, alpha-ketoglutarate is
a molecule with a high potential for correcting condi-
tions with increased protein catabolism, including those
caused by prolonged aerobic exercise in athletes. AKG
supplements were shown to improve the body nitrogen
balance and contribute to maintaining the level of ana-
bolic hormones and hormone-like compounds (insulin,
growth hormone, and insulin-like growth factor) during
surgical interventions, injuries, and burns [23]. In addi-
tion, AKG may protect liver cells from damage and pre-
vent a decrease in the activity of the cytochrome P-450
family. This hepatoprotective effect may also be relevant
in sports medicine [23].

The positive effect of alpha-ketoglutaric acid on bone
metabolism described in a number of studies suggests
its potential use in the prevention of bone matrix forma-
tion disorders, in the treatment of diseases with progres-
sive bone loss, such as osteoporosis, or in improving the
body’s bone mass, which is also relevant for professional
athletes [24].

The study [25] showed that a significant accumula-
tion of blood AKG is a metabolic signal of the effective-
ness of resistance training. Interestingly, its plasma level
negatively correlates with the body mass index. In vivo
experiments in mice found that an increase in circulat-
ing AKG in the blood caused by its exogenous intake
into the body promotes hypertrophic changes in muscle
tissue, thermogenesis, due to brown fat and lipolysis of
white fat. AKG was also found to stimulate the release
of adrenaline. The results of this study demonstrate an
underestimated mechanism of AKG as a molecule in ad-
renal stimulation for muscle hypertrophy and fat loss in
resistance training [25].

Currently, in the practice of sports medicine, AKG is
used in combination with the L-arginine amino acid as a
component of specialized food products under the com-
mon name of AAKG. In some studies, the anabolizing
and anti-catabolic effects of AKG application were iden-
tified [26]. However, currently, due to insufficient knowl-
edge and a limited number of studies on athletes, AAKG
belongs to specialized food products with a low level of
evidence-based effectiveness when used in professional
sports [27].

Succinic acid (SA, succinate) is formed from alpha-
ketoglutarate via succinyl-CoA. All metabolic pathways
that are interconnected with the TCA cycle, including the
metabolism of carbohydrates, amino acids, fatty acids,
cholesterol, and heme, depend on the temporary forma-
tion of succinate.

Succinate can exit the mitochondrial matrix and func-
tion both in the cytoplasm and in the extracellular space,
altering gene expression patterns, modulating the epigen-
etic landscape, or demonstrating hormone-like signaling.
For example, in adipocytes, the signaling cascade acti-
vated by succinate inhibits lipolysis. Most often, succinate
signaling occurs in response to hypoxic conditions [26].

When oxidized, succinate monopolizes the respira-
tory chain, which leads to rapid ATP resynthesis by cells
and increases the amount of reduced mitochondrial NAD*
more markedly than other TCAC substrates, stimulating
the course of reductive synthesis in the cell and support-
ing calcium transport. Its positive effect on organ func-
tions is associated with an energizing effect on the func-
tional state of structures that exert a central regulatory
effect [28].

This metabolite is the re-entry point for the GABA
shunt into the TCA cycle, where GABA is synthesized
and processed, which explains its antistress effect [29].
In addition, succinate can enhance adaptive immunity by
triggering the activity of antigens that activate T cells. It
was also shown that accumulated succinate regulates the
production of inflammatory cytokines [30].

The researchers in [30] studied the antihypoxic and
antioxidant effects of succinate. These effects are not
based only on its ability to activate IDH (the ATP resyn-
thesis pathway), reduce the level of NAD-dependent TCA
substrates and fatty acids, but are also associated with
the stimulation of cytochrome oxidase, which is a key en-
zyme of the mitochondrial respiratory chain. Succinate is
helpful in normalizing the concentration of histamine and
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serotonin in the blood and epidermis, while having a ben-
eficial effect on the microcirculatory system without af-
fecting blood pressure (BP) and heart function.

The work [31] addressed the hepatoprotective effect
of succinate, which consists in activating the enzyme suc-
cinate dehydrogenase (SDH) in the mitochondria of he-
patocytes. This leads to normalization of urea synthesis
disorders, mitigation of hepatic cholestasis, prevention
of fatty degeneration of the liver, and the development of
collagenous tissue in the liver.

The adaptogenic effect of succinate was described in
experiments using models of immobilization stress and
stress provoked by burns, electric shock, and hypother-
mia [31]. It is also known that succinate promotes acceler-
ated recovery during heavy physical exertion.*

One of the factors that limit the use of succinate in
sports medicine is its bioavailability, which is lower than
that of fumarate, malate, or citrate. To increase the bio-
availability of succinate, its compounds with other TCA
metabolites in the form of salts can be used.®

Currently, succinate is widely applied in domestic
sports medicine. Thus, Mexidol® (3-hydroxy-6-methyl-
2-ethylpyridine succinate), a medication of the metabolic
type of action has a powerful inhibitory effect on lipid per-
oxidation processes, as well as the effects of neutraliz-
ing free radicals and activating SOD. Mexidol® promotes
the activation of the succinate oxidase oxidation pathway,
due to which a certain level of oxidative phosphorylation
is maintained in mitochondria at the initial stages of hy-
poxia under conditions of inhibition of NAD-dependent
oxidation [32]. However, it should be noted that the use of
Mexidol® by professional athletes is allowed only in tablet
form, whereas intravenous infusions and/or injections of
more than 100 mL over a 12h period are prohibited by the
World Anti-Doping Agency (WADA) Code. The same rule
applies to the Reamberin® medication, which contains
meglumine sodium succinate in its composition.®

In addition to Mexidol®, Cytoflavin®, the active ingre-
dients of which include succinic acid in combination with
inosine, nicotinamide, and riboflavin, is currently wide-
ly used as a component of the medical and biological
support for athletes in Russia. Cytoflavin® was found to
enhance cellular respiration during strenuous physical
activity, providing an optimal level of oxygen uptake by
cells [32, 33]. The course use of Cytoflavin® was found
to have a positive effect on metabolic processes in the
body, such as supporting protein-synthetic function,
promoting the absorption of glucose and fatty acids by
cells, improving cellular energy supply, and restoring the
activity of enzymes of the antioxidant system. This medi-
cation can be classified as a drug exhibiting adaptogenic
and stress-protective properties [32, 34, 35]. The study
[33] revealed the positive effects of Cytoflavin® on the
performance of professional hockey players in the pre-
competition period [33, 34].

