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Dmitry P. Gladin. To date, some progress has been made in the fight against this serious disease, but problems such
E-m?”i . as the multidrug resistance of Mycobacterium tuberculosis and tuberculosis/HIV coinfection are of
gladin1975@mail.ru serious concern. A significant discovery was the discovery of microbiota in the distal parts of the

respiratory tract — respiratory bronchioles and alveoli, which, as it turned out, plays an important
role in maintaining local immunity and protecting against pathogens. It has been established
that in healthy people this locus is dominated by commensals, for example Prevotella, whereas
in tuberculosis dysbiosis develops: species diversity decreases and the number of opportunistic
microorganisms (Streptococcus, Neisseria) increases. This specific microbiota profile can serve as
a diagnostic and prognostic marker, helping to detect the disease at an early stage and predict the
risk of developing drug resistance of Mycobacterium tuberculosis. At the same time, tuberculosis
therapy restores the normal composition of the lung microbiota, but at the same time promotes the
growth of antibiotic resistance among opportunistic bacteria. A promising area is the management
of the lung microbiota. The development of inhaled probiotics opens up new opportunities for
tuberculosis prevention and improved treatment effectiveness, especially in complex cases of
multidrug resistance of Mycobacterium tuberculosis. Thus, the study of the lung microbiota marks
the transition to personalized approaches in the fight against tuberculosis.
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Moctynuna: 10.12.2025 OpoGpeHa: 30.01.2026 MpuHsaTa k nevatu: 27.03.2026
AsTop Pestome. Tybepkynes 0CTaeTcsl OAHOM 13 BEAYLLMX MPUYMH CMEPTHOCTM OT MHEKLMOHHBIX 3a-
Ansl KOPPECMOHAGHLUMM:  GoneBaHU BO BCEM MUPE. Ha CEeroaHsWHNA [eHb JOCTUIHYT ONpeAeneHHbIn nporpecc B bopbbe
Amumputi laenosuy C 3TUM TsXenbIM 3abonesaHnem, HO Takue Npobnembl, kKak MHOXECTBEHHAS NIeKapCTBEHHas
’7730‘{"’ ycTonumMBoCTb MukobakTepuin Tybepkynesa v kouHdekuumn Ty6epkynes/BlY, Bei3biBaloT cepbes-
E'm?": . Hyt0 06eCNOKOEHHOCTb. 3HAUMMbIM OTKPLITUEM CTano 06HapyXeHne MUKPOONOThI B AMCTamNbHbIX
gladint975@mail.ru OT/enax [blxaTenbHoro TpakTa — pecnupaTopHbIx GPOHXMONAX 1 anbBeonax, kotopas, kak Bbi-

SICHUMOCh, UrPAET BaXXHY0 POnb B NOAAEPXKAHUM MECTHOTO IMMYHUTETA U 3aLLMTe OT NaTOrEHOB.
Y 300pO0BbIX MI04EN B 3TOM NOKYCE AOMUHUPYIOT KOMMEHCanbl, Hanpumep Prevotella, Torga kak
npw Tybepkynese pa3snBaeTcst AMCOMO3: CHIKAETCS BUOOBOE pa3HooOpasune 1 yBenniMBaeTcs
YNCINEHHOCTb YCIOBHO-NATOTEHHbIX MUKPOOPraHn3moB (Streptococcus, Neisseria). 3ToT cneundu-
Yeckuit NpocKnb MUKPOBUOTHLI MOXKET CMYXKUTb AMArHOCTUYECKUM W MPOrHOCTUYECKUM MapKepoM,
nomoras BbISIBNATL 60Ne3Hb Ha PaHHEN CTafu 1 NPOrHO3MPOBaTh PUCK PA3BUTUS JTEKAPCTBEHHO
YCTOMYMBOCTM MukobakTepuit Tybepkynesa. MpoTnBoTybepkynesHas Tepanus Npu aToM BoccTa-
HaBNMBAET HOPMaIbHbIA COCTAB MUKPOBKOTLI Nerkux, Ho OAHOBPEMEHHO CNOCOOCTBYET POCTY
aHTMOMOTMKOPE3NCTEHTHOCTM CPEeaM YCIOBHO-NATOreHHbIX 6akTepuit. MepcnekTUBHLIM Hanpas-
NeHneM sBNseTCs ynpaBneHne MUKPoObroTor nerkux. PazpaboTka NHransLuMoHHbIX NPOBKUOTHKOB
OTKPbIBAET HOBbLIE BO3MOXHOCTM ANs NpoUnakTukL Tybepkyneaa 1 noBbleHNs 3hHEKTUBHOCTY
JlevYeHns, 0COOEHHO B CIOXHbIX cnyvanax MHOXECTBEHHON ﬂeKapCTBeHHOVI yCTOVI‘-IVIBOCTI/I MWUKO-
Oaktepwnit Ty6epkynesa. Taknum 06pa3om, U3yyeHne MUKPODUOTLI NErkMX 3HaMeHYET NePeXoa K
nepcoHann3npoBaHHbLIM nogxoaam B 6opbbe ¢ Tybepkynesom.

KntoueBble cnoBa: Ty6epkynes, MukpobuoTa nerkux, bpoHxoanbBEONApHbIN NaBax, naTo-
OWoHTbI, NpOTMBOTYOEpKYNe3Has Tepanus, cekBeHnpoBaHue reHa 16S pudocomansHomn PHK,
CeKBEeHNpoBaHWe NOTHOTO reHoMa MeToLoM ApoboBYMKa, METareHOMHOE CEKBEHMPOBAHWE HOBOMO
NOKONEHUS, MHransLMOHHbIE NPOBUOTUKM, FOPU3OHTASBbHBIA NEPEHOC FEHOB

WcTouHMK dhmHaHcMpoBaHUA. ABTOpbLI 3asiBNSIOT 00 OTCYTCTBUM BHELIHErO (MHAHCUPOBAHUS
© KonnexTvs asTopos, 2026 NPU NPOBELEHNN UCCNE0BAHNS.
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INTRODUCTION theless, its composition in conditionally healthy indi-
Despite significant progress made by the global viduals remains relatively constant due to a dynamic
community in the fight against tuberculosis (TB), equilibrium between the influx of microorganisms, the
the disease remains a pressing concern. It is still a upper respiratory tract (URT) and the host's immune
source of anxiety for scientists, clinicians, and public response [11, 12]. Researchers have figuratively
health officials. named this model “Yin and Yang” [13], as the optimal
According to the 2024 Global Tuberculosis Report qualitative and quantitative composition of the micro-
published by the World Health Organization (WHO), biota (eubiosis) arises from the dynamic interplay of
in 2023 TB once again became the leading cause various forces.
of death among all infectious diseases, displacing It should be noted that the URT system consists of
COVID-19 (CoronaVirus Disease 2019), which had the nasal cavity, nasopharynx, and oropharynx, while
dominated in the previous three years [1]. The COVID-19 the LRT includes the larynx, trachea, bronchi, bronchi-
pandemic severely damaged the health care systems oles, and alveoli [14].
of many countries and became one of several factors The LRT microbiota in a healthy individual is pri-
preventing humanity from achieving the WHO’s 2025 marily composed of phyla such as Pseudomonadota
TB elimination targets [2]. (Proteobacteria), Bacillota (Firmicutes), and Bacteroi-
Thanks to significant efforts by the Russian health-  dota (Bacteroides), which together account for about
care system, Russia joined the ranks of 13 countries  90% of the bacteria inhabiting this area [15] At the ge-
that managed to reduce TB deaths by 50% or more nus level, the following taxa predominate: Veillonella,
between 2015 and 2023. In 2021, the WHO removed Prevotella, Sphingomonas, Pseudomonas, Acineto-
Russia from the list of countries with a high TB bur-  bacter, Fusobacterium, Megasphaera, Staphylococ-
den. However, our country still remains on the so- cus, and Streptococcus [16].
called Global TB Watchlist [1, 3]. This is primarily due It is important to note that the microbiota of the
to problems with TB caused by multidrug-resistant LRT has been studied mainly by molecular genetic
(MDR-TB) strains of the Mycobacterium tuberculosis methods. Traditional culture-based methods almost
complex (MTB) and co-infection caused by MTB and never yield results [17]. Detection of DNA fragments
the human immunodeficiency virus (TB/HIV) in the does not allow us to determine whether they origi-
Russian Federation [3, 4]. nate from a living or a dead bacterial cell. There-
Currently, the Russian Federation is also seeing fore, it is extremely difficult to establish which mi-
a sustained positive trend in the TB epidemic among croorganisms are resident and which are transient
children [5], but sporadic cases of late-stage TB dia- in the LRT.
gnosis in this population group mean that physicians The nasal cavity is colonized by Corynebacterium,
of all specialties must remain vigilant regarding this  Propionibacterium, Staphylococcus spp., Moraxella,
infection. Pseudomonadota (Proteobacteria), and Fusobacterium
Thus, measures for the prevention, diagnosis, [14]. Corynebacterium and Staphylococcus dominate
and treatment of TB require constant improvement. the nasopharynx [18]. The oropharynx is inhabited by
Since TB is the result of a complex interaction Streptococcus, Haemophilus, Neisseria, Prevotella,
between MTB and the host’'s immune system [6], Veillonella, and Leptotrichia [14].
which is significantly modulated by the pulmonary The microbiota of the URT is richer than in the LRT
microbiota [7], a detailed study of the latter is of in both quantitative and qualitative terms. However,

particular relevance. their composition largely correlates due to the direct
connection between these two sites [19]. In addition,
NORMAL LUNG MICROBIOTA the upper respiratory tract represents an ecological

Previously, the respiratory bronchioles and alveoli  niche for important pathobionts: Streptococcus pneu-
were considered completely sterile [8]. However, it is  moniae, Haemophilus influenzae, and Staphylococ-
now known that all sections of the respiratory tract in  cus aureus (S. aureus). These are symbiotic micro-
a healthy person, including the lower respiratory tract, organisms, however, they can cause disease under
are colonized by various commensal microorganisms:  certain conditions [20].
bacteria, viruses, fungi [9], and, according to the latest Viruses found in the respiratory tract include
data, even archaea [10] . families such as Picornaviridae, Paramyxoviridae,

It is believed that the microbiota of the lower res-  Orthomyxoviridae, Coronaviridae, Adenoviridae,
piratory tract (LRT) is exclusively transient. Never- Parvoviridae, Herpesviridae, Anelloviridae, Papillo-
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maviridae, Polyomaviridae, and numerous bacterio- proliferation of pathogenic microorganisms by compe-
phages [21]. ting with them [25]; enhances antiviral immunity [26];
Fungi are predominantly represented by the ge- prevents the development of lung cancer [27]; and,
nera Aspergillus, Cladosporium, Eurotium, Penicil- through the production of various bioactive substanc-
lium, and several others [22]. es, participates in forming the “gut-lung axis” [28].
Archaea in the respiratory tract include such types A disruption in the qualitative and quantitative
as Euryarchaeota (e.g., Methanobrevibacter smithiiasa composition of the respiratory tract microbiota, or
result of microaspiration from the gastrointestinal tract), dysbiosis, can lead to impairment of the aforemen-
Thaumarchaeota (representatives of the skin and up- tioned protective functions and declined resistance to
per respiratory tract microbiota) and Woesearchaeota, both specific [29] and nonspecific respiratory infec-
which are specific to the lower respiratory tract. Their tions [24, 30].
role in a healthy organism and in pathological condi- Factors leading to respiratory tract dysbiosis in-
tions has not yet been sufficiently studied [23]. clude smoking, air pollution, immunodeficiency states
Some representatives of the normal human res- (including HIV/AIDS), infectious and non-infectious
piratory tract microbiota are shown in the diagram respiratory diseases, the use of antibacterial drugs,
(Fig. 1). medical interventions (mechanical ventilation, bron-
The beneficial role of the respiratory tract micro- choscopy, etc.), as well as an imbalance in the gut
biota is extremely diverse. In particular, it ensures the microbiota and diseases of other organs and systems
formation of a balanced immune response, preventing  [11, 31, 32]. Figure 2 illustrates the functions of the
the development of excessive inflammation when ex-  lung microbiota as well as factors leading to its imba-
posed to harmless antigens [24] . It also inhibits the lance.

MwkpobuoTa pecnupaTopHoro Tpakta
Microbiota of the respiratory tract
Y Y Y Y
[pubbl Bupycebl Bakrepum Apxeu
Fungi Viruses Bacteria Archaea
Aspergillus Picornaviridae BepxHue fpixatenbHble HwxHWe abixaTenbHble Woesearchaeota
Cladosporium Paramyxoviridae nyT nyTv Euryarchaeota
Eurotium Orthomyxoviridae Upper respiratory tract Lower respiratory tract Thaumarchaeota
Penicillium Coronaviridae
Fusarium Adenoviridae l
Parvoviridae \
Herpesviridae Pseudomonadota dunbl
Anelloviridae Fusobacterium Phyla
Papillomaviridae Corynebacterium Pseudomonadota
Polyomaviridae Propionibacterium Bacillota
Moraxella Bacteroidota.
Staphylococcus Popa
Haemophilus Genera
Neisseria Veillonella
Prevotella Prevotella
Veillonella Sphingomonas
Leptotrichia, Pseudomonas
B TOM yucre Acinetobacter
naTo6UOHTI Fusobacterium
Including pathobionts Megasphaera
Staphylococcus
Streptococcus
u apyrue
and others

Fig. 1. Microbiota of the respiratory tract (the figure is prepared by the authors of this article)
Puc.1.  MukpobuoTa pecnnpaTopHOro Tpakta (pUCyHOK aBTOPOB JaHHOM CTaThbh)
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Hecneundmuyeckme
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Tybepkynes opraHoB
OblXaHus
Tuberculosis
of the respiratory system

[incbnos pecnmpaTopHoro
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tract

Fig.3. A schematic diagram of the relationship between dysbi-
osis, pulmonary tuberculosis and nonspecific infection
(the figure is prepared by the authors of this article)

Puc. 3. lpuHuunnanbHas cxema B3anMOCBA3V Aucbrosa pecnupa-

TOPHOrO TpakTa, Tybepkynesa nerkux n Hecneuuu4eckon
NHeKUUM (PUCYHOK aBTOPOB AaHHON CTaTby)

Thus, a bidirectional relationship or vicious cy-
cle is formed. Both TB and nonspecific lung infec-
tions can lead to local dysbiosis, which increases
susceptibility to these diseases [33]. Fig. 3 presents

POCCUMNCKUE BUOMEANLMHCKUE UCCNEAOBAHUA

The functions of the lung microbiota and the factors leading to its imbalance (the figure is prepared by the authors of this article)
OyHKLMM MUKPOBMOTBI NETKMX W hakTopbI, NPUBOASLLME K €€ AucbanaHcy (PUCYHOK aBTOPOB [aHHOM CTaTby)

a schematic diagram of the relationship between
respiratory tract dysbiosis, pulmonary TB, and non-
specific infection.

Tuberculosis Impact on Lung Microbiome

In 2022, Chinese researchers conducted a large-
scale study examining the lung microbiome profile in
patients with TB [34]. Bronchoalveolar lavage fluid
samples were collected to study the lung microbiota,
which is more informative than sputum analysis, as
sputum collection inevitably introduces microorga-
nisms from the nasopharynx and oral cavity into sam-
ple [15]. The qualitative and quantitative composition
of the microbiota was determined using metagenomic
next-generation sequencing (MNGS).

Samples obtained from healthy individuals in the
control group contained higher levels of Prevotella
melaninogenica (P. melaninogenica) and Ralstonia
pickettii (R. pickettii), while samples from patients with
untreated TB contained S. aureus and Neisseria spp.
[34]. These results are partially consistent with data
from a 2019 meta-analysis, according to which Strep-
tococcus and Neisseria were more common in TB pa-
tients (35.01 and 27.1% of the total, respectively), while
Prevotella was more common in healthy individuals
from the control group (36.9%) [35]. The same study
reported that Veillonella, Rothia, Leuconostoc, and
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Lactobacillus were detected only in TB patients and
foundin 7,8, 4, 3, 2, and 1.8% of patients, respectively.
In addition, the genera Gammaproteobacteria, Haemo-
philus, and Actinobacillus were found only in healthy in-
dividuals from the control group [35]. Differences in the
composition of the lung microbiota at the genus level
between TB patients and healthy individuals from the
control group are shown in Fig. 4 [34].

It is worth noting that the proportion of MBT in TB
patients, according to some data, accounts for only
about 0.06% of the total number of all bacteria detec-
ted in sputum analysis [36].

Whether TB or respiratory tract dysbiosis is the pri-
mary factor remains uncertain. However, MBT appear
to significantly influence the lung microenvironment,
thereby promoting proliferation of certain microorga-
nisms and suppressing others [34].