Fumaric acid (fumarate) is formed as a result of the
oxidation of succinate with the participation of the SDH
enzyme, which is also involved in the mitochondrial elec-
tron transport chain (respiratory complex Il). Fumarate
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functions as an intermediate product of urea synthesis
and oxidation of phenylalanine, tyrosine, leucine, trypto-
phan, and lysine [36, 37]. There is evidence that fuma-
rate derivatives act as appetite-enhancing agents and
possess antifungal effects, being also used as tranquil-
izers and radiopaque medications, as well as agents for
blood-clotting disorders (bencyclane hydrofumarate)
and rhinitis [36-38].

Fumarate penetrates readily through membranes and
is easily disposed of in mitochondria. This compound,
similar to lactate and sodium acetate, helps eliminate aci-
demia by chemically neutralizing acidic metabolic prod-
ucts. However, fumarate has an advantage over lactate
and acetate, since it is metabolized during severe hypox-
ia. Moreover, its utilization is accompanied by the forma-
tion of ATP [37, 38].

Fumarate-based medications that support the activ-
ity of the succinate link during hypoxia of various origins
is increasingly finding practical application as antihypoxic
agents. One of these medications is mafusol (1 L of an
aqueous solution for injection contains 6.0 g sodium chlo-
ride, 0.3 g potassium chloride, 0.12 g magnesium chloride
and 14.0 g sodium fumarate) [40]. Mafusol can also be
used in sports medicine provided that it does not contra-
dict the following WADA anti-doping rule: intravenous in-
fusions and/or injections in a volume of more than 100 mL
during a 12-hour period are prohibited.

Malic acid (malate) is formed from fumarate under
aerobic conditions. Malate has the properties of a cellular
protector, being also capable of increasing the activity of
enzyme complexes, such as SOD and glutathione peroxi-
dase, by enhancing the expression of messenger RNA [3].

It was noted that the activity of the malate-aspartate
transporter in the heart muscle is more than 10 times
higher than that of all other known electron transport
systems. The study of cardiomyocytes in ischemia and
at the time of post-ischemic reperfusion showed the tre-
mendous importance of this system in the adequate sup-
ply of cells with energy. In addition, the malate-aspartate
mechanism is a link in antioxidant protection and an agent
in insulin synthesis [3, 39, 40].

Malate performs various functions of switching meta-
bolic pathways: it participates in glycolysis, beta-oxidation
of fatty acids, synthesis of amino acids, playing an im-
portant role in transport communication between mito-
chondria and the cytosol, exerting anaplerotic or cataple-
rotic effects on the central nervous system [3, 39, 40]. It
is known that lettuce can indirectly have an antihypoxic
effect by pre-dehydrating to fumarate [3, 39, 40].

In sports medicine, a compound of malic acid with
the citrulline amino acid is used. This compound has a
tonic effect, reducing fatigue and increasing endurance
[41, 42]. An example of such a medication is Stimol®,
which is widely used by sports physicians to accelerate
the recovery of an athlete after heavy loads. In [43], this
medication accelerated lactate excretion from muscles
in sprinting athletes.

Oxaloacetic acid (OA, oxaloacetate) is another im-
portant metabolite of the TCA cycle. Its synthesis is

4 Isakov VA, Sologub TV, Kovalenko AL, Romantsov MG. Reamberin in the treatment of critical conditions. Guide for doctors. St. Petersburg.: JV Minimax; 2001.

° Ibid.
° Ibid.
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maintained mainly due to pyruvate carboxylation; there-
fore, a reduced intensity of glycolysis during hypoglyce-
mia and depletion of glycogen stores leads to a deficien-
cy of pyruvate and, as a result, to a lack of oxaloacetate.
This limits not only the entry of acetyl-CoA into the TCA
cycle, but also the course of other important adaptive
reactions [3, 44].

Oxaloacetate participates in gluconeogenesis, the
urea cycle, the glyoxylate cycle, amino acid synthesis,
and fatty acid synthesis. It is important for the formation
of essential and non-essential amino acids, including
aspartate, asparagine, methionine, lysine, and threo-
nine [44, 45].

Bioenergetic medications based on oxaloacetate de-
rivatives were developed to increase the cell energy level.
Such medications exhibit protective and promitochondrial
effects, preventing neuroinflammation and non-degen-
eration [44, 45]. Oxaloacetate acts as a neuroprotector
due to its ability to reduce the content of glutamate in the
brain as a result of activation of the glutamate oxaloac-
etate transaminase enzyme, which catalyzes the revers-
ible conversion of oxaloacetate and glutamate into aspar-
tate and alpha-ketoglutarate. It promotes recovery after
traumatic brain injury (TBI), causing neurorehabilitation
effects, which also has prospects for use in sports medi-
cine in rehabilitation after TBI sustained during training or
competition [45].