Additionally, according to the literature, the micro-
biota identified in TB patients’ sputum via 16S rRNA
gene sequencing may vary significantly at the genus
level depending on resistance or susceptibility of MTB
to various drugs (Fig. 5) [36]. Thus, it has been estab-
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The composition of the lung microbiota at the genus
level in patients with tuberculosis and in healthy people
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lished that Delftia can serve as a potential diagnostic
marker for identifying patients with TB caused by MTB
resistant to rifampicin; Kingella and Chlamydophila — to
isoniazid; and Bordetella — to rifampicin and isoniazid
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nts with MDR to the pathogen) [36].

mm [Ipyrve
Other
mm Bacteroides
= Porphyromonas
mm Escherichia
wm Veillonella
mm [ actobacillus
wm Alloprevotella
w= Sphingomonas
Neisseria
mm Delftia
Streptococcus
== Prevotella
Ochrobactrum
mm Raistonial2|
e Raistonial1|

DS MR-INH MR-RFP MDR PR

Composition of the upper respiratory tract microbiota at
the genus level in patients with tuberculosis caused by
Mycobacterium tuberculosis with different sensitivity
profiles to anti-tuberculosis drugs. Relative abundance —
prevalence of microorganisms of different species;
DS — drug-sensitive tuberculosis; MR-INH — monoresis-
tance isoniazid; MR-RFP — monoresistance rifampicin;
MDR — multidrug resistance; PR — polyresistance (this
is resistance to two first-line anti-tuberculosis drugs and
more, while maintaining sensitivity to at least isoniazid
and rifampicin simultaneously) (https://cdn.ncbi.nim.
nih.gov/pmc/blobs/ca0b/8040397/f0e6c4a78badlijms-
v18p1935g003.jpg)

CocTaB MUKpPOOWOTBI BEPXHUX [bIXaTeNbHbIX MyTei Ha
YPOBHE pofa Yy nauueHToB C TyGepkynesom, Bbl3BaHHbIM
MukobakTepusammu Tybepkynesa ¢ pasnuyHbIMM NPOMUASMA
UyBCTBMTENBHOCTY K MPOTMBOTYBEPKYNEe3HbIM npenapatam.
OTHocuTENbHAs pacnpoCTPaHEHHOCTb — PacnpoCTpaHeH-
HOCTb MMKPOOPraHu3MoB pasHblx BuaoB; DS — nekapcrt-
BEHHO-4yBCTBUTENbHbIN TyOepkynes; MR-INH — MoHopeau-
CTEHTHOCTb K U30HWasnay; MR-RFP — MoHopesucTeHTHOCTb
k pucpamnuumHy; MDR — MHOXeCTBEHHas nekapcTBeHHast
ycToNuMBOCTb; PR — NOMMpPesncTeHTHOCTb (3TO yCTONYM-
BOCTb K ABYM NMpOTMBOTY6EPKYNE3HbIM Npenapatam nepeo-
ro psiga v Gonee npu coxpaHeHUM YyBCTBUTEMBHOCTU Kak
MUHUMYM K U30HMa3nay 1 pudamnuumHy OAHOBPEMEHHO)
(https:/fcdn.ncbi.nim.nih.gov/pmc/blobs/ca0b/8040397/
f0e6cda78badlijmsv18p19359003.jpg)
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ANTITUBERCULOSIS THERAPY

E 60 Mef(En2)

AND LUNG MICROBIOME & B s

The lung microbiome is significantly influenced by 8 f;g““
antituberculosis therapy (ATT) [34, 37]. All patients £ el
included in the study had drug-sensitive TB and re- < adet
ceived treatment according to the following regimen: £S5 ianas aeruginosa c2lB7
2 months of HRZE (isoniazid, rifampicin, pyrazi- omi "
namide, and ethambutol) and 4 months of HR (iso- 2 = (gl
niazid and rifampicin). The microbial composition of = / N
healthy individuals, TB patients receiving ATT during € Qfﬁ%ﬁie"””e“m°”‘“*‘"’°”*
the study, and patients who had recently completed & %;:{(Egm
a course of chemotherapy (clinically cured with bac- ~ § _.\‘ | fCiayter
teriological confirmation) was similar. However, there ¢ " o RBECa b
was a marked difference in the taxonomic profile of £ 20 7 el
the microbiota among those patients with pulmonary & o poh,
TB who were not receiving treatment during the study. g R
It was noted that the opportunistic pathogen S. aureus & Ene
was significantly more prevalent in the group of pa- & e
tients with untreated TB, while the relative abundance = elQ
of R. pickettii and P. melaninogenica, conversely, was & o Eme
much lower [34]. It has been reported that R. picket- fz-i 0 ﬁfﬁze
tii is capable of converting ethionamide into its active & UTG TG cTG
form, and a deqrease in its abundance in patients with Fig.6.  The abundance of different lung microbiota resistance
L may negatively affect trea,tment outcomes [38]. genes in different observation groups. Average ARG
According to some data, bacteria of the genus Prevo- Abundance — average number of antibiotic resistance
tella play a positive role in maintaining lung function genes; UTG — the untreated pulmonary TB group;
and controlling inflammation. Accordingly, a decrease TTG — the treated pulmonary TB group; CTG — the
in the abundance of P melaninogenica may be as- cured pulmonary TB group (https://cdn.ncbi.nlm.nih.gov/

pmc/blobs/3411/8865484/d7e5b5637cde/spectrum.01901-
21-f005.jpg)
Puc. 6.  KomnmuecTBo pa3nuyHbIX reHOB Pe3UCTEHTHOCTU MUKPOBUOTHI

nerkux B pasHbix rpynnax Habnogenns. UTG — naumeHTs ¢
TyGepkynesom, He Nonyyaslume neyeHnsi; TTG — naLmeHTbl

sociated with impaired lung function and an excessive
inflammatory response [39].

Overall, microbial diversity in patients with untrea-
ted TB was significantly lower than in other groups.

Thus, ATT rapidly restored normal microbial composi- ¢ TyGepKyne3om B npouecce nedensi; CTG — nauueHTs,
tion in this study, contrary to expectations [34]. Appa- M3rieveHHble OT TyBepkyniesa NIeTkMX B HeAaBHEM MpoLu-
rently, this is due to the strong local effect of MBT on nom (https://cdn.ncbi.nlm.nih.gov/pmc/blobs/3411/8865484/

the microecology of the lower respiratory tract. There d7e5b5637cde/spectrum.01901-21-1005.jpg)

are studies both confirming [40] and refuting this ob-
servation [37]. the diversity and number of genes responsible for
At the same time, ATT undoubtedly has negative antimicrobial resistance across an entire microbial
consequences as well. Of the four drugs prescribed community. This raises concerns regarding the poten-
to patients in the study, rifampicin is a broad-spec- tial development of nonspecific respiratory infections
trum antibiotic and may lead to the development of in patients caused by antibiotic-resistant strains of
antibiotic resistance, including in opportunistic patho-  pathobionts during or after ATT. A histogram showing
gens [34]. Other broad-spectrum antibiotics used in the number of different resistance genes in the pulmo-
various TB treatment regimens include rifabutin and nary microbiota across different observation groups is
rifapentine; fluoroquinolones (levofloxacin, moxifloxa- presented in Fig. 6 [34].
cin, sparfloxacin); aminoglycosides (kanamycin, ami- It should be noted that nonspecific lung infections
kacin, capreomycin); carbapenems (the combination complicating the course of TB are often caused not by
drug imipenem + cilastatin and meropenem); and the the patient’s own pathobionts, but by hospital-acquired
semi-synthetic penicillin antibiotic in combination with  strains of microorganisms circulating within hospitals
a beta-lactamase inhibitor—amoxicillin + clavulanic with antibiotic resistance profiles specific to them
acid [3]. It has been demonstrated that ATT increases [41]. This is particularly relevant during prolonged
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Mycobacterium sp. JDM601 [NC_015576]

M. avium 104 [NC_008595]
M. avium K-10 [NC_002944]

M. marinum M [NC_010612]
M. ulcerans Agy99 [NC_008611]

M. tuberculosis group [NC_000962, NC_002755 NC_002945,

—10,001
M. vanbaalenii PYR-1 [NC_008726] Mycobacterium sp. Spyr1 [NC_014814]

Mycobacterium sp. MCS [NC_008146]

Mycobacterium sp. KMS [NC_008705]

Mycobacterium sp. JLS [NC_009077]

M. smegmatis MC2 155 [NC_008596]
M. abscessus [NC_010397]
M. leprae [NC_011896 and NC_002677] NC_008769, NC_009525, NC_009565, NC_012207, NC_015848]
Fig. 7. Areticulate network showing the events of the exchange of conserved genes between different Mycobacteria (https://cdn.
ncbi.nim.nih.gov/pmc/blobs/d4f0/4331801/b230cfc44751/1471-2148-15-S1-S2-4.jpg)

Puc.7. Cetyatas CTpyKTypa, AEMOHCTpUpYlowas cobbiTus obMeHa KOHCepBaTWBHBIMM TEHaMW Mexay PpasfuyHbiMM MuUKobBaKTepusMu

(https:/lcdn.ncbi.nim.nih.gov/pmc/blobs/d4f0/4331801/b230cfcd4751/1471-2148-15-S1-S2-4.jpg)

hospitalization of patients with tuberculosis, as well
as during their stay in intensive care units, especial-
ly when mechanical ventilation is used, which is not
uncommon among patients with TB/HIV coinfection,
whose immune systems are, moreover, severely com-
promised [42-44].

In addition, horizontal gene transfer must be men-
tioned in this context. This process occurs when a
microorganism transfers genetic material to another
microorganism that is not its descendant via various
mobile genetic elements (plasmids, transposons, in-
tegrons) [45]. Thanks to this mechanism, resistance
determinants can rapidly spread among pathogens
causing nosocomial infections, including those be-
longing to the so-called ESKAPE group, which poses
a significant problem for both individual hospitals and
healthcare systems worldwide [46].

However, it is encouraging that horizontal gene
transfer is not possible between M. tuberculosis and
pathogens of nonspecific infections. Currently, the
evolution of M. tuberculosis, including the acquisition
of drug resistance, is entirely driven by spontaneous
mutations, genomic recombination, gene duplication,
and selective pressure [47]. Nevertheless, pathogeni-
city clusters have been identified in the M. tuberculo-
sis genome. They may have been acquired by the mi-
croorganism from external sources during its phylog-
eny and account for its high virulence. Furthermore,
other mycobacteria, such as Mycobacterium avium
and Mycobacterium marinum, are currently actively
exchanging mobile genetic elements both with each
other and with taxonomically distant microorganisms.

Thus, we cannot exclude the possibility that, sooner
or later in the future, conditionally pathogenic myco-
bacteria will evolve from pathogens of predominantly
opportunistic infections into pathogens that are no
less dangerous than MTB [47]. It is particularly impor-
tant to take this fact into account given the increasing
frequency of mycobacterial infections not only among
individuals with HIV infection but also among the im-
munocompetent population [48]. Figure 7 presents
a network diagram illustrating the exchange of con-
served genes among various mycobacteria [47].

DIAGNOSTIC SIGNIFICANCE
OF ASSESSING LUNG MICROBIOME
IN ASSOCIATION WITH TUBERCULOSIS

Therefore, assessing the lung microbiome appears
to be an important diagnostic tool for pulmonologists
and other specialists. Patients with TB have a unique
lung microbiome profile, and its determination can
help verify TB in early stages, conduct differential
diagnosis between TB and lung cancer, as well as
other pathologies, and predict the severity of TB, the
likelihood of a secondary nonspecific infection, and
the development of drug resistance in a specific pa-
tient [34-36, 49]. Furthermore, since respiratory tract
dysbiosis is one of the risk factors for developing TB,
modifying a microbal composition could help to pre-
vent TB [50, 51].

Currently, three main molecular genetic methods
are used to study the microbiota. Each of these
methods has its own advantages and disadvanta-
ges: 16S rRNA gene sequencing [52], whole-genome
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Table 1

Comparison of some molecular genetic methods of microbiota research

Tabnuua 1

CpaBHeHI/Ie HEKOTOPbIX MOJIEKYNAPHO-reHeTU4eCKMX MeToA4oB UccrnenoBaHusa MI/IKpOGI/IOTbI

XapakTtepuctuka
Characteristic

CekBeHnpoBaHue
reHa 16S pubocomanbHoi PHK
16S ribosomal RNA
Gene Sequencing [52]

CeKkBeHUpOBaHWe NONHOro reHoMa
MeTOA0M Apo6oBuMKa
Shotgun Whole-Genome
Sequencing [53]

MeTareHomMHOe cekBeHMpOBaHue
HOBOrO MOKONeHus
Next-generation metagenomic
sequencing (mMNGS) [54]

OObEKT CeKBEHMPO-
BaHus
Sequencing facility

OpuH reH (16S pubocomanbHo
PHK)
Assingle gene (16S ribosomal RNA)

Becb reHoM 0ZHOI M30MMPOBaAHHON
HakTepum

The entire genome of a single, isolated
bacterium

Bcsi HK/PHK n3 obpasua (6aktepum,
apxew, BUpychl, rpubbi)

All DNA/RNA from a sample (bacteria,
archaea, viruses, fungi)

MpuHUMN MeToda
The principle
of the method

AmMnnndukaLms n cekBeHMpoBaHmne
KOHCEpBaTMBHOTO reHa ¢ Bapuabens-
HbIMU pervoHamu Ans uaeHTuduka-
LIMN TaKCOHOB

Amplification and sequencing

of a conserved gene with variable
regions to identify taxa

CnyvaiiHas parmenTauus ceit JHK
GakTepuu, cekBeHpoBaHme dpar-
MEHTOB U «cOopka» MOMHOro reHoma
Random fragmentation of the entire
bacterial DNA, sequencing fragments
and “assembling” the complete
genome

CekseHupoBaHue Bceil [HK/PHK,
13BneYeHHomn n3 obpasua cpepsl,

¢ nocneaytoLLen cOOpKoM 1 TAKCOHOMM-
YeCKuM/hyHKLMOHANbHLIM aHanu3om
Sequencing of all DNA/RNA extracted from
a medium sample, followed by assembly
and taxonomic/functional analysis

PaspewatoLas
€nocobHoCTb
Resolution capacity

YpoBeHb poaa, pexe Buaa
Genus-level, rarely species-level

YpoBeHb LUTamMma, BO3MOXHO
onpefeneHne reHoB BUPYIEHTHOCTU
1 PE3NCTEHTHOCTU

Strain level, possible determination

of virulence and resistance genes

YpoBeHb BUAA, MHOTAA LWTaMMa.
[aet npeacraBnenue o0 GyHKLMO-
HanbHOM noTeHuuane coobulecTsa
Species-level, sometimes strain-level.
Functional potential of the community

KonnyecteeHHas
oLeHKa
Quantitative
assessment

OTHOCUTENbHAs YUCTIEHHOCTb MUKPO-
OpraHu3mMoB B MUKpoGHOM cooblLue-
cTBe (nons B coobLyecTse)

Relative abundance (proportion within
the community)

HeBo3moxHa (MeTog 1Cnonb3ayoT
ANst YUCTON KynbTypbl)

Not applicable (the method is used
for pure culture)

OTHocuTenbHas n abconoTHas
YNCMEHHOCTb MUKPOOPraHn3moB (npu
1CMONb30BaHWUM METOZ0B KannbpoBkw)
Relative and absolute abundance

of microorganisms (when using
calibration methods)

OcHoBHoe npume-
HeHve
Main application

OueHka TakCOHOMIUYECKOTO Mpocuns
coobLecTBa, anbga- u beTa-pasHo-
obpaans

Taxonomic profile of a community,
alpha- and beta-diversity

[eTanbHoe 13y4yeHne KOHKPETHOro
MUKPOOpPraHu3ma: reHomuka, Bupy-
NEHTHOCTb, 3BONOLMS

Detailed study of a specific
microorganism: genomics, virulence,
evolution

MonHas kapTuHa coobluecTsa:
TaKCOHbI 1 FeHbl BUPYMEHTHOCTH,
PE3UCTEHTHOCTY U T.4. (TO €CTb
(PYHKLMOHANBHBIA NOTEHLMan)

The full picture of the community: taxa
and genes of virulence, resistance, etc.
(i.e. functional potential)

MpenmyLiectaa
meToga
Advantages of the
method

Huskas ctoumocTb, CTaHgapTU3Mpo-
BaHHbIN METO/, Hanuyme BonbLUMX
6a3 JaHHbIX

Low cost, standardized method,
availability of large databases

«3010TON CTaHZapT» 4151 N3y4YeHns
VHAMBMAYANbHbIX FEHOMOB, BbICOKas
paspeLuaroLLas cnocobHoCTb

The “gold standard” for studying
individual genomes, high resolution

Haunbonee nonHas nHcopmaums 6es
HeobX0AMMOCTY KynbTUBMPOBAHMS
The most complete information without
the need for cultivation

Hepoctatku metoaa
Disadvantages
of the method

Hu3skoe paspeluenve, He faet
npeacTaBneHns 0 yHKLMOHANbHOM
noteHumane coobuiecTsa, MLP-
amnanuKkaLns BHOCUT UCKaXKEHNS,
He NPUMeHSEeTCS AN U3y4YeHns
BMPYCOB U rpn6oB

Low resolution, does not provide an
idea of the functional potential of

the community, PCR amplification
introduces distortions, and is not used
to study viruses and fungi

TpebyeT BblAeneHus u KynbTUBMPO-
BaHWS YUCTON KynbTypbl (TPYAOEM-
KOCTb)

Requires isolation and cultivation

of pure culture (labor intensity)

BbIcokast CTOMMOCTb, CHIOXKHbIN
aHanus, Tpebyet BonbLUKX BblYNCTIN-
TembHbIX MOLLHOCTEN

High cost, complex analysis, requires
a lot of computing power

Note: PCR — polymerase chain reaction.
Mpumeyanue: MLUP — nonumepasHas LenHas peakyus.