Among other properties of oxaloacetate, its participa-
tion in the processes of gluconeogenesis and glycerogen-
esis should be noted. Oxaloacetate is capable of increas-
ing the volume of mitochondria in striated muscles, which
has a positive effect on endurance by reducing muscle
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IN VITRO EVALUATION OF ACINETOBACTER BAUMANNII RESISTANCE M) Check for updates ‘
TO TIGECYCLINE IN IRAN: A SYSTEMATIC REVIEW AND META-ANALYSIS

Mohammad Rahmanian', Mahdiyeh Nozad Varjovi?, Niloofar Deravi'™, Zahra Nariman', Amir Gholamzad?®, Kimia Keylani', Alaleh Alizadeh?,
Seyed Reza Mousavianfard!

" Shahid Beheshti University of Medical Sciences, Tehran, Iran
2Tabriz University of Medical Sciences, Tabriz, Iran

3 Islamic Azad University, Tehran, Iran

4Mashhad Branch, Islamic Azad University, Mashhad, Iran

Introduction. Acinetobacter baumannii (A. baumannii) is a widespread and exclusively hospital-acquired microorganism whose new mutation is resistant to
most available antibiotics, with the exception of tigecycline. Clinicians are concerned about recent evidence of resistance to this antibiotic in Iran.
Objective. This study evaluates the resistance of Acinetobacter baumannii (A. baumannii) to tigecycline in Iran, considering its clinical significance in treating
multi-drug-resistant infections.

Methods. The MEDLINE, PubMed, Web of Science (WOS), and Scopus databases were searched for studies published over all this time to January 2024.
The advanced search using Medical Subject Headings (MeSH) terms for “Acinetobacter baumannii” and “Tigecycline” was performed. The title, abstract, and
full text of the articles were screened based on eligibility criteria. The cross-sectional studies reporting Tigecycline resistance in sequential isolates of A. bau-
mannii in patients admitted to the hospitals in Iran were included.

Results. A total of 16 studies were included for meta-analysis. The overall prevalence of A. baumannii strains resistant to tigecycline in Iran equals 18.1%.
Among the reviewed studies, distinct variances of resistance were detected. Although investigations were conducted in limited regions, the studies reported
a wide range of resistance in Tehran (0%) and in Tabriz (100%) as minimum and maximum, respectively.

Conclusion. Despite the high level of resistance in some cities of Iran, tigecycline is still one of the most effective antibiotics for the treatment of A. baumannii
infection. Improved control over the use of antibiotics may contribute to hampering the spread of resistance to these agents.

Keywords: Acinetobacter baumannii; tigecycline; drug resistance; in vitro; meta-analysis; multiple drug resistance
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OLIEHKA YCTOW4YMBOCTU ACINETOBACTER BAUMANNII IN VITRO K TUFELMKJIMHY B UPAHE:
CUCTEMATUYECKUI OB30P N METAAHANNS

M. PaxmansH', M.H. Bapxosw?, H. Oepasn™, 3. Hapumar', A. Tonamsan?, K. Kannann', A. Anusage?, C.P. Mycasu-aH-dapg'

"YHuBepcUTeT MeauumMHCKnx Hayk LLlaxng Bexewti, TerepaH, VipaH
2 Tebpu3CKUIA YHUBEPCUTET MEAMLMHCKIMX HayK, Tebpus, VpaH
3cnamckmin yHrBepcuTeT A3ag, Terepan, VpaH

“Vicnamckuin yHuBepcuTeT A3ag, Mewwxen, VpaH

BBepneHue. Acinetobacter baumannii (A. baumannii) — 3TO pacnpoOCTPaHEHHbIV N UCKAKYUTENBHO FOCMUTANbHBIN MUKPOOPraHW3M, HOBas MyTaLmnsa KOTO-
pOro ycTon4mnea K 60/bLIMHCTBY AOCTYMHbIX aHTUONOTUKOB, 38 UCKITKOYEHEM TUrenKnHa. KNMHULMCTbI BbipaXkatoT 03ab604eHHOCTb B CBSI3U C HEaBHUMM
OaHHbIMN O PE3NCTEHTHOCTU K 9TOMY aHTUOUOTYKY, 3anKCUpoBaHHbIMU B VipaHe.

Llenb. OueHnTb ycTon4imMBOCTb Acinetobacter baumannii (A. baumannii) K TUreUMKnnHy B VipaHe, y4nTbiBas ero KNnMHNYeckoe 3HadeHme B neHeHnn nHhek-
LA C MHOXXECTBEHHOW NEKAPCTBEHHOW YCTOMYMBOCTHIO.

Matepuanbsl u metogbl. B 6a3ax gaHHbix MEDLINE, PubMed, Web of Science (WOS), Scopus npoBefeH MOUCK MUCCnefoBaHWin, onybankoBaHHbIX
3a Bce BpeMs [0 saHBaps 2024 r. BbinonHeH pacluMpeHHblin MOUCK C MCNONb30BaHNEM MEANLMHCKMX TeMaTniecknx pyopuk (MeSH) no Takum TepmMunHam,
Kak «Acinetobacter baumannii», «<TUreUMKnnH». B COOTBETCTBUM C KPUTEPUSIMN NPUEMAEMOCTH Bbln 0TOBpaHbl Ha3BaHWe, aHHOTaUMA W MOSMHbIA TEKCT
cTaTei. Takxxe Oblnu BKIKOHYEHbI MEPEKPECTHbIE NCCNEA0BAHWS, B KOTOPbIX COOOLAN0Ch 06 YCTONHYMBOCTU K TUrELIMKANHY Y NOCNEA0BaTENbHbIX N30ATOB
A. baumannii cpean rocnMTanM3npoBaHHbIX NALMEHTOB MPAHCKUX KIMHUK.

PesynbTraTbl. B MeTaaHanus 6bi10 BKAOYEHO B 06LLe CNoxXHOCTK 16 nccnepgosaHnii. ObLas pacnpoCTpaHeHHOCTb LWTaMMOB A. baumannii, yCTONHMBbLIX
K TUreumkvHy, coctasuna 18,1%. BeigBneHbl OTHETMBbIE Pa3nmynsa B yCTOMHMBOCTW. HECMOTPS Ha TO, YTO MCCNEAOBaHNSA NMPOBOANNCE B OFPaHNHYEHHOM
KOSIMYECTBE PErMOHOB, COOBLLANOCh O LUIMPOKOM AManasoHe Pe3NCTEHTHOCTU: OT MUHMAaNbHOW B uccnefoBaHumn B Terepane (0%) A0 MakcManbHoOM B UC-
cnepoBaHun B Tebpurae (100%).

3akntoyeHume. B pesynsrate NpoBEAEHHOrO MCCNe0BaHnsa YCTaHOBEHO, HYTO, HECMOTPS Ha BbICOKUIA YPOBEHb PE3NCTEHTHOCTU B HEKOTOPbIX ropodax
VpaHa, TUreumKnmnH no-npexHemy ocTaeTcs OfAHUM 13 Hanbonee apPeKTUBHBbIX aHTUOVOTUKOB ANs NedeHns nHdexkummn A. baumannii. CylecTByeT BEPOST-
HOCTb, YTO, YNIyYLUMB KOHTPOSb 38 MPUMEHEHNEM aHTUOMOTUKOB, MOXXHO 3aMeAUTb UM OCTAHOBUTL PACMPOCTPAHEHNE YCTONYUBOCTM K HUM.

KnioueBble cnoBa: Acinetobacter baumannii; TIFEUMKIVH; aHTUOMOTUKOPE3NUCTEHTHOCT; in Vitro; MeTaaHanma; MHOXXEeCTBEHHAS aHTUONOTUKOPE3NCTEHT-
HOCTb
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INTRODUCTION

Acinetobacter baumannii (A. baumannii) is a ubiquitous,
aerobic, gram-negative coccobacillus. This bacterium is
widely spread in water, soil, and hospital environments,
capable of surviving there for a long time [1, 2]. In addi-
tion, A. baumannii is a common pathogen identified in the
blood, skin, urine, pleural fluid, and sputum [3]. Due to its
capacity to transfer between non-living and living objects,
this pathogen is increasingly responsible for hospital-
acquired infections [4]. Moreover, the emergence, prolif-
eration, and spread of a new drug-resistant A. baumannii,
which is capable of transferring some genetic elements
and is resistant to different antibiotics, has worsened the
situation [5]. Various studies have reported the resist-
ance of A. baumannii to different classes of antimicrobial
agents, such as aminoglycosides, B-lactams, and qui-
nolones, as well as carbapenems. Given the scarcity of
alternatives available for treating drug-resistant infections
caused by A. baumannii, tigecycline is currently attracting
research attention [2, 6].

In comparison with other tetracyclines, tigecycline is
a bacteriostatic agent with a higher binding affinity to
the bacterial 30S ribosomal subunit. Tigecycline, an an-
tibiotic based on minocycline, has a wide spectrum of
action and is capable of overcoming the main mecha-
nisms of bacterial resistance to tetracyclines, such as ef-
flux and ribosome protection. This is achieved by adding
a glycylamide fragment to the minocycline molecule [7].
The mechanism of resistance to tetracyclines is gener-
ally mediated by the following systems: the attainment
of genetic sections transferring the genes particularly
resistant to tetracyclines, mutations inside the attach-
ing region of the ribosome, and/or mutations in chromo-
somes leading to intensified expression of fundamental
resistance mechanisms. Various processes of bacterial
resistance were described in [8].

Tigecycline is a semisynthetic agent known as the
primary exclusive antibiotic of the glycylamide class.
Tigecycline overcomes key tetracycline resistance mech-
anisms — namely, efflux pump activity and ribosomal
protection — through the addition of a glycyclamide
group to its minocycline-based structure. This structur-
al modification contributes to its broad-spectrum anti-
bacterial activity [7]. Tigecycline is an available drug for
treating multidrug-resistant A. baumannii [9], showing
activity against multiple drug resistant (MDR) pathogens
such as Enterobacteriaceae, Staphylococcus aureus,

and Acinetobacter species [10]. In 2005, the US Food
and Drug Administration (US FDA) approved this drug for
treating community-acquired pneumonia, skin infections
(except for diabetes foot infection), and complicated intra-
abdominal infections [11].

Tigecycline exhibits a noticeable activity against ex-
tensive drug resistance (XDR) and MDR gram-negative
bacteria, particularly A. baumannii. The resistance of the
latter to tigecycline has been reported relatively recently
[12-14]. Some mechanisms, such as the chromosomal or
supplemental encoding process of genes, are responsible
for tigecycline resistance [7]. Since tigecycline is one of
the few remaining drugs for the treatment of A. baumannii
infection with MDR, it is necessary to determine its po-
tential resistance in a timely manner. In comparison with
developed countries, where effective preventive health
measures are used, developing countries, such as Iran,
require the development and implementation of measures
to control the process of drug prescription, disseminate
information about antibiotic resistance among patients,
and regulate the proper use of medicines [15]. Thus, the
study of A. baumannii resistance to tigecycline in Iranian
patients is an important and urgent task.

The purpose of this study was to evaluate the resist-
ance of Acinetobacter baumannii (A. baumannii) to tigecy-
cline in Iran, taking into account its clinical significance in
the treatment of multidrug-resistant infections.

MATERIALS AND METHODS

This research was designed in accordance with
Cochrane’s standard methodology and presented based
on the PRISMA checklist (Preferred Reporting Items for
Systematic Reviews and Meta-Analyses).