The table is prepared by the authors
Tabnuya cocmaesneHa asmopamu
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shotgun sequencing [53], and mNGS [54]. A compari- undergo the same analysis as main samples [56].
son of these methods for sequencing the microbiota’s  Then, using bioinformatics methods, a “subtraction” is
genetic material is presented in Table 1. performed: the number of counts of all microbial taxa
All methods have their own unique capabilities and ~ detected in the additional controls is subtracted from
limitations, making them complementary tools in the the corresponding counts obtained from the main sam-
modern microbiologist’s arsenal. ples, which allows to exclude contaminants from the
As mentioned above, the upper respiratory tract final analysis [55, 56].
is colonized by a much greater variety of microor-
ganisms than the lower respiratory tract. Therefore, INHALED PROBIOTICS
certain aspects of sampling from the latter deserve IN TREATMENT AND PREVENTION
special mention. To avoid unwanted contamination, OF LUNG DISEASES
the following techniques are used: rinsing the mouth As described above, the normal lung microbiota
before the procedure, refraining from aspiration du- performs a large number of beneficial functions [24-
ring bronchoscope insertion until it enters the tra-  28]. In this regard, it is proposed to use special probio-
chea, and the use of protected sampling methods tics for inhalation to treat and prevent various infec-
[55]. These methods include protected bronchoal- tious and non-infectious lung diseases [49, 50].
veolar lavage, in which a sterile protected catheter There are a number of challenges in developing
is passed through the working channel of the bron-  probiotics that can be delivered to the lungs by means
choscope, after which sterile saline is introduced of inhalation. Particles with a diameter of 1-5 um are
and aspirated from the distal airways, and protected considered ideal for accumulating in the lungs. Larger
brush biopsy (protected brush biopsy), which in- particles are cleared retrograde via mucociliary clea-
volves keeping the brush within a special sheath rance, while smaller ones are cleared with exhaled
before and after obtaining material from the area of air [57]. Therefore, to ensure the required particle
interest [55]. Performing these procedures can be size, drug delivery systems such as microcapsules,
associated with significant difficulties and requires microspheres, liposomes, and niosomes (similar to li-
specific training for endoscopists. Figure 8 shows posomes but containing synthetic nonionic surfactants)
a photograph from the endoscope camera depic- are preferred [51].

ting bronchoalveolar lavage fluid in the bronchial Careful selection of a device is also necessary to
lumen, which, when properly obtained, should have ensure effective delivery of probiotics into the lungs.
a foamy look. Nebulizers with vibrating mesh technology and “soft

When studying the microbiota of the lower respira- mist” inhalers (respirators) are best suited for this
tory tract, it is essential to examine control samples, task [58]. One limitation is that the preparation must
namely flushing fluid from a working channel, uninocu-  be soluble in water or in a mixture of water and etha-
lated sterile saline solution, and throat swabs, which nol to prevent filter clogging [59]. Another option is
the use of dried powdered probiotics via dry powder
inhalers. Lactose is used as a carrier in approximate-
ly 90% of dry powder inhalers that are currently avai-
lable on the market. Consequently, the drug under
development must remain stable and effective in the
presence of lactose [51].

Already today, there are proposals to use an in-
haled biotherapeutic preparation based on lactoba-
cilli for treating bronchopulmonary dysplasia in pre-
term newborns and chronic obstructive pulmonary
disease. It has demonstrated its efficacy in various
experimental models in vitro and in vivo [60]. There
are proposals to consider lung microbiota transplan-
tation by analogy with gut microbiota transplanta-

Fig. 8. A photograph of foamy bronchoalveolar lavage fluid in
the bronchial lumen, taken using an endoscope camera

(from the personal archive of A.V. Derevyanko) tion [61]. o '

Puc.8. doTorpacdusi NMEHUCTON BPOHXOANbBEONSAPHON NaBaXHON In_haled prob|0t|c§ W|.” be _undOUbtedlly useful for
XUAKOCTY B npocBeTe Bpokxa, caenanHas npu novoww ka-  treating and preventing infectious lung diseases [50,
Mepbi aH7ocKona (3 nuyHoro apxuBa A.B. [lepeBsiHko) 51], including TB. The use of such preparations is
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particularly promising in treating TB caused by drug- fective approaches in the diagnosis, treatment, and
resistant mycobacteria or complicated by a nonspe- prevention of one of the oldest and most socially sig-
cific infection, as well as for the rapid normalization nificant infections in human history.
of the lung microbiota in convalescents. This area is
highly interesting for future scientific research. ADDITIONAL INFORMATION

The lung microbiota is a highly active participant Author contribution. |.A. Baranov — review con-
in maintaining respiratory homeostasis. By shaping cept, writing the final text of the article; N.V. Tivirikin —
local immunity and providing colonization resis- writing and editing the test, developing infographics;
tance, it acts as a key factor in defense against res- A.V. Derevyanko — editing the text, providing photo
piratory pathogens, including M. tuberculosis [24, materials; D.P. Gladin, M.E. Lozovskaya — manage-

25, 33, 34]. ment, editing the text; E.S. Zubareva, N.S. Kozlova —
As studies have shown, tuberculosis infection has a  writing and editing the text.
profound effect on lung microbial communities, leading All authors made a substantial contribution to the

to characteristic dysbiosis. Specifically, this involves a  conception of the study, acquisition, analysis, interpre-
decrease in biodiversity, a reduction in commensals tation of data for the work, drafting and revising the ar-
such as Prevotella, and an increase in the abundance ticle, final approval of the version to be published and
of pathobionts [34, 35]. This specific profile has sig- agree to be accountable for all aspects of the study.
nificant diagnostic and prognostic potential and opens Competing interests. The authors declare that
up prospects for developing non-invasive methods for they have no competing interests.
detecting TB in cases that are difficult to diagnose, as-
sessing the risk of drug resistance, and predicting di- AOMNOJIHUTE/IbHAA MH®OPMALMA
sease progression. It is important to note that modern Bknap aBTopoB. 1.A. bapaHoB — KoHLenUms 0b-
anti-tuberculosis chemotherapy may partly restore 3opa, HanucaHue puHanbHoro TekcTa cratom; H.B. Tu-
normal lung microbiota composition but simultaneous-  BUPUKUH — HanucaHWe u pefakTUpoBaHue TecTa, pas-
ly induces the selective growth of antibiotic-resistant pa6otka uHdorpacuku; A.B. [lepeBsiHko — penaktu-
strains among opportunistic pathogens [34, 40, 62]. pOBaHWe TeKCTa, NPeAocTaBneHne GoToMaTepmarnos;
In this regard, modulating the lung microbiota ap-  [.1. FnaguH, M.3. JlosoBckas — pykoBOACTBO, peaak-
pears to be an extremely promising strategy in com- TuposaHue Tekcta; E.C. 3ybapesa, H.C. Kosanosa —
bating TB. The development of inhaled probiotics and  HanucaHue v pegakTupoBaHue TekcTa.
methods for correcting pulmonary dysbiosis could Bce aBTOpbI BHECNU CYLIECTBEHHbIN BKNag B pas-
become a new tool for improving treatment efficacy, paboTky KoHUenuuu, mpoBefeHWEe WCCNEAoBaHUs 1
especially in cases of drug-resistant TB, as well as nogroToBky ctatbu, Npoynn 1 0gobpunu dhuHanbHyto
for preventing the disease in at-risk populations, in-  Bepcuio nepeg nybnukawmen.
cluding children [50, 51, 60, 61]. KoHdbnukt uHTepecoB. ABTOpbl [eknapupyoT
Thus, an in-depth study of the microecology of the ~ oTcyTCTBME $BHBIX M MOTEHUMANbHBIX KOHQIIMKTOB
respiratory tract opens new horizons for phthisiology, WHTepecoB, cBsizaHHbIX C nybrukauuen HacTosLlen
heralding a transition to more personalized and ef- cTatbm.

4. World Health Organization. WHO global lists of high burden

REFERENCES countries for tuberculosis (TB), TB/HIV and multidrug/ rifam-
1. World Health Organization. Global tuberculosis report. 2024. picin-resistant TB (MDR/RR-TB), 2021-2025: background
WHO; 2024. document. Geneva. World Health Organization; 2021. URL:
2. WHO. Documentation for World Health Assembly 67. URL: http:// https://apps.who.int/iris/handle/10665/341980 (accessed:
apps.who.int/gb/ebwhalpdf_fi les/WHAG67/A67_11-en.pdf (ac- 20/11/2025).
cessed: 20/11/2025). 5. Clinical recommendations. Tuberculosis in children. 2024-
3. Clinical recommendations. Tuberculosis in adults. 2024-2025- 2025-2026 (09/18/2024). Approved by the Ministry of Health of
2026 (05/15/2024). Approved by the Ministry of Health of the the Russian Federation. URL: https://disuria.ru/_ld/16/1648_
Russian Federation. URL: https://gptd-gorlovka.gosuslugi.ru/net- kr24A15A19kMZ.pdf (accessed: 20/11/2025). (In Russ.).
cat_files/8/9/1415_kr24A15A19MZ.pdf (accessed: 25/11/2025). 6. Mayanskiy A.N. Pathogenetic microbiology. Nizhny Novgorod:
(In Russ.). NGMA Publishing House; 2006. 518 p. (In Russ.).

POCCUMNCKUE BUOMEANLMHCKUE UCCNEAOBAHUA

2026;11(1):7-22
RUSSIAN BIOMEDICAL RESEARCH




18

20.

2026;11(1):7-22

Mathieu E., Escribano-Vazquez U., Descamps D. et al. Para-
digms of Lung Microbiota Functions in Health and Disease,
Particularly, in Asthma. Front Physiol. 2018;9:1168. https://doi.
org/10.3389/fphys.2018.01168.

Gleeson K., Eggli D.F., Maxwell S.L. Quantitative aspiration du-
ring sleep in normal subjects. Chest. 1997;111(5):1266-1272.
https://doi.org/10.1378/chest.111.5.1266.

Zakharova I.N., Kasianova A.N., Klimov L.Ya. et al. The micro-
biome of the respiratory tract: what is known today? Pediatriya.
2018;(4):10-17. (In Russ.). https://doi.org/10.26442/24138460.2
018.4.180129.

Pausan M.R., Csorba C., Singer G. et al. Exploring the Archaeome:
Detection of Archaeal Signatures in the Human Body. Front Micro-
biol. 2019;10:2796. https://doi.org/10.3389/fmicb.2019.02796.

Man W.H., de Steenhuijsen Piters W.A., Bogaert D. The microbiota of
the respiratory tract: gatekeeper to respiratory health. Nat Rev Micro-
biol. 2017;15(5):259-270. https://doi.org/10.1038/nrmicro.2017.14.
Dickson R.P., Erb-Downward J.R., Freeman C.M. et al. Spatial
variation in the healthy human lung microbiome and the adap-
ted island model of lung biogeography. Ann Am Thorac Soc.
2015;12(6):821-830.

Saeedi P., Salimian J., Ahmadi A., Imani Fooladi A.A. The tran-
sient but not resident (TBNR) microbiome: a Yin Yang model
for lung immune system. Inhal Toxicol. 2015;27(10):451-461.
https://doi.org/10.3109/08958378.2015.1070220.

Stoma 1.0. Microbiota of the respiratory system. In: Respiratory
medicine. In 4 volumes. A.G. Chuchalin, ed. 3rd ed., additional
and revised. Moscow: Pulmomedia; 2024. Vol. 1, ch. 6. P. 264—
267. (In Russ.).

Feng Z.H., Li Q. Liu S.R. et al. Comparison of Composition and
Diversity of Bacterial Microbiome in Human Upper and Lower
Respiratory Tract. Chin Med J (Engl). 2017;130(9):1122-1124.
https://doi.org/10.4103/0366-6999.204934.

Kozyrev E.A., Babachenko 1.V., Sidorenko S.V. Modern aspects
of the study of respiratory microbiota and its role in the develop-
ment of lower respiratory tract infections. Infektsionnyye bolezni.
2022;20(1):99-106. (In Russ.) hitps://doi.org/10.20953/1729-
9225-2022-1-99-106.

Dickson R.P., Erb-Downward J.R., Huffnagle G.B. Towards an
ecology of the lung: new conceptual models of pulmonary mi-
crobiology and pneumonia pathogenesis. Lancet Respir Med.
2014;2(3):238-246. https://doi.org/10.1016/S2213-2600(14)
70028-1.

Andriyanova 1.V. Microecological characteristics of the nasopha-
ryngeal microbiota of healthy children in various age groups. Mat
i Ditya v Kuzbasse. 2023;2(93):10-16. (In Russ.).

Dickson R.P., Erb-Downward J.R., Freeman C.M. et al. Bacterial
topography of the healthy human lower respiratory tract. MBio.
2017;8(1):e02287-16. https://doi.org/10.1128/mBi0.02287-16.
Kelly M.S., Shi P., Boiditswe S.C. et al. The role of the microbiota
in respiratory virus-bacterial pathobiont relationships in the upper
respiratory tract. medRxiv [Preprint]. 2024:2024.10.22.24315478.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

NMnATO®PU3NONOINNA — MEAULIUHE
PATHOPHYSIOLOGY — MEDICINE

https://doi.org/10.1101/2024.10.22.24315478. Update in: Nat
Commun. 2025;16(1):5195. https://doi.org/10.1038/s41467-025-
60552-4.

Wylie K.M. The Virome of the Human Respiratory Tract.
Clin Chest Med. 2017;38(1):11-19. https://doi.org/10.1016/j.
ccm.2016.11.001.

Pulvirenti G., Parisi G.F., Giallongo A. et al. Lower Airway Mi-
crobiota. Front Pediatr. 2019;7:393. https://doi.org/10.3389/fped.
2019.00393.

Koskinen K., Pausan M.R., Perras A.K. et al. First Insights
into the Diverse Human Archaeome: Specific Detection of
Archaea in the Gastrointestinal Tract, Lung, and Nose and
on Skin. mBio. 2017;8(6):€00824-17. https://doi.org/10.1128/
mBi0.00824-17.

Yang D., Xing Y., Song X., Qian Y. The impact of lung microbiota
dysbiosis on inflammation. Immunology. 2020;159(2):156-166.
https://doi.org/10.1111/imm.13139.

Zelasko S., Swaney M.H., Sandstrom S. et al. Early-life upper
airway microbiota are associated with decreased lower respirato-
ry tract infections. J Allergy Clin Immunol. 2025;155(2):436-450.
https://doi.org/10.1016/j.jaci.2024.11.008.

Jiang X., Zhang S. Respiratory microbiota, host immu-
nity, respiratory viral infections and malignant tumors.
Front Microbiol. 2025;16:1626077. https://doi.org/10.3389/
fmicb.2025.1626077.

Wang D., Cheng J., Zhang J. et al. The Role of Respiratory Mi-
crobiota in Lung Cancer. Int J Biol Sci. 2021;17(13):3646-3658.
https://doi.org/10.7150/ijbs.51376.

Stricker S., Hain T., Chao C.M., Rudloff S. Respiratory and Intes-
tinal Microbiota in Pediatric Lung Diseases-Current Evidence of
the Gut-Lung Axis. Int J Mol Sci. 2022;23(12):6791. https://doi.
0rg/10.3390/ijms23126791.

Neamatollahi A.N., Tarashi S., Ebrahimzadeh N. et al. Blood
and sputum microbiota composition in Afghan immigrants
and Iranian subjects with pulmonary tuberculosis. Iran J Mi-
crobiol. 2024;16(3):342-350. https://doi.org/10.18502/ijm.
v16i3.15766.

Sakwinska O., Bastic Schmid V., Berger B. et al. Nasopharyn-
geal microbiota in healthy children and pneumonia patients. J
Clin Microbiol. 2014;52(5):1590-1594. https://doi.org/10.1128/
JCM.03280-13.

Li R, Li J., Zhou X. Lung microbiome: new insights into the
pathogenesis of respiratory diseases. Signal Transduct Target
Ther. 2024;9(1):19. https://doi.org/10.1038/s41392-023-01722-y.
Liu C., Wu K., Sun T. et al. Effect of invasive mechanical ven-
tilation on the diversity of the pulmonary microbiota. Crit Care.
2022;26(1):252. https://doi.org/10.1186/s13054-022-04126-6.
Perumal R., Somboro A.M., Tulsi J. et al. The gut and lung mi-
crobiome across the TB disease spectrum. Front Microbiol.
2025;16:1643900. https://doi.org/10.3389/fmicb.2025.1643900.
Xiao G., Cai Z., Guo Q. et al. Insights into the Unique Lung
Microbiota  Profile  of Pulmonary Tuberculosis Patients

POCCUINCKUE BUOMEANLMHCKUE NCCNELOBAHUA

RUSSIAN BIOMEDICAL RESEARCH




NMATOPU3NOJIOTNA — MEAULIUHE
PATHOPHYSIOLOGY — MEDICINE

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Using Metagenomic Next-Generation Sequencing. Microbiol Spectr.
2022;10(1):e0190121. https://doi.org/10.1128/spectrum.01901-21.
Eshetie S., van Soolingen D. The respiratory microbiota:
new insights into pulmonary tuberculosis. BMC Infect Dis.
2019;19(1):92. https://doi.org/10.1186/s12879-019-3712-1.