Search strategy

The literature search was conducted across the Google
Scholar, PubMed, Web of Science, and Scopus databas-
es, covering all available data up to January 2024. The
search algorithm based on keywords, their synonyms,
and related Medical Subject Headings (MeSH terms) was
as follows: ((Acinetobacter baumannii [title/abstract]) OR
(Acinetobacter [Title/Abstract])) OR (A. baumannii [Title/
Abstract]) AND (Tygacil [Title/Abstract])) OR ((Tigecycline
[title/abstract]). In addition, a backward and forward cita-
tion search was conducted to raise the comprehensive-
ness of the conducted literature search.
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Inclusion and exclusion criteria

The records achieved from searching the databases were
combined in the EndNote X9 library (Thomson Reuters,
Toronto, ON, Canada); duplicates were deleted.

The resulting sample included in vitro cross-sectional
studies investigating the resistance of A. baumannii to
tigecycline in sequential A. baumannii isolates from the
patients admitted to Iranian hospitals by using different
methods, such as broth microdilution, disk diffusion, and
E-test [16]. Moreover, only patients with MDR resistance
were eligible for this study. Multidrug resistance is defined
as not being susceptible to at least one antibiotic in three
antimicrobial classes acknowledged as treatment op-
tions for the disease associated with A. baumannii [17].
Biological and biomedical research studies on animal
models, as well as case reports, case series, case-con-
trols, and studies evaluating variables irrelevant to resist-
ance rate, were excluded.

Statistical analysis

The statistical analysis was conducted using the
Comprehensive Meta-Analysis software package, version
3.0 (Biostat Inc., Englewood, NJ, USA). 95% confidence
intervals (Cls) and point estimates for the resistance rate
to tigecycline were calculated.

The degree of existing heterogeneity between differ-
ent meta-studies was assessed using the ? value and
the p-criterion. The 2 value is a quantitative indicator of
heterogeneity that shows a degree of inconsistency in re-
search results. /> describes the percentage of total varia-
tion between studies, which is due to heterogeneity rather
than randomness. The /? indicator is calculated based on
the basic results obtained as a result of a typical meta-
analysis, as

=100% x (Q-df) / Q, (1)

where Q is the Cochran heterogeneity statistic and df is the
degree of freedom.

Negative /? values were equated to zero such that /2
were ranging from 0 to 100%. A 0% value indicates the
absence of heterogeneity, with higher values indicating
an increase in heterogeneity. [? statistics and Cochran’s
Q-test were used to assess the heterogeneity between
studies. Due to the high level of heterogeneity between
studies (? > 50% or p < 0.1), a random effect model was
used. To assess the reliability of the publication, we used
the Egger criterion. Accordingly, the value of p < 0.05 was
considered a statistically significant indicator for the reli-
ability of the publication.

RESULTS

Study selection

The conducted systematic search across scientific da-
tabases produced 365 relevant articles that evaluate the

prevalence of tigecycline-resistant A. baumannii in Iran.
The first screening identified 190 articles by title and
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abstract, while the second screening based on full text
found 53 articles. Following application of the inclusion
and exclusion criteria, 16 articles were deemed satisfac-
tory, thus being included in the current systematic review
and meta-analysis (Figure 1).

Characteristics of the included studies

All selected articles reported cross-sectional studies con-
ducted from 2014 to 2022 and spanning different geo-
graphical domains—capital (n = 10), north (n = 2), south
(n = 3), and southwest (n = 1) — with various types of
samples, including burn wound, urine, sputum, blood, and
other body fluids (Table 1).

The quantity of MDR isolates ranged from 26 to 200.
Nine, four, three, and one studies used disk diffusion,
broth microdilution, E-test methods, and a combination of
disk diffusion and broth microdilution methods for antimi-
crobial susceptibility testing on A. baumannii, respectively
(Table 2).

Prevalence and Genetic Mechanisms of Tigecycline
Resistance in A. baumannii

The studies under analysis reported differing data on the
resistance prevalence of A. baumannii. Thus, although
Saadati et al. [13] found all of the isolates to be MDR (100
out of 100) and reported the highest resistance rate (100%)
against tigecycline in the northwest of Iran, Salehi et al.
[33] identified 1.6% of MDR clinical isolates (2 out of 125)
resistant to tigecycline in the North of Iran. Bahador et al.
[31] conducted a five-year-long study in the north of Iran
and found a notable rise in resistance to tigecycline, with
all isolates demonstrating susceptibility in 2006. However,
by 2011, 8% of isolates had exhibited resistance. In con-
trast to southern regions, a study by Kooti et al. conducted
in 2015 [30] detected resistance to tigecycline in 2% (4 out
of 200) of MDR isolates. However, in 2016, Alaei et al. [27]
reported an estimated resistance rate of 8.8% (4 out of 45)
within the same region. In investigations conducted within
the capital of Iran from 2016 to 2018, a wide scattering of
results spanning from 1.6 to 84% was observed. Jasemi
et al. [29] carried out multi-center research to evaluate the
prevalence and trajectory of drug-resistant A. bauman-
nii phenotypes from 2011 to 2013 in Tehran. Eventually,
the researchers observed a remarkable decrease in the
resistance of this pathogen to tigecycline.

The resistance mechanism to this antibiotic refers to
the genotypic profiles of multidrug-resistant Acinetobacter
baumannii (MDR-AB) isolates and involves genes in the
resistance process.

In the study by Koaoti et al. [30], 0.5, 7, and 40% of iso-
lates possessed b/aOXA—58—er’ b/aOXA—24—\ike’ and b/aOXA—QS—Iike
(class D beta-lactamase family) genes, respective-
ly, using multiplex-polymerase chain reaction (PCR).
In another study, by Bahador et al. [31], ISAbal and
ISAba4 (transposase family) were identified upstream
of bla,,, . .. 9enes in 45.1% and 12.9% of isolates, re-
spectively. Moreover, Sarhaddi et al. [25] estimated the
occurrence rates of bla class A beta-lactamase fam-
ily), bla bla bla and bla,,, (subclass

TEM (

OXA-23-like’ OXA-24-like’ Vim? IMP
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Fig. 1. Flowchart diagram of the literature search procedure
B1 metallo-beta-lactamase family) at the level of 64.8, DISCUSSION

66.7, 68.5, 70.4, and 70.4%, respectively. The presence
of these genes might demonstrate a correlation with the
acquisition of antimicrobial resistance.

The forest plot presented in Fig. 2 based on the meta-
analysis results, demonstrates an 18.1% antimicrobial re-
sistance to tigecycline among MDR A. baumannii species.
Concerning the heterogeneity test, the obtained results
showed Q-value = 305.712, df (Q) = 16, p-value = 0.000,
and > = 94.766 for the selected studies. The included
studies demonstrated a publication bias, based on sig-
nificant results of Egger’s test (p-value < 0.05) and the
asymmetrical funnel plot (Fig. 3).

Subgroup analysis

The overall resistance rate in ICU and non-ICU was 0.072
and 0.222, respectively (Fig. 4). The ICU subgroup had a
lower heterogeneity (? = 14.18%), while non-ICU patients
showed a high heterogenicity (2 = 95.28%).

The overall resistance rate in Shiraz and Tehran was
0.079 and 0.161, respectively (Fig. 5). I? for these analyses
was 91.31% for Shiraz and 95.14% for Tehran.

A. baumannii is a key agent of hospital-acquired infec-
tions due to its resistance to various classes of antibiotics
[34, 35]. For this reason, the use of effective antibiotics,
and the ongoing monitoring of antimicrobial resistance
may contribute to A. baumannii eradication. Tigecycline, a
potent semi-synthetic derivative of tetracycline, is recog-
nized as the primary option among novel pharmaceuticals
for infections caused by MDR strains of Acinetobacter
spp. and carbapenem-resistant A. baurmannii [7, 36]. The
varied resistance rates could be explained by prescribing
patterns and differences in regional epidemiology. Since
2005, the resistance rate to tigecycline has risen signifi-
cantly as a result of long-term administration of this drug
as a monotherapy and FDA approval.

In 2006, tigecycline was approved by the European
Medicines Agency (EMA); in 2011, it was introduced in
China. Since 2007, global reports have been published on
tigecycline resistance. The Acinetobacter resistant strains
had been reported before 2011 [37]. Overprescription
of antibiotics has been associated with a higher rate of
resistance [38]. There is probably an indirect correlation
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Table 1. Characteristics of the included studies

Study Pusgzl:ed Year of study Type of study (;it?d(;/f Study population
1 | Sepahvand et al. [18] 2022 no data Cross-Sectional Shiraz hospital patients
2 | Saadati et al. [13] 2021 August 2017 to February 2018 Cross-Sectional Tabriz hospital patients
3 | Alavi-Moghaddam et al. [19] 2020 January 2016 to November 2018 | Cross-Sectional Tehran hospital patients
4 | Salehi et al. 2019 [20] 2019 August 2016 and February 2017 | Cross-Sectional Tehran hospital patients
5 | Tafreshi et al. [21] 2019 between 2016 and 2018 Cross-Sectional Tehran hospital patients
6 | Yazdansetad et al. [22] 2019 during 2013 Cross-Sectional Tehran hospital burned patients
7 | Salehietal. 2018 [23] 2018 no data Cross-Sectional Tehran patients, staff, and environment

of an educational hospital
8 | Zafari et al. [24] 2017 September 2015 to June 2016 Cross-Sectional Tehran hospital patients
9 | Sarhaddi et al. [25] 2017 January and December 2014 Cross-Sectional Mashhad hospital patients
10 | Ansari et al. [26] 2017 September 2015 to April 2016 Cross-Sectional | Shahrekord hospital patients
11 | Alaei et al. [27] 2016 February 2010 and March 2011 Cross-Sectional Shiraz ICU patients
12 | Pourhajibagher et al. [28] 2016 no data Cross-Sectional Tehran hospital patients
13 | Jasemi et al. [29] 2016 August 2011 to December 2013 Cross-Sectional Tehran hospital patients
14 | Kooti et al. [30] 2015 December 2012 to May 2013 Cross-Sectional Shiraz hospital patients
15 | Bahador et al. 2015 [31] 2015 2012 Cross-Sectional Tehran Burned patients
16 | Bahador et al. 2014 [32] 2014 2011 Cross-Sectional Tehran ICU patients
17 | Bahador et al. 2014 [32] 2014 2006 Cross-Sectional Tehran ICU patients
Table prepared by the authors using data from the included studies [13, 18-32]
Table 2. List of selected samples and research methods
Study Sample source MDR isolates | TGC /MDR Diagnostic test