Lin D., Wang X., Li Y. et al. Sputum microbiota as a potential
diagnostic marker for multidrug-resistant tuberculosis. Int J Med
Sci. 2021;18(9):1935-1945. https://doi.org/10.7150/ijms.53492.
Zhang M., Shen L., Zhou X., Chen H. The Microbiota of Human
Lung of Pulmonary Tuberculosis and the Alteration Caused by
Anti-tuberculosis Drugs. Curr Microbiol. 2022;79(11):321. https:/
doi.org/10.1007/s00284-022-03019-9.

Dodge A.G., Richman J.E., Johnson G., Wackett L.P. Metabolism
of thioamides by Ralstonia pickettii TA. Appl Environ Microbiol.
2006;72(12):7468-7476. https://doi.org/10.1128/AEM.01421-06.
O'Neill K., Bradley J.M., Johnston E. et al. Reduced bacterial
colony count of anaerobic bacteria is associated with a worsen-
ing in lung clearance index and inflammation in cystic fibrosis.
PLoS One. 2015;10(5):e0126980. https://doi.org/10.1371/jour-
nal.pone.0126980.

Hu Y., Kang Y., Liu X. et al. Distinct lung microbial community
states in patients with pulmonary tuberculosis. Sci China Life Sci.
2020;63(10):1522-1533. https://doi.org/10.1007/s11427-019-1614-0.
Kang T., Kim T., Ryoo S. Detection of airborne bacteria from
patient spaces in tuberculosis hospital. Int J Mycobacteriol.
2020;9(3):293-295. https://doi.org/10.4103/ijmy.ijmy_115_20.
Ferreira M.D., Neves C.P.D., Souza A.B. et al. Predictors of mor-
tality among intensive care unit patients coinfected with tubercu-
losis and HIV. J Bras Pneumol. 2018;44(2):118-124. https://doi.
org/10.1590/s1806-37562017000000316.

Vasilyeva E.B., Klochkova L.V., Korol O.I. et al. Tuberculosis in
children and adolescents: A guide. Saint Petersburg: Piter; 2005.
432 p. (In Russ.). EDN: TAMADF.

Levanovich V.V., Timchenko V.N., Arkhipova Yu.A. et al. HIV in-
fection at the turn of the century. Saint Petersburg: N-L Publi-
shing House; 2012. 496 p. (In Russ.). EDN: VGTUWB.

Arnold B.J., Huang I.T., Hanage W.P. Horizontal gene trans-
fer and adaptive evolution in bacteria. Nat Rev Microbiol.
2022;20(4):206-218. https://doi.org/10.1038/s41579-021-00650-4.
Das S., Bombaywala S., Srivastava S. et al. Genome plasticity
as a paradigm of antibiotic resistance spread in ESKAPE patho-
gens. Environ Sci Pollut Res Int. 2022;29(27):40507-40519.
https://doi.org/10.1007/s11356-022-19840-5.

Reva O., Korotetskiy I., llin A. Role of the horizontal gene ex-
change in evolution of pathogenic Mycobacteria. BMC Evol Biol.
2015;15 Suppl 1(Suppl 1):S2. https://doi.org/10.1186/1471-2148-
15-S1-S2.

Anisimova A.l., Pavlova M.V., Archakova L.I. et al. Mycobacterio-
sis of the lungs: difficulties of diagnosis and treatment (literature
review). Meditsinskiy Alians. 2020;8(1):25-31. (In Russ.).

Ding L., Liu Y., Wu X. et al. Pathogen Metagenomics Reveals
Distinct Lung Microbiota Signatures Between Bacteriologi-

POCCUMNCKUE BUOMEANLMHCKUE UCCNEAOBAHUA

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

62.

19

cally Confirmed and Negative Tuberculosis Patients. Front Cell
Infect  Microbiol. ~ 2021;11:708827.  https://doi.org/10.3389/
fcimb.2021.708827.

Yagi K., Huffnagle G.B., Lukacs N.W., Asai N. The Lung Microbi-
ome during Health and Disease. Int J Mol Sci. 2021;22(19):10872.
https://doi.org/10.3390/ijms221910872.

Yuksel N., Gelmez B., Yildiz-Pekoz A. Lung Microbiota: Its Rela-
tionship to Respiratory System Diseases and Approaches for Lung-
Targeted Probiotic Bacteria Delivery. Mol Pharm. 2023;20(7):3320—
3337. https://doi.org/10.1021/acs.molpharmaceut.3c00323.
Kristensen M., de Koff E.M., Chu M.L. et al. 16S rRNA-Based
Microbiota Profiling Assists Conventional Culture Analysis of
Airway Samples from Pediatric Cystic Fibrosis Patients. Micro-
biol Spectr. 2023;11(3):e0405722. https://doi.org/10.1128/spec-
trum.04057-22.

Yen T.Y., Hsu C., Lee N.C. et al. Signatures of lower respira-
tory tract microbiome in children with severe community-acquired
pneumonia using shotgun metagenomic sequencing. J Micro-
biol Immunol Infect. 2025;58(1):86-93. https://doi.org/10.1016/.
jmii.2024.11.011.

Almas S., Carpenter R.E., Singh A. et al. Deciphering Microbiota
of Acute Upper Respiratory Infections: A Comparative Analy-
sis of PCR and mNGS Methods for Lower Respiratory Traffi-
cking Potential. Adv Respir Med. 2023;91(1):49-65. https://doi.
org/10.3390/arm91010006.

Grgnseth R., Drengenes C., Wiker H.G. et al. Protected sam-
pling is preferable in bronchoscopic studies of the airway
microbiome. ERJ Open Res. 2017;3(3):00019-2017. https://doi.
org/10.1183/23120541.00019-2017.

Cai Y., Fan Y., Chen A. et al. Characteristics of upper and lower
respiratory tract microbiota after lung transplantation. Respir Res.
2025;26(1):160. https://doi.org/10.1186/s12931-025-03235-4.
Mehta P. Dry Powder Inhalers: A Focus on Advancements in
Novel Drug Delivery Systems. J Drug Deliv. 2016;2016:8290963.
https://doi.org/10.1155/2016/8290963.

Wachtel H., Kattenbeck S., Dunne S., Disse B. The Respimat®
Development Story: Patient-Centered Innovation. Pulm Ther.
2017;3:19-30. https://doi.org/10.1007/s41030-017-0040-8.
Pritchard J.N. Industry guidance for the selection of a delivery
system for the development of novel respiratory products. Ex-
pert Opin Drug Deliv. 2015;12(11):1755-1765. https://doi.org/
10.1517/17425247.2015.1056148.

Nicola T., Wenger N., Xu X. et al. A lactobacilli-based inhaled live
biotherapeutic product attenuates pulmonary neutrophilic inflam-
mation. Nat Commun. 2024;15(1):7113. https://doi.org/10.1038/
s41467-024-51169-0.

Khatiwada S., Subedi A. Lung microbiome and coronavirus
disease 2019 (COVID-19): Possible link and implications.
Hum Microb J. 2020;17:100073. https://doi.org/10.1016/}.hu-
mic.2020.100073.

Querido S.M., Back-Brito G.N., Dos Santos S.S. et al. Op-
portunistic microorganisms in patients undergoing anti-

2026;11(1):7-22

RUSSIAN BIOMEDICAL RESEARCH




20

1%
1.

2026;11(1):7-22

biotic therapy for pulmonary tuberculosis. Braz J Micro-
biol. 2011;42(4):1321-1328. https://doi.org/10.1590/S1517-
838220110004000012.

TEPATYPA

World Health Organization. Global tuberculosis report. 2024.
WHO; 2024.

WHO. Documentation for World Health Assembly 67. URL: http:/
apps.who.int/gb/ebwhalpdf_fi 1es/WHA67/A67_11-en.pdf (nata
obpauyenus: 20.11.2025).

KnuHnueckne pekomergaumn. TyGepkynes y B3pocnbix. 2024
2025-2026 (15.05.2024). YtBepxpeHbl MuH3gpaBom PO.
URL:  https://gptd-gorlovka.gosuslugi.ru/netcat_files/8/9/1415_
kr24A15A19MZ.pdf (nata obpayequs: 25.11.2025).

World Health Organization. WHO global lists of high burden
countries for tuberculosis (TB), TB/HIV and multidrug/ rifampicin-
resistant TB (MDR/RR-TB), 2021-2025: background docu-
ment. Geneva: World Health Organization; 2021. URL: https://
apps.who.int/iris/handle/10665/341980  (gata  obpalyeHus:
20.11.2025).

KnuHuueckune pekomeHgaumuu. Tybepkynes y geteir. 2024-2025-
2026 (18.09.2024). YtBepxaeHbl Munagpasom PO. URL: https:/
disuria.ru/_|d/16/1648_kr24A15A19kMZ.pdf (maTta obpatyeHus:
25.11.2025)

MasHcknin A.H. MatoreHeTnyeckas mukpobuonorus. HuxHui
Hosropoa: /13a-8o HI'MA; 2006. 518 c.

Mathieu E., Escribano-Vazquez U., Descamps D. et al. Para-
digms of Lung Microbiota Functions in Health and Disease,
Particularly, in Asthma. Front Physiol. 2018;9:1168. https://doi.
org/10.3389/fphys.2018.01168.

Gleeson K., Eggli D.F., Maxwell S.L. Quantitative aspiration du-
ring sleep in normal subjects. Chest. 1997;111(5):1266-1272.
https://doi.org/10.1378/chest.111.5.1266.

3axaposa W.H., KacbsiHoBa A.H., Knumos J1.4. n gp. Mukpobrom
pecnupaTopHOro TpakTa: 4To W3BECTHO cerogHs? [leduampus.
2018;(4):10-17. https://doi.org/10.26442/24138460.2018.4.180129.
Pausan M.R., Csorba C., Singer G. et al. Exploring the Ar-
chaeome: Detection of Archaeal Signatures in the Human
Body. Front Microbiol. 2019;10:2796. https://doi.org/10.3389/
fmich.2019.02796.

Man W.H., de Steenhuijsen Piters W.A., Bogaert D. The micro-
biota of the respiratory tract: gatekeeper to respiratory health.
Nat Rev Microbiol. 2017;15(5):259-270. https://doi.org/10.1038/
nrmicro.2017.14.

Dickson R.P., Erb-Downward J.R., Freeman C.M. et al. Spatial
variation in the healthy human lung microbiome and the adap-
ted island model of lung biogeography. Ann Am Thorac Soc.
2015;12(6):821-830.

Saeedi P., Salimian J., Ahmadi A., Imani Fooladi A.A. The tran-
sient but not resident (TBNR) microbiome: a Yin Yang model
for lung immune system. Inhal Toxicol. 2015;27(10):451-461.
https://doi.org/10.3109/08958378.2015.1070220.

14.

20.

21.

22.

23.

24.

25.

26.

27.

NMnATO®PU3NONOINNA — MEAULIUHE
PATHOPHYSIOLOGY — MEDICINE

Croma W.0. MukpoburoTa pecnnpaTopHom cuctembl. B kH.: Pecnu-
patopHas MegnumHa. B 4 1. A.l. YyyanuH, pea. 3-e usg., gon. v
nepepab. M.: MynsmoMegua; 2024. T. 1, rn. 6. C. 264-267.
Feng Z.H., Li Q. Liu S.R. et al. Comparison of Composition and
Diversity of Bacterial Microbiome in Human Upper and Lower
Respiratory Tract. Chin Med J (Engl). 2017;130(9):1122-1124.
https://doi.org/10.4103/0366-6999.204934.

Kosbipes E.A., babaueHko W.B., CugopeHko C.B. CoBpemeHHble
acnekTbl U3y4YeHUs PecnmpaTopHOil MUKPODWOTBLI 1 ee ponb B
Pa3BUTUM UHADEKLMIN HUKHUX OblXaTeNbHbIX NyTel. MHEKYUOH-
Hble 6onesHu. 2022;20(1):99-106. https://doi.org/10.20953/1729-
9225-2022-1-99-106.

Dickson R.P., Erb-Downward J.R., Huffnagle G.B. Towards an
ecology of the lung: new conceptual models of pulmonary mi-
crobiology and pneumonia pathogenesis. Lancet Respir Med.
2014;2(3):238-246. https://doi.org/10.1016/S2213-2600(14)
70028-1.

AHngpusiHoBa W.B. Mukpoakonornyeckas xapaktepuctuka MUKpo-
OMOTbI HOCOTMOTKN 3[0POBLIX AETEN B Pa3nuyHbIX BO3PACTHbIX
rpynnax. Mams u dums e Kysbacce. 2023;2(93):10-16.

Dickson R.P., Erb-Downward J.R., Freeman C.M. et al. Bacterial
topography of the healthy human lower respiratory tract. MBio.
2017;8(1):e02287-16. https://doi.org/10.1128/mBi0.02287-16.
Kelly M.S., Shi P., Boiditswe S.C. et al. The role of the microbiota
in respiratory virus-bacterial pathobiont relationships in the upper
respiratory tract. medRxiv [Preprint]. 2024:2024.10.22.24315478.
https://doi.org/10.1101/2024.10.22.24315478. Update in: Nat
Commun. 2025;16(1):5195. https://doi.org/10.1038/s41467-025-
60552-4.

Wylie K.M. The Virome of the Human Respiratory Tract.
Clin Chest Med. 2017;38(1):11-19. https://doi.org/10.1016/j.
ccm.2016.11.001.

Pulvirenti G., Parisi G.F., Giallongo A. et al. Lower Airway Micro-
biota. Front Pediatr. 2019;7:393. https://doi.org/10.3389/fped.
2019.00393.

Koskinen K., Pausan M.R., Perras AK. et al. First Insights into
the Diverse Human Archaeome: Specific Detection of Archaea in
the Gastrointestinal Tract, Lung, and Nose and on Skin. mBio.
2017;8(6):e00824—-17. https://doi.org/10.1128/mBio.00824-17.
Yang D., Xing Y., Song X., Qian Y. The impact of lung microbiota
dysbiosis on inflammation. Immunology. 2020;159(2):156-166.
https://doi.org/10.1111/imm.13139.

Zelasko S., Swaney M.H., Sandstrom S. et al. Early-life upper
airway microbiota are associated with decreased lower respirato-
ry tract infections. J Allergy Clin Immunol. 2025;155(2):436-450.
https://doi.org/10.1016/j.jaci.2024.11.008.

Jiang X., Zhang S. Respiratory microbiota, host immunity, re-
spiratory viral infections and malignant tumors. Front Microbiol.
2025;16:1626077. https://doi.org/10.3389/fmicb.2025.1626077.
Wang D., Cheng J., Zhang J. et al. The Role of Respiratory
Microbiota in Lung Cancer. Int J Biol Sci. 2021;17(13):3646-
3658. https://doi.org/10.7150/ijbs.51376.

POCCUINCKUE BUOMEANLMHCKUE NCCNELOBAHUA

RUSSIAN BIOMEDICAL RESEARCH




NMATOPU3NOJIOTNA — MEAULIUHE 21
PATHOPHYSIOLOGY — MEDICINE

28. Stricker S., Hain T., Chao C.M., Rudloff S. Respiratory and Intes- losis and HIV. J Bras Pneumol. 2018;44(2):118-124. https://doi.
tinal Microbiota in Pediatric Lung Diseases-Current Evidence of org/10.1590/s1806-37562017000000316.
the Gut-Lung Axis. Int J Mol Sci. 2022;23(12):6791. https://doi. ~ 43. Bacunbesa E.B., Knoukosa /1.B., Koponb O.W. n gp. Tybepkynes
org/10.3390/ijms23126791. y AeTel n nogpocTkoB: pykooacTso. Cl1B.: Mutep; 2005. 432 c.

29. Neamatollahi A.N., Tarashi S., Ebrahimzadeh N. et al. Blood EDN: TAMADF.
and sputum microbiota composition in Afghan immigrants 44. [llesaHosuy B.B., TumueHko B.H., Apxunosa t0.A. n ap. BUY-
and Iranian subjects with pulmonary tuberculosis. Iran J Mi- WHepekuns Ha pybexe BekoB. CM6.. H-N; 2012. 496 c. EDN:
crobiol. 2024;16(3):342-350. https://doi.org/10.18502/ijm. VGTUWB.
v16i3.15766. 45. Armold B.J., Huang I.T., Hanage W.P. Horizontal gene trans-

30. Sakwinska O., Bastic Schmid V., Berger B. et al. Nasopharyn- fer and adaptive evolution in bacteria. Nat Rev Microbiol.
geal microbiota in healthy children and pneumonia patients. 2022;20(4):206-218. https://doi.org/10.1038/s41579-021-00650-4.
J Clin Microbiol. 2014;52(5):1590-1594. https://doi.org/10.1128/  46. Das S., Bombaywala S., Srivastava S. et al. Genome plasticity
JCM.03280-13. as a paradigm of antibiotic resistance spread in ESKAPE patho-

31. LiR, LiJ., Zhou X. Lung microbiome: new insights into the patho- gens. Environ Sci Pollut Res Int. 2022;29(27):40507-40519.
genesis of respiratory diseases. Signal Transduct Target Ther. https://doi.org/10.1007/511356-022-19840-5.
2024;9(1):19. https://doi.org/10.1038/s41392-023-01722-y. 47. Reva O., Korotetskiy I, llin A. Role of the horizontal gene exchange

32. Liu C., Wu K., Sun T. et al. Effect of invasive mechanical ven- in evolution of pathogenic Mycobacteria. BMC Evol Biol. 2015;15
tilation on the diversity of the pulmonary microbiota. Crit Care. Suppl 1(Suppl 1):S2. https://doi.org/10.1186/1471-2148-15-S1-S2.
2022;26(1):252. https://doi.org/10.1186/s13054-022-04126-6. 48. Anucumosa A.W., Masnosa M.B., Apuakosa Jl./. n gp. Muko-

33. Perumal R., Somboro A.M., Tulsi J. et al. The gut and lung mi- 6aKTepuo3bl Nerkux: CNOXHOCTU JNarHOCTUKN U neyeHns (063op
crobiome across the TB disease spectrum. Front Microbiol. nutepartypbl). Meduyurckuli anbsHe. 2020;8(1):25-31.
2025;16:1643900. https://doi.org/10.3389/fmicb.2025.1643900. 49. Ding L., Liu Y., Wu X. et al. Pathogen Metagenomics Reveals

34. Xiao G., Cai Z., Guo Q. et al. Insights into the Unique Lung Distinct Lung Microbiota Signatures Between Bacteriologi-
Microbiota  Profile of Pulmonary Tuberculosis Patients cally Confirmed and Negative Tuberculosis Patients. Front Cell
Using Metagenomic Next-Generation Sequencing. Microbiol Spectr. Infect  Microbiol.  2021;11:708827.  https://doi.org/10.3389/
2022;10(1):e0190121. https://doi.org/10.1128/spectrum.01901-21. fcimb.2021.708827.