1 | Sepahvand et al [18] blood, wound, respiratory and urine samples 100 22 disc diffusion
2 | Saadati et al [13] tracwh::r'ﬁzc,rgg‘:"u tr)ilrtl’eids’p:ﬁ(t):]rr:,jya zZtZZL?;é:;f;ghia' 100 100 disk diffusion
3 ,:II?;/;-]Moghaddam et blood, trachea, urine,;g;izlr%iri)(;nal fluid, catheter and 109 35 disc diffusion
4 | Salehi et al 2019 [20] various specimens mostly sputum 180 152 disk diffusion
5 | Tafreshi et al [21] burn wound infection 84 28 broth microdilution
6 | Yazdansetad et al [22] burn wound 63 22 broth microdilution
7 | Salehi et al 2018 [23] wet s"“’a‘zbuifgcr’n”;rft'f’;':]‘zspa;?e:fs'?iieif;ﬂfé::edica' 125 2 disk diffusion
8 | Zafari et al [24] blood, wound, urine, sputum, and respiratory tract 100 2 disc diffusion
9 | Sarhaddi et al [25] burnt wound 54 2 E-test
10 | Ansari et al [26] clinical samples 30 18 disk diffusion
11 | Alaei et al [27] urine, Sp“t“f'IE; db,'ﬂgi‘llp:esctfeptieori“;’;""s‘;“c?gt'igﬁreb“’Spi”a' 45 4 broth microdilution
12 | Pourhajibagher et al [28] burn wound 33 2 disk dr:ifgfggﬂui?:nbmth
13 | Jasemi et al [29] clinical specimens 26 8 disk diffusion
14 | Kooti et al [30] urine, wound, blood, sput:rr]ré, (I;);I;T, body fluid, nose, throat 200 4 disk diffusion
15 | Bahador et al 2015 [31] clinical samples 62 1 broth microdilution
16 | Bahador et al 2014 [32] wound, respiratory tract, urine, blood, and CSF 50 4 E-Test
17 | Bahador et al 2014 [32] wound, respiratory tract, urine, blood, and CSF 50 0 E-Test

Table prepared by the authors using data from the included studies [13, 18-32]

Note: TGC — Tigecycline; CSF — cerebrospinal fluid, ETT — endotracheal tube.
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Meta Analysis
Study name Statistics for each study Event rate and 95% CI
Event Lower Upper
rate  limit limit Z-Value p-Value
Sepahvand 0220 0.149 0312 -5243 0.000 | 3 i
Saadati 0995 0926 1.000 3.741 0.000
Alavi-Moghaddam  0.321 0240 0414 -3650 0.000 3
Salehi 1 0844 0784 0890 8226 0.000 |
Tafreshi 0.333 0241 0440 -2995 0.003 . o
Yazdansetad 0349 0242 0474 -235% 0018 : o
Salehi 2 0.016 0.004 0062 -5778 0.000
Zafari 0.020 0.005 0.076 -5449 0.000
Sarhaddi 0.037 0009 0.136 -4522 0.000
Ansari 0600 0419 0757 1088 0277 -l
Alaei 0.089 0034 0214 -4443 0.000 -
Pourhajibagher 0061 0015 0212 -3.757 0.000
Jasemi 0308 0.162 0505 -1.908 0.056 —-
Kooti 0.020 0.008 0.052 -7.705 0.000
Bahador 1 0.177 0.101 0293 -4614 0.000 |
Bahador 2 0080 0030 0.195 -4685 0.000 -
Bahador 2' 0.010 0001 0.138 -3.247 0.001
0.181 0092 0325 -3.793 0.000 ‘
-1.00 -0.50 0.00 0.50 1.00
Favours A Favours B
Figure prepared by the authors
Fig. 2. The results of the meta-analysis evaluating the resistance of different isolates of A. baumannii to tigecycline in Iran
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Fig. 3. Funnel plot

between the previous use of other antibiotics and tigecy-
cline resistance because of transportation by the similar
efflux pump [39]. In addition, treatment by a wide-spec-
trum antibiotic instead of a narrow-spectrum drug, €.g.,
due to the inaccurate diagnosis of infection, inappropri-
ate differentiation between virus or bacterium and the re-
sulting improper prescription, as well as self-medication,
leads to a growth in drug resistance [40].

The resistance mechanism to tigecycline is mediated
by efflux pumps such as AdeABC. The overexpression in
AdeABC caused by amino acid and nucleotide changes in
the AdeRS two-component system and modified expres-
sion of AdeA and AdeB by the BaeSR system is another
possible mechanism. In addition, mutations in genes en-
coding 1-acyl-sn-glycerol-3-phosphate acyltransferase

and S-adenosyl-L-methionine (SAM)-dependent methyl-
transferase result in lower susceptibility [7].

Despite our findings, other review studies indicated
conflicting results. In the review of Ni et al. [17], administra-
tion of tigecycline was discouraged based on assessment
of cohorts and RCT studies. This review demonstrated a
higher in-hospital mortality rate, a lower rate of bacterial
eradication, and insufficiency of combination therapy in
treatment groups compared to the control. Sodeifian et
al. applied an approach similar to that used in our work
to analyze observational studies. As a result, tigecycline
was not recommended for treatment regimens. The re-
searchers found that the overall efficacy of tigecycline in
patients was comparable with other antimicrobial agents.
Furthermore, a higher death rate and a lower bacterial
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Meta Analysis
Group b Study name Subgroup within study Statistics for each study Event rate and 95% CI
Subgroup within study
Event Lower Upper
rate limit limit  Z-Value p-Value

ICU patients Alaei ICU patients 0089 0034 0214 -4443 0000 |

ICU patients Bahador 2 ICU patients 0080 0030 0195 -4685 0.000 [ o

ICU patients Bahador 2' ICU patients 0010 0001 0138 -3247 0001 —

ICU patients 0072 0034 0146 -6370 0.000 &

Non-ICU patients Sepahvand Non-ICU patients 0220 0149 0312 -5243 0000 ]