35. Eshetie S., van Soolingen D. The respiratory microbiota:  50. Yagi K., Huffnagle G.B., Lukacs N.W., Asai N. The Lung Microbi-
new insights into pulmonary tuberculosis. BMC Infect Dis. ome during Health and Disease. Int J Mol Sci. 2021;22(19):10872.
2019;19(1):92. https://doi.org/10.1186/s12879-019-3712-1. https://doi.org/10.3390/ijms221910872.

36. Lin D., Wang X., Li Y. et al. Sputum microbiota as a potential  51. Yuksel N., Gelmez B., Yildiz-Pekoz A. Lung Microbiota: Its Rela-
diagnostic marker for multidrug-resistant tuberculosis. Int J Med tionship to Respiratory System Diseases and Approaches for Lung-
Sci. 2021;18(9):1935-1945. https://doi.org/10.7150/ijms.53492. Targeted Probiotic Bacteria Delivery. Mol Pharm. 2023;20(7):3320—

37. Zhang M., Shen L., Zhou X., Chen H. The Microbiota of Human 3337. https://doi.org/10.1021/acs.molpharmaceut.3c00323.

Lung of Pulmonary Tuberculosis and the Alteration Caused by  52. Kristensen M., de Koff E.M., Chu M.L. et al. 16S rRNA-Based
Anti-tuberculosis Drugs. Curr Microbiol. 2022;79(11):321. https:/ Microbiota Profiling Assists Conventional Culture Analysis of
doi.org/10.1007/s00284-022-03019-9. Airway Samples from Pediatric Cystic Fibrosis Patients. Micro-

38. Dodge A.G., Richman J.E., Johnson G., Wackett L.P. Metabolism biol Spectr. 2023;11(3):e0405722. https://doi.org/10.1128/spec-
of thioamides by Ralstonia pickettii TA. Appl Environ Microbiol. trum.04057-22.
2006;72(12):7468-7476. https://doi.org/10.1128/AEM.01421-06.  53. Yen T.Y.,, Hsu C., Lee N.C. et al. Signatures of lower respira-

39. O'Neill K., Bradley J.M., Johnston E. et al. Reduced bacterial tory tract microbiome in children with severe community-acquired
colony count of anaerobic bacteria is associated with a worse- pneumonia using shotgun metagenomic sequencing. J Micro-
ning in lung clearance index and inflammation in cystic fibrosis. biol Immunol Infect. 2025;58(1):86-93. https://doi.org/10.1016/.
PLoS One. 2015;10(5):e0126980. https://doi.org/10.1371/jour- jmii.2024.11.011.
nal.pone.0126980. 54. Almas S., Carpenter R.E., Singh A. et al. Deciphering Microbiota

40. Hu Y., Kang Y., Liu X. et al. Distinct lung microbial community of Acute Upper Respiratory Infections: A Comparative Analy-
states in patients with pulmonary tuberculosis. Sci China Life Sci. sis of PCR and mNGS Methods for Lower Respiratory Traffi-
2020;63(10):1522-1533. https://doi.org/10.1007/s11427-019-1614-0. cking Potential. Adv Respir Med. 2023;91(1):49-65. https://doi.

41. Kang T, Kim T., Ryoo S. Detection of airborne bacteria from org/10.3390/arm91010006.
patient spaces in tuberculosis hospital. Int J Mycobacteriol. ~ 55. Graenseth R., Drengenes C., Wiker H.G. et al. Protected sam-
2020;9(3):293-295. https://doi.org/10.4103/ijmy.ijmy_115_20. pling is preferable in bronchoscopic studies of the airway mi-

42. Ferreira M.D., Neves C.P.D., Souza A.B. et al. Predictors of mor- crobiome. ERJ Open Res. 2017;3(3):00019-2017. https://doi.
tality among intensive care unit patients coinfected with tubercu- org/10.1183/23120541.00019-2017.

POCCUMNCKUE BUOMEANLMHCKUE UCCNEAOBAHUA

2026;11(1):7-22
RUSSIAN BIOMEDICAL RESEARCH




22

56. CaiY., Fan Y., Chen A. et al. Characteristics of upper and lower
respiratory tract microbiota after lung transplantation. Respir
Res. 2025;26(1):160. https://doi.org/10.1186/512931-025-03235-4.

57. Mehta P. Dry Powder Inhalers: A Focus on Advancements in
Novel Drug Delivery Systems. J Drug Deliv. 2016;2016:8290963.
https://doi.org/10.1155/2016/8290963.

58. Wachtel H., Kattenbeck S., Dunne S., Disse B. The Respimat®
Development Story: Patient-Centered Innovation. Pulm Ther.
2017;3:19-30. https://doi.org/10.1007/s41030-017-0040-8.

59. Pritchard J.N. Industry guidance for the selection of a deli-
very system for the development of novel respiratory products.
Expert Opin Drug Deliv. 2015;12(11):1755-1765. https://doi.org/
10.1517/17425247.2015.1056148.

NMnATO®PU3NONOINNA — MEAULIUHE
PATHOPHYSIOLOGY — MEDICINE

60. Nicola T., Wenger N., Xu X. et al. A lactobacilli-based inhaled live
biotherapeutic product attenuates pulmonary neutrophilic inflam-
mation. Nat Commun. 2024;15(1):7113. https://doi.org/10.1038/
s41467-024-51169-0.

61. Khatiwada S., Subedi A. Lung microbiome and coronavirus
disease 2019 (COVID-19): Possible link and implications.
Hum Microb J. 2020;17:100073. https://doi.org/10.1016/j.hu-
mic.2020.100073.

62. Querido S.M., Back-Brito G.N., Dos Santos S.S. et al. Op-
portunistic microorganisms in patients undergoing anti-
biotic therapy for pulmonary tuberculosis. Braz J Micro-
biol. 2011;42(4):1321-1328. https://doi.org/10.1590/S1517-
838220110004000012.

Authors’ info

llya A. Baranov — Postgraduate Student, Department

of Microbiology, Virology and Immunology

E-mail: iliabaranov2001@yandex.ru;
https://orcid.org/0000-0001-9741-0230; SPIN: 9869-5443

Nikita V. Tivirikin — Graduate Student, Department

of Phthisiology. E-mail: nikitasakhanevich@yandex.ru

Aleksey V. Derevyanko — Cand. Sci. (Med.), Associate Professor,
Department of Socially Significant Infections and Phthisiopul-
monology, Pavlov First Saint Petersburg State Medical University;
Assistant Professor, Department of Phthisiology,

Saint Petersburg State Pediatric Medical University

E-mail: bronchology@yandex.ru;
https://orcid.org/0009-0000-4549-089X; SPIN: 1479-1926

* Dmitry P. Gladin — Cand. Sci. (Med.), Associate Professor,
Acting Head of the Department of Microbiology, Virology

and Immunology. E-mail: gladin1975@mail.ru;
https://orcid.org/ 0000-0003-4957-7110; SPIN: 8149-9885
Elizaveta S. Zubareva — Lecturer, Department

of Medical Biology. E-mail: elizaveta_zubarevas@mail.ru;
https://orcid.org/0009-0008-1068-1109; SPIN: 5953-9965
Nadezhda S. Kozlova — Cand. Sci. (Med.), Associate Professor,
Department of Microbiology, Virology and Immunology.
E-mail: spbkns@gmail.com;
https://orcid.org/0000-0002-6713-4156; SPIN: 7914-4401
Marina E. Lozovskaya — Dr. Sci. (Med.), Professor,

Head of the Department of Phthisiology.

E-mail: lozovskaja-marina@mail.ru;
https://orcid.org/0000-0001-5777-278X SPIN: 7650-6392

* Corresponding author.
ABTOp, OTBETCTBEHHbIV 3a NEPEMNUCKY.

2026;11(1):7-22

O6 aBTOpax

WUnba AHgpeeBuy bapaHoB — acnupaHT, kadeapa
MUKPOBUMONOrK, BUPYCOMNOTUM U UMMYHOMOTUM.

E-mail: iliabaranov2001@yandex.ru;
https://orcid.org/0000-0001-9741-0230; SPIN: 9869-5443
Hukuta BnagumupoBuy TUBMPUKUH — opavHaTop, kKadeapa
ttusmatpun. E-mail: nikitasakhanevich@yandex.ru

Anekceii BanepbeBuy [lepeBsAHKO — K.M.H., AOLEHT, kadeapa
COLManbHO 3Ha4YMMbIX MHAEKLMIA N DTU3MONYNBMOHONOTUK,
Mepsbii CaHkT-MeTepbyprckuit rocyaapCTBEHHbIA MEANLMHCKUIA
yHuBepcuteT uM. akag. W.M1. Maenosa; accucTeHT, kadeapa
dusnatpumn CaxkT-MeTepbyprekuin rocyAapCTBEHHbIN
neauaTpUyYeCckuin MeSULIMHCKUIA YHUBEPCUTET.

E-mail: bronchology@yandex.ru;
https://orcid.org/0009-0000-4549-089X; SPIN: 1479-1926

* OmuTpwid MaBnoBuY MMaguH — K.M.H., SOLEHT, NCMOMHSIOLMNA
00s13aHHOCTY 3aBeyioLLero kadeapoit Mukpobuonorm,
BUpyconornn 1 ummyHonoruun. E-mail: gladin1975@mail.ru;
https://orcid.org/ 0000-0003-4957-7110; SPIN: 8149-9885
EnusaBerta CepreeBHa 3ybapeBa — npenogasatens, kadeapa
meganumHekoi buonorun. E-mail: elizaveta_zubarevas@mail.ru;
https://orcid.org/0009-0008-1068-1109; SPIN: 5953-9965
Hapexpa CepreeBHa KosznoBa — K.M.H., JOLEHT, kadeapa
MUKPOBMONOrW, BUPYCOMNOTUM U UMMYHOMOTUN.

E-mail: spbkns@gmail.com;
https://orcid.org/0000-0002-6713-4156; SPIN: 7914-4401
MapuHa dayapaoBHa JlozoBckasi — 4.M.H., npodeccop,
3aBeqytoLas kadeapon TusnaTpum.

E-mail: lozovskaja-marina@mail.ru;
https://orcid.org/0000-0001-5777-278X SPIN: 7650-6392

POCCUINCKUE BUOMEANLMHCKUE NCCNELOBAHUA

RUSSIAN BIOMEDICAL RESEARCH



NMATOPU3NOJIOTNA — MEAULIUHE 23
PATHOPHYSIOLOGY — MEDICINE

Original article

©@®CCBY 4.0

UDC 616.8-009.17-008.6+378+371.2+159.922.8-616-053.7
https://doi.org/10.56871/RBR.2026.97.43.002

Gender characteristics of cognitive and emotional status,
cerebral blood flow at different levels of academic stress

Lyubov A. Avtaykina, Alexandra V. Budanova, Denis D. Boriskin, Daria V. Puzakova, Ekaterina V. Arsentieva, Tatiana I. Vlasova

Ogarev National Research Mordovian State University, 68 Bolshevistskaya str., Saransk, Republic of Mordovia, 430005, Russian Federation

For citation: Avtaykina L.A., Budanova A.V., Boriskin D.D., Puzakova D.V., Arsentieva E.V., Vlasova T.l. Gender characteristics of cognitive
and emotional status, cerebral blood flow at different levels of academic stress. Russian Biomedical Research. 2026;11(1):23-31. (In Russ.).
https://doi.org/10.56871/RBR.2026.97.43.002.

Received: 25.12.2025

Revised: 13.02.2026 Accepted: 27.03.2026

Corresponding author:
Lyubov A. Avtaykina.
E-mail:
lavtaykina02@gmail.com

Abstract. Introduction. A progressive trend in the field of healthcare and education is a personalized
approach, which determines the urgency of searching for individual risk factors for the development
of asthenic syndrome in young people in order to create an optimized educational trajectory and
measures to prevent asthenic syndrome. The aim of the study. To evaluate the relationship between
individual psychophysiological characteristics, variations in cerebral blood flow and risk factors for
asthenic syndrome, taking into account gender, and to compare the effectiveness of options for
preventing asthenic syndrome. Materials and methods. The study involved 147 students divided into
two groups based on gender. The students were tested in three stages under different conditions of
basic workload and stress levels through a specially designed and standardized online questionnaire.
The assessment of the personal characteristics of cerebral circulation was carried out using the
rheoencephalography technique. Cognitive training games and transcranial micropolarization were
used for stimulation. Results. Men have more pronounced reserves of cognitive functions, they
demonstrate a more stable state to the basic level of stress and intellectual load, however, with
increasing psychocognitive load, they experience a marked increase in asthenia, which may indicate
limited compensatory resources under prolonged exposure to stress factors. Women, on the contrary,
have a higher predisposition to asthenic manifestations against the background of a basic level of
stress, however, with an increase in the intensity of stress, they demonstrate better adaptation and
less variability in their emotional state. Conclusions. The results of the study indicate that gender
differences have an impact on psychophysiological characteristics under different intellectual and
stress loads. The data obtained can be used to develop individual educational trajectories, while
creating mobile applications to optimize daily routines in order to increase the effectiveness of the
educational process and prevent the development of asthenic syndrome.

Keywords: asthenic syndrome, educational process, cognitive functions, compensatory abilities,
young people
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MonoBble 0c0O6€HHOCTU KOrHUTUBHOIO U 3MOLMOHA/NIBHOTO
cTaTyca, MO3roBoro KPOBOTOKa NMPpU pasHbiX YPOBHAX
aKajeMMuuyecKoro crpecca

MoboBb AnekceeBHa ABTaikuHa, Anekcanapa BuktoposHa bynaHoBa, [lennc Amutpuesny BopuckuH,
[apbs BnagumuposHa lNy3akoa, EkatepuHa BnagumupoBHa ApceHTbeBa, TatbsiHa /iBaHOBHa Brnacosa

HauuoHanbHbI uccnegoBatenbckuii MopAOBCKWiA rocyaapcTBeHHbIN yHuBepcuTeT umenu H.IM. Orapesa, 430005, r. CapaHck,
yn. BonbwesncTckas, a. 68, Pecnybnuka Mopgosus, Poccnitickas ®epfepayus

Ana yumupoeaHrus: AstaiikuHa J1.A., byaaHosa A.B., bopuckun 1.1, My3akosa [1.B., ApceHTbeBa E.B., Bnacosa T./. Monosblie 0cobeHHocTH
KOTHUTWUBHOTO 1 3MOLIMOHANBHOTO CTaTyCca, MO3roBOro KpOBOTOKA NPW PasHbIX YPOBHSAX akafeMU4eckoro cTpecca.
Poccutickue buomeduyuHckue uccnedosarus. 2026;11(1):23-31. https://doi.org/10.56871/RBR.2026.97.43.002.