Non-ICU patients Saadati Non-ICU patients 0995 0926 1000 3741 0000 —

Non-ICU patients Alavi-Moghaddam Non-ICU patients 0321 0240 0414 -3650 0000 ——

Non-ICU patients Salehi 1 Non-ICU patients 0844 0784 0890 8226 0000 -

Non-ICU patients Tafreshi Non-ICU patients 0333 0241 0440 -2995 0003 el

Non-ICU patients Yazdansetad Non-ICU patients 0349 0242 0474 .2356 0018 ——

Non-ICU palients Salehi 2 Non-ICU patients 0016 0004 0062 -5778 0000 -

Non-ICU palients Zafari Non-ICU patients 0020 0005 0076 -5449 0.000 -

Non-ICU patients Sarhaddi Non-ICU patients 0037 0009 0136 -4522 0.000 jo—

Non-ICU palients Ansari Non-ICU patients 0600 0419 0757 1088 0277 ———

Non-ICU patients Pourhajibagher  Non-ICU patients 0061 0015 0212 -3757 0.000 - —

Non-ICU patients Jasemi Non-ICU patients 0308 0162 0505 -1908 0056 o

Non-ICU patients Kooti Non-ICU patients 0020 0008 0052 -7.705 0.000 >

Non-ICU patients Bahador 1 Non-ICU patients 0177 0101 0293 -4614 0000 ——

Non-ICU patients 0222 0110 0399 -2919 0004 L

-1.00 -0.50 0.00 0.50 1.00
Favours A Favours B
Figure prepared by the authors
Fig. 4. Subgroup analysis of patients admitted to ICU and non-ICU wards
Meta Analysis
Group b) Study name Subgroup within study Statistics for each stud: Event rate and 95% CI
Subgroup within study
Event Lower Upper
rate  limit limit Z.Value p-Value
Mashhad Sarhaddi Mashhad 0037 0009 0136 4522 0000 .—
Mashhad 0.037 0009 0136 4522 0.000 [
Shahrekord Ansari Shahrekord 0600 0419 0757 1088 0277 —+—
Shahrekord 0600 0419 0757 1088 0277 -
Shiraz Sepahvand Shiraz 0220 0149 0312 -5243 0.000 b
Shiraz Alaei Shiraz 0089 0034 0214 4443 0000 =
Shiraz Kooti Shiraz 0.020 0008 0052 -7.705 0.000 | ]
Shiraz 0.079 0.017 0298 -3009 0.003 =
Tabriz Saadati Tabniz 0995 0926 1000 3741 0000
Tabriz 0995 0926 1000 3741 0000
Tehran Alavi-Moghaddam Tehran 0321 0240 0414 -3650 0000 ——
Tehran Salehi 1 Tehran 0844 0784 0890 8226 0000 —
Tehran Tafreshi Tehran 0333 0241 0440 -2995 0003 ——
Tehran Yazdansetad Tehran 0.349 0242 0474 -2356 0.018 ——
Tehran Salehi 2 Tehran 0.016 0004 0062 -5778 0.000 -
Tehran Zafari Tehran 0.020 0005 0076 -5449 0.000 o
Tehran Pourhajibagher ~ Tehran 0061 0015 0212 -3757 0000 —
Tehran Jasemi Tehran 0308 0.162 0505 -1908 0.056 ——
Tehran Bahador 1 Tehran 0177 0.101 0293 4614 0.000 -
Tehran Bahador 2 Tehran 0080 0030 0195 4685 0000 —
Tehran Bahador 2 Tehran 0.010 0001 0138 -3247 0.001 r—
Tehran 0.161 0070 0330 -3426 0.001 -
-1.00 -0.50 0.00 0.50 1.00
Favours A Favours B

Figure prepared by the authors

Fig. 5. Subgroup analysis based on location

eradication rate compared to medication regimens based
on colistin were established [41].

Care should be taken when interpreting the results due
to the limited data. There are few studies on the preva-
lence of A. baumannii with MDR in Iran, with their majority
covering large cities, Tehran in particular. Therefore, more
data from other Iranian locations should be obtained to
verify the results. In addition, the small size of samples
for a subgroup analysis of statistical tests should be con-
sidered. There is a high potential of bias when evaluat-
ing research studies based on the JBI checklist. None
of the studies mentioned confounding factors and the
respective corrective approaches; in some studies, sta-
tistical methods were not described appropriately. The
study setting and validity, as well as the reliability of out-
come measurement, remain unclear, thus rendering the

EXTREME MEDICINE | 2025, VOLUME 27, No 2

interpretation unreliable. Moreover, the clinical samples
were obtained from intensive care unit (ICU) patients and
individuals hospitalized in various wards, including the
burn unit. Variations in isolate extraction methods and the
challenging conditions experienced by ICU patients may
have potentially impacted the outcomes of antimicrobial
susceptibility testing. Additionally, the choice of antimi-
crobial susceptibility testing methodologies, such as disc
diffusion, E-test, or broth microdilution, could also have
contributed to discrepancies in results. This variability
poses challenges in drawing unequivocal conclusions.
This study contributes to the information about the sus-
ceptibility of different A. baumannii isolates to tigecycline,
thus facilitating a grounded choice of antibiotics for MDR
strains. However, further research is needed to obtain
more reliable data on the level of such resistance.
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CONCLUSION

In the present review and meta-analysis, we evaluated the
resistance rate among patients infected by A. baumannii
and admitted to hospitals in some cities of Iran. Our find-
ings indicate a high resistance rate of A. baumannii strains
against tigecycline; however, tigecycline is still considered
an effective drug against MDR bacteria. The meta-analy-
sis results show that the reviewed publications do not pro-
vide clear evidence of the overall effect of tigecycline on
the resistance rate. In other words, the increase in A. bau-
mannii resistance to tigecycline is not statistically signifi-
cant, which is confirmed by the results of other studies
conducted earlier in Iran.

Increased resistance of A. baumannii to most an-
tibiotics, established in the present study, may be
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