Moctynuna: 25.12.2025 OpoGpeHa: 13.02.2026 MpuHsaTa k nevatu: 27.03.2026
AgTop Pestome. BeedeHue. [porpeccuBHOi TeHaeHLMe B cdhepe 3apaBoOXpaHeH!st M 06pa3oBaHs
ANA KOPPecnoHAeHUMN:  gBMSETCS NepCOHNMULMPOBAHHDIA NOLX0, YTO 00YCNOBNMBAET aKTyanbHOCTb NOWCKa MHANBMAY-
”*060VBb AnekceesHa anbHbIX PaKTOPOB puCKa pas3BUTUS aCTEHNYECKOTO CUHAPOMA Y UL, MONOLOro BO3pacTa C Lienbo
ABTal_"KV'Ha- CO3/jaHNS ONTUMU3NPOBaHHON 0Opa3oBaTeNbHON TPAEKTOPUI U MePONPUATIIA NO NpodunakTke
E-mail: acTeHMYeckKoro cuHapoma. Ljenb uccnedoeaHusi — OLEHNUTL B3aUMOCBS3b MHANBUAYANbHbIX

lavtaykina02@gmail.com  neyxogmanonoruyeckux 0coBEHHOCTEN, BapuaLiit MO3roOBOTO KPOBOTOKA U (haKTOPOB pucka
Pa3BUTUS aCTEHUYECKOTO CMHAPOMA C y4eTOM NOMOBOW NPUHAANEXHOCTH, CPaBHUTL Apdek-
TUBHOCTb BapUaHTOB NpoUnakTUk acTeHMYeckoro cuHapoma. Mamepuasbsi u Memoosl.
B nccnenosanny npuHsanu yyactue 147 cTyAeHTOB, pa3faenerHbIX Ha fBe rpynnbl No NorioBOMy
npusHaky. CTyAEHTbI NPOLLAM TeCTUPOBaHWE, MPOBEAEHHOE B TPU 3Tana B pa3HbIX YCIOBUSIX
6a30Bo Harpy3k1 1 YpOBHsi CTPECCa NOCPEACTBOM CrieLmanbHo paspaboTaHHOro U cTaHaapTy-
31POBAHHOr0 OHIaNH-aHKETUPOBAHMS. JINYHOCTHbIE 0COBEHHOCTN MO3TOBOTO KPOBOOGpaLLEeHNs
OLIEHMBANY C NOMOLLbI0 METOANKM Peo3HLedanorpacuy. ins CTUMYNSLMM UCONb30BANM UTPbI
Ha TPEHWUPOBKY KOTHUTUBHBIX (PYHKLI 1 TPAHCKpaHUanbHy MUKpononspusaLuio. Peynbmamel.
Y MyX4iH OTMeYeHbI Gonee BbipaXeHHbIE Pe3ePBbl KOTHUTUBHBIX (DYHKLMA, OHW AEMOHCTPUPYIOT
Bonee ycToitunBoe COCTOsIHME Kk 6a30BOMY YPOBHIO CTPECCa N UHTENNEKTyanbHON Harpy3ku,
0ZHaKO Mpu BO3pacTaHNM NCUXOKOTHUTUBHOI Harpy3ku y HUX HabMtoAaeTcs BbIpaXeHHbIN pocT
nokasaTeneil aCTeHNUM, YTO MOXET YKa3blBaTb Ha OrpaHN4eHHbIE BO3MOXHOCTY KOMMEHCATOPHbIX
PECYPCOB NPy ANUTENBHOM BO3IENCTBUN CTPECC-PakTOPOB. Y KEHLWH, HAaNPOTUB, OTMEYEHA
Bonee BbicoKasi NPeLPACNONOXEHHOCTb K aCTEHNYECKUM NPOSIBNEHUsSIM Ha poHe 6a3oBoro
YPOBHS HArpy3Kku1, OAHAKO NPU YBENUYEHUM UHTEHCUBHOCTW CTPECCOBOTO BO3AENCTBUS OHU Ae-
MOHCTPUPYIOT MyYLLYt0 aaanTaLmio N MeHblUY BapuabenbHOCTb SMOLMOHANBHOMO COCTOSIHMS.
Bbig0o0bI. Pe3ynbTaTthl UCCNEA0BaHMS CBUAETENLCTBYIOT, YTO T€HAEPHBIE PA3NUYNs BAMSIOT
Ha NCUX0(NU3NONOrNYECKINE XapaKTEPUCTUKI MPYU Pa3NINYHON MHTENNEKTYaNbHON 1 CTPECCOBOM
Harpyake. [onyyeHHble JaHHble MOTYT UCMOMb30BATLCSA NPU pa3paboTke MHAMBUAYaNbHbIX 06pa-
30BaTENbHbIX TPAEKTOPUIA, CO3AaHNM MOBMIbHBIX NPUNOKEHWU AN ONTUMU3ALLN pacnopsiaka
[1HS1 C LieMNbto NOBbILLEHNS pe3yrnbTaTUBHOCTI 06pa3oBaTeNbHOM npoLecca 1 NpodunakTukm
Pa3BUTUS aCTEHUYECKOTO CUHAPOMA.

KntoueBble cnoBa: acTeHNYeCcknin CUHLPOM, 06pa3oBaTeNbHbI NPOLECC, KOTHUTUBHBIE (PYHKLK,
KOMMEHCATOPHbIE BO3MOXHOCTH, N1Lla MONOAOro Bo3pacTa

WcTouHnk dhmHaHcMpoBaHusA. ABTOpbLI 3asBNSIOT 00 OTCYTCTBUM BHELIHETO (hMHAHCMPOBAHUS
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INTRODUCTION dividuals who had suffered from acute respiratory viral
Recent years have seen a growing trend across infections within the past month were excluded from the
all spheres of life to adopt a personalized approach. study.
The aim is to tailor products and services as closely as Students underwent testing conducted in three
possible to people’s needs and capabilities [1-4]. Edu-  stages under different conditions of baseline workload
cational policy also emphasizes creating personalized and stress levels (Stage 1—mid-semester; Stage 2 —
learning paths for each student, taking into account during exam period; and Stage 3 — before and after
their individual characteristics [2-4]. Knowledge of stimulation) using a specially developed and standar-
individual characteristics of cognitive status and emo- dized online questionnaire. In the first stage, rheoen-
tional balance, as well as variations in cerebral blood cephalography (REG) with functional tests (REO-
flow, can contribute to creating a system of learning  Spectrum, NeuroSoft LLC) was performed for all re-
that is both highly effective and physiologically sound. spondents; a repeat examination was conducted after
This can significantly improve the effectiveness of edu-  stimulation in the third stage. The correction methods
cational processes and help prevent functional disor- used included the “Neurostim” transcranial micropo-
ders in many organs and systems [1, 5]. larization stimulator (NeuroSoft LLC) and games de-
One such disorder associated with prolonged or in-  signed to train memory and attention. Sixty students
tense psychological and emotional stress is asthenic were selected for stimulation and divided into four
syndrome [6-8]. This is a borderline condition between groups based on the intervention method: Group 1
health and illness, which clinically manifests as an en-  (n,=15 participants)—dual stimulation (combined use
ergy deficit and an inability to maintain functional acti- of the transcranial micropolarization technique and
vity as before (a phenomenon of intolerance to habitual neurostimulation games), Group 2 (n,=15 partici-
activities) [9-11]. pants)—control group; Group 3 (n,=15 participants)—
Thus, identifying the interrelationship between risk transcranial micropolarization in single mode; Group
factors for the asthenic syndrome, indicators of emo- 4 (n,=15 participants)—memory and attention training
tional balance, and cognitive status in young adults is games in single mode.
relevant from the perspective of creating an individua- The online tests “Number Memory” and “Image
lized educational trajectory [12-14]. The use of an opti- Memory” were used to determine the level of short-
mal method to address the aforementioned characteris- term memory. The “Proofreading Test” (letter version)
tics is equally important for enhancing learning progress was used to assess attention characteristics. Indica-
in young individuals and preventing asthenic syndrome tors of emotional balance were examined using the

, 16]. eight-factor Spielberger Personality Questionnaire.

[15, 16] ight-factor Spielb P lity Questi [
Features of higher nervous activity (HNA) were as-

AIM sessed using Y. Streliau’s methodology. Indicators of

To assess the relationship between individual asthenia were studied using the subjective asthenia
psychophysiological indicators, cerebral blood flow assessment scale (MFI-20). Personality-related fea-
characteristics, and risk factors for the development tures of cerebral blood flow were assessed using the
of asthenic syndrome, taking gender into account, as REG methodology (REO-spectrum, NeuroSoft LLC)
well as to compare the effectiveness of methods for with functional testing. The obtained data were ana-

preventing asthenia.TeHun. lyzed by medical statistical methods (normality of dis-
tribution test, parametric t-test, nonparametric U-test,
MATERIALS AND METHODS x> — for assessing the distribution of relative values,

147 third-year students from the Medical Institute of r — correlation coefficient; descriptive statistics with
N.P. Ogarev Moscow State University participated in the the calculation of means and confidence intervals).
study; they were divided into two groups based on gen-  Differences were considered statistically significant at
der: Group 1 (n=111) consisted of women, and Group 2  a probability of a correct prediction of more than 95%
(n=36) consisted of men. Both groups were similarinage.  (p <0.05).

The mean age in Group 1 was 19.36+0.13 years, and

in Group 2, 18.94+0.13 years. The study included ge- RESULTS

nerally healthy participants who reported no complaints. An analysis of the gender-specific characteristics of
They subjectively considered themselves healthy, did not  the higher nervous activity revealed a predominance
take medication on a regular basis, and had no chronic  of the “Strength of Excitation Processes” and “Mobi-
somatic diseases according to their medical records. In- ity of Nervous Processes” in Group 2. The values of
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these indicators at the first stage were 62.32£2.49 and  a significant increase in the group of men (10.63 and
84.15+3.16 conventional units, respectively (p <0.05). 22.79%, respectively; p <0.05).
During the second stage, which involved a period of An analysis of the “Visual Memory Capacity” and “In-
intense physical exertion and stress, a predominance formation Processing Speed” measures demonstrated
of these indicators was also observed in the group of that during the first stage, under a baseline load, their
men, with a slight decrease in both groups. values were approximately the same in both groups:
Assessment of short-term memory revealed the fol-  Group 1 (women) — 724.15+£13.76 and 2.2+0.05 con-
lowing patterns: in both the first and second stages, ventional units; Group 2 (men) — 725.31+£25.21 and
the indicator was higher in the first group (women) du-  2.25+0.08 conventional units. During the second stage
ring the first stage, accounting for 85.99+1.41%, and  of the study, which took place during the exam period,
89.96+1.03% in the second stage. Dynamic changes Group 2 showed an increase in these indicators by
during the exam period under intense intellectual load  16.12 and 48.04%, while Group 1 showed a slight dec-
were characterized by a slight increase in this indicator  rease (p <0.05). The dynamics of some indicators are
in both groups. in Group 1, it amounted to 4.41%, and  shown in Fig. 1.
in Group 2, 4.69% (p <0.05).
The following patterns were identified when evalu-
ating attention measures. The greatest increase during 49,

the second stage of the study, specifically during the 3,‘51_
exam period, was observed across all indicators in 3
Group 2 (men), whereas during the first stage, these 2,2-
indicators were approximately the same in both groups. 45 |

Thus, the attention speed score during the first 14
stage of the study in Group 1 (women) was 4.07£0.10 %7

conventional units; in Group 2 (men) — 4.05+0.15 con- CropocTb ToudocT ~ YMCTBEHHas  CKOPOCTb

ventional units, and at the second stage — 4.94+0.61 BHUMaHWS paBoTsi (1) PaBoTocnocobHoCTL NepepatoTky
: PRCNRT The speed Work Mental Processing

and 10.15+3.75 CUs, respectively. This indicator ofatention  accuracy (1) performance speed

increased by 17.61% in the women’s group and by asa B OKeHLMHB! B MyXUMHbI

60.10% in the men’s group (p <0.05). The task accu- Women ~ Men

racy index was calculated using three methods, and in 12,
all cases, its values in the first stage of the study were 10

higher in the second group (men). They amounted to 8

0.73+£0.02; 0.69+0.02; and 0.90+0.10 conventional 1

units, respectively. Dynamic changes during the exam 1

period compared to the baseline cognitive load period ._l
showed the greatest increase in indicators in the men’s

o N B O

; ; : CkopocTb ToYHOCTb YmMcTBEHHas CkopocTb
group, with minor changes in all three measurements BHm’f,aHm paBoTb! (1) PaGOTOCTOCOGHOCTS MepepaBoTiH
in the women’s group. Changes in the men’s group The speed Work Mental Processing
were 21.27, 24.50, and 4.85%, respectively (p <0.05). ofattenfion  accuracy (1)~ performance speed

The assessment of the “Mental Work Capac- 'm:g:“b' 'm("“'*b'

ity” and “Mental Productivity Coefficient” indicators
revealed similar patterns. At the first stage, their va-
lues were higher in men, amounting to 2.66+0.18 and

Fig.1.  Sexual characteristics and dynamic changes in some
indicators of attention in young people: a — attention
indicators at the 1st stage of the study; b — attention

875.02+54.44 conventional units, respectively. During indicators at the 2nd stage of the study. * — reliability
the exam period, the maximum increase was also ob- of intergroup differences at p <0.05; 1 — determination
served in this group (66.16 and 7.41%), whereas wo- of the indicator according to the first calculation option
men showed the smallest increase (p < 0.05). (figure by the authors of this article)
When assessing the indicators “Attention Concen_ Puc.1. Tlonosble 0COBEHHOCTU N ANHAMUYECKINE N3MEHEHNS HEKO-
tration” and “Sustained Attention,” the highest values TOpbIX 110KA3ATE e BHUMAHI y1””” MOnoAoro Bospacta.
. a — nokKa3aTtenn BHMMaHuU4g Ha 1-M 3Tane uccnenoBaHUs,
were fOl‘,md In wqmen _67'3611 .57 and 146363118'05 6 — nokasatenu BHUMaHUS Ha 2-M 3Tane uccrefoBaHus.
conventional units, respectively. However, in the se- * _ [0CTOBEPHOCTb MEXTpyNNoBbIX OTAMYMI npu p <0,05;
cond stage of the study, a slight decrease in these 1 — onpefieneHme nokasaTens no NepsoMy BapuaHTy pac-
indicators was observed in the group of women and 4eTa (pUCYHOK aBTOPOB AAHHON CTaTbh)

POCCUINCKUE BUOMEANLMHCKUE NCCNELOBAHUA

2026;11(1):23-31
RUSSIAN BIOMEDICAL RESEARCH




NMATOPU3NOJIOTNA — MEAULIUHE
PATHOPHYSIOLOGY — MEDICINE

Thus, a study of gender differences in cognitive
functions and the effects of various levels of intel-
lectual load revealed that short-term memory scores
were higher among women, while attention scores
were higher among men. Maximum dynamic chan-
ges in these indicators under the influence of intense
cognitive loads were observed in the group of men,
indicating a greater reserve of their cognitive capa-
city [17].

The study of asthenia indicators revealed the fol-
lowing patterns. At the first stage of the study, under a
baseline level of psychoemotional stress, the maximum
values for all indicators under study were observed in
the group of women: “General Asthenia” — 12.93+0.76
conventional units, “Physical Asthenia” — 10.83+0.65
CUs, “Psychological Asthenia” — 11.06+£0.78 CUs,
“Reduced Activity” — 12.73£0.90 CUs, and “Dec-
reased Motivation” — 10.34+£0.75 CUs (p <0.05).
However, during the second stage of the study, which
took place during the exam period under the influ-
ence of intense stress, the greatest increase in these
scores was observed in men: “General Asthenia” —
22.32%, “Physical Asthenia” — 19.17%, “Mental As-
thenia” — 39.58%, “Reduced Activity” — 37.75%, and
“Decreased Motivation” — 30.25%. The dynamics and
relationship between gender and asthenia indicators
are presented in Fig. 2.

Consequently, the greatest influence of intellectual
workload and stress factors on asthenia indicators
was observed in men, despite initially higher values in
women, indicating that men adapt to stressors less ef-
fectively [18].

When studying the influence of psychological and
cognitive load and gender on students’ emotional
balance, the following patterns were identified regar-
ding indicators of reactive states . In the first stage,
the “Interest” indicator was highest in men, reaching
24.79£0.88 units, whereas the “Aggression,” “Anxiety,”
and “Depression” indicators were highest in women,
amounting to 11.84+0.35; 17.32+0.58 and 14.01+0.47
CUs, respectively (p <0.05). During the second stage
of the study, influenced by stress, an increase in the
“Aggression,” “Anxiety,” and “Depression” scores was
observed in both groups. Women’s scores increased
by 7.94, 14.04, and 6.23%, respectively, while men’s
scores increased by 2.92%, 10.72, and 11.40%, re-
spectively. The “Interest” score increased by 7.15% in
men and decreased slightly in women during the se-
cond stage (p <0.05).

With regard to personality characteristics of emo-
tional balance, such as “Curiosity,” “Aggressiveness,”
“Anxiety,” and “Depression,” no statistically significant
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Fig. 2.  Sexual characteristics and dynamic changes in asthenia
indicators in young people: a — indicators of asthenia
at the 1st stage of the study; b — indicators of asthenia
at the 2nd stage of the study.* — reliability of intergroup
differences at p <0.05 (figure by the authors of this ar-

ticle)

lMonoBble 0COBEHHOCTM U AUHAMUYECKME U3MEHEHNS NoKa-
3aTenen acTeHWM y NUL, MONOAOTO BO3pacTa: a — nokasare-
nn acTeHwmn Ha 1-m atane uccnefosanms; 6 — nokasarenu
acTeHWM Ha 2-M dTane UCCMeAoBaHus. * — JOCTOBEPHOCTb
MeXrpynnoBbIx oTnnumin npu p <0,05 (pucyHoKk aBTOpOB
AaHHON CTaTbi)

Puc. 2.

changes were observed under stress. The increase
during the exam period was less than 1% for all indi-
cators in both groups.

Thus, the greatest impact on emotional balance,
stress levels, and cognitive load was observed in
women, while their personality traits remained vir-
tually unchanged under the influence of these fac-
tors [19].

In the third stage, 60 participants were divided into
groups based on the stimulation method. Changes in
cognitive functions were characterized by the follo-
wing features. The greatest increase in the short-
term memory score was observed in the first (dual

2026;11(1):23-31
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stimulation) and fourth (neurostimulation games) tively; during head rotation to the right — 0.61+0.02
groups, it amounted to 10.07 and 11.11%, respective- and 0.64+0.01 CUs, respectively; during the orthostatic
ly. The minimum increase was observed in the second test — 0.57£0.03 and 0.62+0.03 CUs, respectively
group (control), amounting to 3.53% . There were no (p <0.05). The data are presented in Fig. 3.
statistically significant differences in attention indica- Arepeat REG recording during the third stage of the
tors between the groups using stimulation. However, study, following stimulation, also demonstrated the ab-
a slight decrease was observed in the control group. sence of a statistically significant correlation with indi-
For example, the “Attention Concentration” measure cators of cognitive function, emotional balance, and the
decreased by 16.04%, the “Visual Memory Capacity” type of stimulation used. During this stage, all groups
measure by 12.17%, and the “Information Processing showed a slight increase in large and medium vessel
Speed” by 7.02% (p <0.05). tone and a minor increase in the “Venous Outflow In-
When investigating the effect of various stimulation  dex” [20].
options on students’ emotional balance, no statistically
significant differences were found between the stimu- DISCUSSION
lation options and their impact on reactive states and This study revealed the following patterns. Men
personality characteristics. Changes identical to the dy-  exhibited more pronounced cognitive reserves, as evi-
namics of emotional balance were observed with regard  denced by the greatest increase in short-term memory
to indicators of asthenia. and attention scores during the phase of intense intel-
When conducting REG at Stage 1 under a baseline lectual exertion. At the same time, men demonstrate
level of psychological and cognitive load, no statisti- greater resilience to baseline levels of stress and
cally significant correlation was found with indicators cognitive load, indicating greater stability of adaptive
of cognitive functions and emotional balance. The ef- mechanisms under standard conditions. However, as
fect of gender was determined for the “Venous Outflow psychocognitive load increases, they exhibit a marked
Index” indicator, since its value was lower in men than rise in asthenia indicators, which may indicate limited
in women,. Moreover, this difference increased during compensatory resources under prolonged exposure to
functional tests: the mean value of indicators for all stressors. In addition, men typically exhibit lower va-
leads during resting recordings was 0.61+0.03 CUs in lues of the rheoencephalographic parameter “venous
men and 0.67+0.01 CUs in women . When recording outflow index” in all leads, both at rest and during func-
REG during head rotation to the left he mean value of tional tests, reflecting characteristics of cerebral blood
indicators was 0.58+0.02 and 0.64+0.01 CUs, respec- flow that may influence the dynamics of cognitive pro-

08 cesses. _ S
' * . . By contrast, women show a higher predisposition to
0.7 . asthenic manifestations under baseline stress levels;
061 however, as the intensity of the stressor increases,
05 they demonstrate better adaptation and less variabi-
04 lity in their emotional state. The greatest influence of
031 emotional stress is manifested in changes in reactive
02 states while personality characteristics remain stable.
011 These data indicate greater flexibility and adaptability
0l of emotional-cognitive mechanisms in women when
®oHoBas MosopoT Mosopor  Oprocratyeckas  activity conditions change.
3anncb ronosbl ronosbl np06a
Background BIEBO BMpaBo Orthostatic
recording Turn head Turn head test CONCLUSIONS
othe et tothe right 1. The study of short-term memory, attention, and
'mmﬂ“%' = MZ;K‘MHH emotional balance revealed greater cognitive reserves

and less lability in reactive states among men.
2. Gender features of cognitive status and emotional
balance in young adults are associated with adaptive
; characteristics under varying degrees of intellectual and
Puc. 3. Tonosbie 0cobeHHOCTW noka3aTenein MO3roBoro KPOBOTOKA ; .
(MHIEKG BEHO3HOMO OTTOKa) Ha 1-M orane. * — nocrosep-  SUTESS load. Greater adaptation to increased stress levels
HOCTb MEXTPYNMOBbIX OTAWYMIA Mpu p <0,05 (pucyHok asTo-  Was obgerved in women, and more adequate adaptation
POB JaHHO CTaTbl) to baseline stress was observed in men.

Fig. 3.  Sexual characteristics of cerebral blood flow (Venous
outflow index) at 1st stage. * — reliability of intergroup
differences at p <0.05 (figure by the authors of this article)
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3. Individual differences in cerebral blood flow had no

discernible effect on cognitive functions, emotional ba-
lance, or indicators of asthenia.

4. Compared to other neurostimulation methods, dual

stimulation and monocorrection using games had the
greatest effect on cognitive functions.

Thus, the obtained data can serve as a basis for

further research aimed at optimizing approaches to
maintain cognitive and emotional health. These ap-
proaches should take gender-specific characteristics
into account. They should also guide individual edu-
cational pathways tailored to students’ gender charac-
teristics and the development of mobile applications to
optimize daily routines for efficient time management,
improving the effectiveness of learning, and preven-
ting the development of asthenic syndrome and other
functional disorders [21-23]
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AONONHUTENIbHAA UH®OPMALLUNA

Bknap aBTopoB. J1.A. ABTailkuHa — paspaboTka
KOHLENUWUN MCCcrneaoBaHus,

HanncaHne WUCXoAHOro

Tekcta; A.B. bygaHoBa — cbop MaTtepuana, yyac-
TME B OCYLLECTBIIEHWW aHanu3a ¥ HanucaHus TEKCTa;
[.[. bopucknH — npoBefeHne 3KCNEPUMEHTAIbHOMO
nccnegosanus; [1.B. Ny3akoBa — BbINONHEHME CTATU-
CTuyeckoro aHanuaa; E.B. ApceHTbeBa — HayyHoe U
TeXHW4Yeckoe pepaktuposaHue; T.M. Bnacosa — no-
CTPOEHME MOAENU MCCNeaoBaHMs, OLEHKa MPOMEXY-
TOYHbIX M OKOHYaTeSbHbIX Pe3yrbTaToB.

Bce aBTOpbI BHECNM CYLIECTBEHHbIN BKaj B pas-

paboTKy KOHUenuuW, npoBeAeHUe MCCnefoBaHns W
NOArOTOBKY CTaTby, NPOYAM U 0J0BpUNKN hUHAMNBHYHO
Bepcuio nepeq nybnukawmen.

KoHdnuKT nHTepecoB. ABTOPbI AEKNapupytoT OT-

CYTCTBUE SIBHbIX 1 NOTEHLMANbHbIX KOHGIMKTOB UHTE-
PECoB, CBS3aHHbIX C NybnukaLmeit HacTosLen cTaTby.

UHchopmmupoBaHHOe cornacue Ha nyGnukauuio.

ABTOpbI NOMy4nnIM NUCbMEHHOE cornacue obcnenye-
MbIX Ha Ny6nMKaLMI0 MEANLMHCKIMX AaHHbIX.
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Abstract. Introduction. Carrageenan-induced edema is the most common in vivo model for
evaluating the therapeutic efficacy of anti-inflammatory drugs. The pathogenesis of carrageenan-
induced edema is based on acute exudative inflammation, in which microcirculation disorders
play an important role. The study of the pathogenesis of microcirculation is of great interest,
both diagnostic and prognostic, in assessing the functional status of the organism. One of the
promising and successfully applied diagnostic methods for studying tissue blood flow is laser
Doppler flowmetry, which makes it possible to assess changes in microcirculatory processes.
The aim is to evaluate tissue blood flow in mice using the laser Doppler flowmetry method in
comparison with plethysmometry parameters in the carrageenan-induced edema model to study
the efficacy and pharmacodynamics of biomedical cellular products and pharmaceutical substances
in preclinical practice. Materials and methods. 40 mice (20 males and 20 females) of the BALB/c
line aged 8-10 weeks were used in the study. During the experiment, carrageenan-induced edema
was modeled, laser Doppler flowmetry and plethysmometry were performed in the area of the
left hind limb of the experimental animal. According to the results of the conducted research, the
following tasks were performed: 1) assessment of tissue perfusion in mice in the area of plantar
aponeurosis in dynamics; 2) plethysmometry in dynamics (assessment of the severity of edema
in animals by changes in the volume of the animal’s paw); 3) comparison of plethysmometry and
laser Doppler flowmetry. It was found that the degree of blood flow restoration and the severity of
edema correlate with each other (the correlation coefficient is 96%). Conclusions. The use of laser
Doppler flowmetry in the carrageenan-induced edema model in mice makes it possible to assess
the state of microcirculation in vivo and dynamically. The method is characterized by accuracy
and high sensitivity, which makes it possible to determine changes in blood microcirculation in
the early stages, including before the “visual” manifestation of edema. At the same time, there is
a high correlation between the data obtained using laser Doppler flowmetry and plethysmometer.
In the future, this method can be widely used in preclinical practice to evaluate the therapeutic
efficacy and pharmacodynamics of drugs under development that affect regional blood circulation
and microcirculation.

Keywords: carrageenan-induced edema, laser Doppler flowmetry, LDF, biological test system
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Pe3stome. BeedeHue. KapparHaH-HayLMpOBaHHbIN 0Tek — Hanbonee pacnpocTpaHeHHast Moaenb
in vivo Ans OLEHKM TepaneBTU4eCckon 3heKTUBHOCTM NPOTMBOBOCNANNTENbHbIX NIEKAPCTBEHHbIX
npenapaTtos. B ocHOBe naToreHesa kapparmHaH-uHOYLMPOBaHHOIO OTeKa NEXWUT 0CTPOE 3Kecyaa-
TUBHOE BOCNAaneHue, B KOTOPOM BaXHYH0 pOIib UrpaeT HapyLleHre MUKpoLupkynauuu. syvenve
naToreHesa MUKpOLMPKYNALMM NpecTaBnseT BONbLIOK UHTEPEC, Kak ANArHOCTUYECKNIA, TaK 1
NPOTHOCTUYECKUIA, NPU OLieHKe (DYHKLMOHANBHOrO cTatyca opraHu3ma. OgHUM M3 nepcnekTue-
HbIX W YCNELUHO NMPUMEHSEMbIX ANArHOCTUYECKMX METOA0B MCCMIEA0BAHMS TKAHEBOTO KPOBOTOKA
ABNSAETCA NadepHas gonnneposckas noymeTpus, KOTopasi NO3BONSET OLEHUTb N3MEHEHNS
MUKPOLIMPKYNATOPHbIX NpOLeccoB. Ljesib — NpOBECTH OLIEHKY TKaHEBOrO KPOBOTOKA B AUHAMUKE
Y Mbllleil MeTo4OM na3epHOn JONNNEepOBCKOM (hrIoyMETpUK B CONOCTABIIEHUMN C NOKa3aTensaMu
NNeTU3MOMETPUM B MOLENM KappariHaH-MHAYLMPOBAHHOO OTeKa ANs U3yYeHUs 3PdeKTUBHOCTM
1 hapmakogMHaMUKM BUOMEANLMHCKNX KNETOUHBIX MPOAYKTOB 1 (hapMaLeBTUYeCKUX cybeTaH-
LM B JOKNUHUYECKoi npakTuke. Mamepuanbi u memodsl. B pabote ucnonbaosany 40 Mblleit
(20 camuos 1 20 camok) nuHumn BALB/c B Bo3pacTe 8-10 Heaenb. B npouecce akcnepumeHTa
MOJEeNUpoBanu kapparmHaH-uHayLMpoBaHHbIA OTeK, NPOBOAUNM NTAa3ePHYI0 AONMNEPOBCKYHO
(bnoymMeTpuio 1 NNeTU3MOMETPUMI0 B 06nacTyu NEBOI 3a4HEN KOHEYHOCTM SKCNEPUMEHTANBHOMO
XmBoTHoro. o peaynsTatam nccnefoBaHNUs BbINOMHEHDI!: 1) OLeHKa TKaHeBOW nepdysun y
MblLLelt B 06nacT NOAOWBEHHOTO anoHeBpo3a B ANHAMUKE; 2) NIETU3MOMETPUS B JUHAMUKe
(oueHKa CTENEHM BbIPAXKEHHOCTW OTEKA Y XMUBOTHbIX MO N3MEHEHW0 06bema fanbl XUBOTHOTO);
3) conocTaBneHne nokasaTenen NneTM3MoMeTpUmM 1 NasepHoN AONNAEPOBCKON DIOyMETPUM.
YCTaHOBIIEHO, YTO CTeNeHb BOCCTAHOBIIEHUS KPOBOTOKA U BbIPAXEHHOCTb OTEKa KOppenupyoT
Mexay coboit (koachpuumeHT koppensuum coctanseT 96%). Bb1eodbl. JlasepHas gonnneposckast
(bnoymeTpus B MOAENN KappariHaH-MHAYLMPOBAHOrO OTeKa Y MblLE NO3BONSET NPUKU3HEHHO
11 B ANHAMUKE OLLeHWUTb COCTOSIHUE MUKPOLMPKYnauun. MeToa oTnnyaeTcs TOYHOCTbIO 1 BbICOKON
4yBCTBUTENBHOCTbIO, C €10 MOMOLLbH0 MOXHO ONpeAenuTb U3MEHEHUS MUKPOLMPKYNSLIMM KPOBOTOKA
Ha paHHKX 3Tanax, 4o «BWU3yanbHOro» NPosBeHNs oTeka. HabntogaeTcs Bbicokas koppensaums
MeXAY AaHHbIMU, NOSTyYEeHHbIMU NPY UCMONb30BaHUM NTa3epHOM JOMNMNepoBCKON (hnoyMeTpuu 1
nneTM3MoMeTpa. B nepcnekTuee AaHHbI METOS MOXET ObiTh LIMPOKO NPUMEHEH B LOKNMHNYECKO
npakTuKe ANs OLEHKW TepaneBTUYeckoi 3 deKTUBHOCTY U hapMakoaMHamMuky pa3pabaTbiBaeMblx
npenapaTtos, BAMSIOLMX HA perMoHapHOe KPOBOOOPALLEHNE U MUKPOLMPKYTISLMIO.

KntoueBble cnoBa: kappariHaH-1HAYLMPOBaHHbIN OTeK, nasepHas Lonnaeposckas pnoymeTpus,
J10®, buonornyeckas TecT-cuctema
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INTRODUCTION MATERIALS AND METHODS

The microcirculatory bed is a trophic component Animals. The experiment involved 40 BALB/c mice
of bloodstream circulation. It indirectly reflects tissue (20 males and 20 females) aged 8-10 weeks, SPF-
viability, as well as an ability to regenerate, perform grade, obtained from the “Laboratory Animal Breeding
immune functions, and carry out many other physio- Facility” of the Branch of the M.M. Shemyakin and
logical functions that are essential for healthy tissues.  Yu.A. Ovchinnikov Institute of Bioorganic Chemistry of
Impaired tissue perfusion indicates more than just the Russian Academy of Sciences, Pushchino town.
damage to a specific organ or tissue. It often results Animal housing, care, and experimental procedures
from systemic processes that lead to serious conse- were conducted in accordance with international Euro-
quences. Understanding how microcirculation is af- pean bioethical standards, Russian ethical standards
fected by inflammation is important in preclinical re- for the housing and handling of laboratory animals,
search for evaluating the therapeutic efficacy of anti- and the norms and rules specified in the “Animal Use
inflammatory drugs [1-5]. Policy of JSC ‘GENERIUM".”

One of the most common models of in vivo inflam- Study design. Two groups of animals were estab-
mation is carrageenan-induced edema. The pathoge- lished: Group 1 (n=20: 10 females and 10 males) was
nesis of carrageenan-induced edema is characterized used to model carrageenan-induced edema; Group 2
by acute exudative inflammation. Microcirculation dis- (n=20: 10 females and 10 males) was used to model
orders, accompanied by exudation and cell emigration, carrageenan-induced edema + intramuscular admi-
are considered one of its key components. Laser Dop- nistration of diclofenac, 25 mg/mL (Hemofarm, Ser-
pler flowmetry (LDF) serves as a concise method for bia), administered as a single dose one minute after
diagnosing microcirculatory disorders and has been the induction of carrageenan-induced edema, at a
attracting sustained interest from researchers world- dose of 3 mg/kg.
wide for more than a decade [5, 6]. The experiment consisted of three stages: Stage

This method has been successfully used to study /| — induction of carrageenan-induced edema; Stage
tissue microcirculation in humans; however, it is not /I — LDF; Stage Ill — assessment of the severity
currently widely applied in animals [2, 4, 7, 8]. of edema in animals by plethysmography based on

Thus, LDF remains a promising area of research in  changes in paw volume.
preclinical practice.

Stage I. Modelling carrageenan-induced edema
AIM When modeling carrageenan-induced edema, a

The aim of the research was to evaluate dynamic 1% carrageenan solution (A Carrageenan plant my-
tissue blood flow in mice using LDF in comparison copolysaccharide (SIGMA-ALORICH/LOT:1408463V))
with plethysmography parameters in a carrageenan- was administered subplantarly once into the animal’s
induced edema model. Thus, the study aimed to in- left hind limb beneath the plantar aponeurosis in a vol-
vestigate the efficacy and pharmacodynamics of bio- ume of 25 pL (Fig. 1, a). The 1% carrageenan solution
medical cell products and pharmaceutical substances was prepared according to the method described by
in preclinical practice. E. Phyllis et al. [9].

ala 6/b

Fig. 1.  Modeling of carrageenan-induced edema and assessment of microcirculation by laser Doppler flowmetry method: a — admin-
istration of 1% carrageenan solution (3 and 4 — plantar tubercules); b — laser Doppler flowmetry (photo by the authors)

Puc.1. MopenvpoBaHue kappariHaH-WHAyLMpOBaHHOTO OTeKa W OLeHKa MUKpOLMPKYNSLMA METOLOM Na3epHoil JONMNepoBCKor dhroyme-
Tpun: @a — BBeaeHue 1% pacTBopa kappariHaHa (1 n 4 — nogoLBeHHble 6yropku); 6 — nasepHas gonnnepockas dnoymetpus (hoTo
aBTOPOB)
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Stage Il. Laser Doppler Flowmetry where V,, mL — paw volume before administration of
Tissue perfusion was measured on the animal’s left  the 1% carrageenan solution; VT, mL — the volume of
hind limb in the region of the plantar aponeurosis [10].  the paw 1 hour and 3 hours after the administration of a
LDF was performed using a TSD145 laser Doppler 1% carrageenan solution.
sensor (BIOPAC Systems Inc., USA) and AcgKnowl- Statistical analysis of the results. The data obtained
edge® 4 software. were tested for normality of distribution. Statistical ana-
For each time point, measurements were taken lysis included calculation of the mean and standard de-
three times within one minute for each animal, and the viation. To compare the values, the parametric test (Stu-
average value of three measurements was recorded dent’s t-test) was used, since the sample corresponded

(Fig. 1, b). to a normal distribution. Differences were considered
Layout of the laser Doppler flowmetry recording statistically significant at p <0.05. Statistical analysis of
setup the data was performed using the IBM SPSS Statistics

1. “0” time point — before administration of the 1%  software package (version 23, IBM Corp., USA).
carrageenan solution.
2.5 minutes,” “10 minutes,” “15 minutes,” “30 RESULTS AND DISCUSSION

minutes,” “1 h,” and “3 h” time points - 5, 10, 15, and The results of tissue perfusion in the plantar
30 minutes, 1 hour, and 3 hours after administration of aponeurosis region of mice in a carrageenan-induced
the 1% carrageenan solution. edema model, showed a statistically significant de-

The “0” measurement was performed on the hind crease in microcirculation at all measurement time
limbs of animals in all experimental groups. No statis-  points after the administration of a 1% carrageenan so-
tically significant differences were found between the lution relative to the “0” time point in all animal groups.
left and right hind limbs. Subsequent LDF recordings After carrageenan injection, all animal groups showed
were performed on the left hind limb. When analyzing a 10-12% preservation of microcirculation by the 5th
the LDF trace, capillary blood flow was calculated minute, which is typical for the stage of transient va-
to characterize the integrity of microcirculation at all sospasm. By the 10th minute, a marked increase in
time points of tissue perfusion recording relative to the  capillary blood flow (arterial hyperemia) was recorded
baseline (“0” point). in mice, with microcirculation preserved at 56% rela-

Stage lll. Assessment of edema severity in ani- tive to the “0” point. At the 15th minute, a state of ve-
mals using a plethysmograph based on changes in nous hyperemia was observed, with microcirculation
paw volume preserved at 30% of baseline. When modeling carra-

The severity of edema in animals was assessed us- geenan-induced edema based on LDF parameters at
ing a plethysmograph (Ugo Basile Biological Research  the “5 minutes,” “10 minutes,” and “15 minutes” time
Apparatus, Italy) based on changes in the volume of points, no statistically significant differences were
the animal’s left hind limb, according to the method de-  detected within the experimental groups. At the “30
scribed by C.J. Marris [11]. minutes,” “1 h,” and “3 h,” when microcirculation pa-

The paw volume was measured three times at rameters were recorded, a statistically significant im-
each time point for each animal, and the average of provement in blood flow was observed in animals in

the three measurements was calculated. the second experimental group compared to the first
Scheme for assessing the severity of edema group. At the “30-minute” time point, blood flow was
1. “0” time point — before administration of the 1% preserved at 25% in the first group and at 36% in the

carrageenan solution. second group. At the “1 h” and “3 h” time points, the
2.1 h” and “3 h” time points — 1 and 3 hours after level of microcirculation in the first group was 20% and

administration of the 1% carrageenan solution. 15%, respectively, and in the second group, 45% and
Limb volume at the “0” time point was assessed in  55%, respectively (Fig. 2).

the hind limbs of animals in all experimental groups. According to plethysmography data, 1st group

No statistically significant differences were found be- demonstarted increased edema in the experimental
tween the left and right hind limbs. Subsequent volume  limb at 1-3 h time point which ammounted to 46-51%

assessments were performed on the left hind limb. compared to “0” baseline. The peak swelling was ob-
After measuring limb volume, the edema index (EI) served at 3 h (51%). The degree of edema in Group 2
was calculated using the formula: at 1-3 hours was 36-25% of the normal value (the
peak degree of edema was recorded at 1 hour — 36%)

El=100 - (V,-V,) /V,, (Fig. 3).
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_ 1007 lume, as measured by the plethysmographic method
T 804 [9]. The plethysmography method is widely used and
§ z is highly accurate. However, it does not allow to as-
8% 60 sess microcirculation in this model, although this is
s the primary criterion for evaluating the anti-inflam-
S = 40+ . . .

g2 matory properties of drugs in a number of studies. In
S S 20 addition to plethysmography, the severity of edema
2 0 is assessed using the paw amputation method. Ho-

0 5 10' 15 30 1uac 3uvaca Wever, this method yields data from a single ani-

A . o . -
BpemeHtHLIe TouKi our 3hour  mal at only one point, and it is technically difficult

Time points to apply to mice [12]. Currently, according to the li-
mil-arpyina m2-8 rpynna terature, the most promising diagnostic approach for
Group 1 Group 2 determining tissue inflammation in experimental mo-

Fig.2.  Dynamics of changes in capillary blood flow (according tola- ~ dels such as cutaneous neurogenic inflammation [6,
ser Doppler flowmetry data), %. Group 1—1% carrageenan 7, 13] and psoriatic arthritis [12] is the assessment
solution; Goup 2 — e solutien of canageenan * Diclo- — of microcirculation. This method is based on meas-
enac, 3 mglkg (figure by the authors of this article) uring microcirculation in rats in the plantar aponeu-

Puc.2. [wnHamuka I/I3IYIeHeHVIﬂ KaI'IVII'IJ'lFIpHOI'O kpoBOTOKa (M0 AaH- rosis region using LDF. This method allows not onIy
HbIM Na3epHoON Jonnneposckon tnoymetpun), %. 1-9 rpyn- . P C g . . .
2 — 1% pacTeop KappariHaHa; 2-7 rpynna — 1% pacreop for |dent|fy|ng |nd|y|dl1_al variability in mlcr00|r_culat|on
KapparuHaHa + avKrodeHak B ao3e 3 Mr/kr (pUcyHOK agTo- bu.t also for investigating the mechanisms of its regu-
POB J1aHHOI CTaTbh) lation [4, 13].

Thus, assessing microcirculation using LDF in a car-

60 1
= rageenan-induced edema model in mice to determine
3 £ 5079 the degree of inflammation over time is a highly promi-
§Z§ 401 sing method. When compared with the plethysmogra-
5 gi 304 phy, LDF allows for in vivo and dynamic assessment of
2 3£ | microcirculation status. It also provides a preliminary in-
£eg 20 dication of the effectiveness of initiating therapy with an-
o £ .
107 ti-inflammatory drugs under development. At the same
P ool NN B 0 BN B time, a high level of correlation is observed between the
| dac 3 vaca data obtained using LDF and a plethysmograph (the
our 3 hour . . . .
BpeweHHbie Touk primary method for assessing the severity of edema in
Time points biological test systems).
= 1 rpynna m 2 rpynna
oo oroup ? CONCLUSION

Fig.3.  The severity of edema of the left hind limb (by volume; ac- . . :
cording to plethysmography), %. Group 1 — 1% carrageenan Thus, based on results obtained in a mice model of

solution; Group 2 — 1% solution of carrageenan + Diclo- Calfageenan-induced edema, dynamic assessments
fenac, 3 mglkg (figure by the authors of this article) of tissue blood flow were performed using the LDF
Puc. 3. CTeneHb BbIDaXEHHOCTM OTeka NEBOi 3aAHE KOHEYHOCTM method, and the resulting data were compared with
(no obbemy; no gaHHbIM nneTuamorpagum), %. 1-a rpyn- pIethysmography measurements.
na — 1% pacTBop kapparvHaHa; 2-i rpynna — 1% pacteop It was established that LDF:
kapparunaria + auknodenak B aose 3 rlkr (pucyHok asTo- 1) engbles the assessment of microcirculatory sta-
POB AgKHOA CTaTbH) tus at different stages of carrageenan-induced
edema with a high correlation between data

Correlation analysis revealed that the degree sets;
of blood flow recovery and the severity of edema 2) is characterized by high accuracy and sensiti-
correlate with each other (correlation coefficient — vity, which allows to determine changes in mic-
96%). rocirculatory blood flow at early stages, before the
According to published research on carrageenan- ‘visual” manifestation of edema.
induced edema, maximum paw edema in mice fol- Based on the above, this method can be used in

lowing carrageenan induction was observed after preclinical practice to evaluate the therapeutic effects
3-5 hours and amounted to 41% of the initial paw vo-  of drugs under development that affect regional blood
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circulation and microcirculation, as well as to facilitate
early diagnosis.
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Corresponding author:  Abstract. Introduction. The influence of thyroid status on the morphogenesis of obstructive
Adelya R. Iskalieva. nephropathy, which develops against the background of benign prostatic hyperplasia, remains
E-mail: unexplored, despite the presence of contradictory clinical data on the relationship of hypo- and

iskalieva.adelia@mail.ru  hyperthyroidism with the risk of developing benign prostatic hyperplasia. There are no experimental
studies on this issue. The aim — to evaluate the effect of experimental hypo- and hyperthyroidism
on the morphological characteristics of the kidneys in conditions of testosterone-induced benign
prostatic hyperplasia and concomitant obstructive uropathy in rats. Materials and methods. Benign
prostatic hyperplasia was modeled on 32 male Wistar rats using daily injections of testosterone
propionate (5 mg/kg). The animals were divided into 4 groups (n=8): intact control, “pure” benign
prostatic hyperplasia, benign prostatic hyperplasia + hyperthyroidism (L-thyroxine, 10 mcg/100 g/day)
and benign prostatic hyperplasia + hypothyroidism (propylthiouracil, 0.05% with drinking water).
On day 36, macro- and micromorphometry of the kidneys was performed using light microscopy,
hematoxylin and eosin staining, and digital image analysis (ImageJ). The mass of the organ, the
thickness of the cortical substance, the area of the glomeruli, the diameter of the lumen of the
proximal and distal tubules, the density of capillaries were evaluated, and a semi-quantitative
assessment of hydronephrosis (0—4 points) and inflammatory infiltrate (0-3 points) was performed.
The thyroid status was confirmed by measuring the levels of thyroxine and thyroid-stimulation
hormone using the ELISA method. Results. Hyperthyroidism on the background of benign prostatic
hyperplasia led to the maximum severity of obstructive changes: the relative mass of the kidneys
increased by 38.1% compared to the control (p <0.05), the mass of residual urine exceeded the
control value by 10.25 times (p <0.05), and the thickness of the cortical substance decreased by
36.7% (to 0.95£0.12 mm, p<0.05). Micromorphometry revealed pronounced dilation of the distal
tubules (diameter 48.2+5.9 microns versus 21.0£2.8 microns in the control, p <0.001), an increase
in glomerular area by 15% (p<0.05), an increase in capillary density by 50% (p <0.05), as well as
the development of grade 3 hydronephrosis and moderate inflammation (2 points). In the “benign
prostatic hyperplasia + hypothyroidism” group, all parameters were much closer to the control:
tubule dilation was minimal (25.3£3.2 microns), cortical thickness was preserved (1.40+0.17 mm),
inflammatory infiltrate was absent, and hydronephrosis was estimated at 1 point. Conclusion.
experimental hyperthyroidism potentiates structural kidney damage in obstructive uropathy, while
hypothyroidism, on the contrary, exhibits a pronounced protective effect.

Keywords: kidney, obstructive nephropathy, hypothyroidism, hyperthyroidism, benign prostatic
hyperplasia, rats
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YKnBOTHbIE ObINK pasgeneHbl Ha YeTbipe rpynnbl (N=8); MHTAKTHbIA KOHTPOSb, «41CTasy runepnna-
315 NpeAcTaTenbHOM Xenesbl, runepnnasns NpeacTaTensHoN xenesbl + rnepTupeos (L-TUPOKCUH,
10 mkr/100 r/cyT) M runepnnasus npeLcTaTenbHON xenesb! + runoTupeo3 (nponuntuoypaumn, 0,05% ¢
NUTbEBOW BoAOM). Ha 36-€ cyTkv npoBeaeHa Makpo- 1 MAKPOMOPGOMETPUS MOYEK C MCMOMNb30BaHNEM
CBETOBO MUKPOCKOMMI, OKpaLLIMBAHIS reMATOKCUIMHOM 11 3031MHOM U LiudpOBOrO aHanaa u3obpaxeHui
(Imaged). OueHnBanm Maccy opraHa, TOMLLMHY KOPKOBOTO BeLlecTBa, NoLadb Knyboykos, anameTp
NpocBeTa NPOKCUMAsbHBIX U AUCTaNbHBIX KaHaNbLEB, NNOTHOCTb KaNUMNAPOB, & TakKe BbINOMHSAMN
MONyKONMYECTBEHHYH OLIEHKY ruapoHedposa (0-4 6anna) n BocnanutensHoro uHunesrpata (0-3 6an-
na). TupeonaHbIin cTaTyc NOATBEPXKAEH U3MEPEHNEM YPOBHS TUPOKCUHA U TUPEOTPOMHOIO rOPMOHA
METOA0M MMMYHOMEPMEHTHOIO aHanuaa. Pe3ynbmamal. [MNepTpeos Ha poHe runepnnasuv npea-
CcTaTeNnbHOM Xenesbl NPUBEN K MakCUManbHOM BbIPAXKEHHOCTM 0OCTPYKTUBHbIX U3MEHEHMI: OTHOCK-
TenbHas Macca noyek ysenuuunack Ha 38,1% B cpaBHeHun ¢ koHTponeM (p <0,05), Macca ocTaTo4HoM
MOYM NpeBbIcUa KOHTPONbHbIN Nokasatens B 10,25 pasa (p <0,05), a TonLmHa KOPKOBOTO BeLecTsa
yMeHbLUMnack Ha 36,7% (8o 0,950,12 mm, p <0,05). MukpomopcoMeTpus N03BONMNa BbISBUTH BbIpa-
KEHHYI0 AnnaTaumio aucTarnbHbIX kaHanbLes (auametp 48,2+5,9 mkm npoTus 21,0+2,8 MKM B KOHTPOTTE,
p <0,001), yBenuyenne nnowagm knyboukos Ha 15% (p <0,05), NoBbILLEHNE NNOTHOCTU KAaNUNNSPOB
Ha 50% (p <0,05), a Takxe rugpoHedpos Il cteneHn 1 ymepeHHoe Bocnanenue (2 6anna). B rpynne
«rMnepnnasus NpeacTaTeNbHoM Xenesbl + rMnoTMpeos» BCe NapaMeTpbl Obiny 3HaUYNUTENBHO Brvke
K KOHTPOMHO: AunaTaums kaHanbles Obina MUHUMabHON (25,3+3,2 MKM), TOMLLMHA KOPbI COXpaHeHa
(1,40£0,17 mm), BOCNAnNUTENbHBIA MHGUNLTPAT OTCYTCTBOBAN, @ MMAPOHEPO3 OLeHuBancs B 1 bann.
3aknroyeHue. JkcnepyMeHTanbHbIN TMNepTMPe03 NOTEHUMPYET CTPYKTYPHOE NOBPEXAEHNe NoYeK npu
0BCTPYKTMBHOI yponaTui, a rmnoTMpeo3s, HanpoTMB, NPOSIBIIAET BbIPAXKEHHbI NMPOTEKTUBHBIA 3GhGIekKT.

KntoueBble cnoBa: noyka, 06CTpyKTUBHAS HeponaTus, rMnoTMpeos, rmnepTupeos, Jobpo-
KayeCTBEeHHas runepnnasus npeacTaTeNbHON Xenesbl, KpbiChb

WcTouHmnk dhmHaHcMpoBaHusA. ABTOpbLI 3asBNSIOT 00 OTCYTCTBUM BHELIHErO (MHAHCUPOBAHUS
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INTRODUCTION

Benign prostatic hyperplasia (BPH) is a morphologi-
cally heterogeneous condition leading to lower urinary
tract obstruction and secondary obstructive nephropathy
[1, 2]. In addition to the key role of androgens, systemic
hormonal and metabolic disorders, including thyroid
dysfunction, are attracting increasing attention as a con-
tributing factor to BPH and its complications [3-5]. Re-
cent epidemiological studies demonstrate a close asso-
ciation between thyroid dysfunction and renal pathology.
For example, a large population-based NHANES study
(2007-2012) identified a U-shaped relationship between
levels of free triiodothyronine (T3), thyroxine (T4), and
chronic kidney disease. Both hypothyroidism and hy-
perthyroidism are associated with an increased risk of
developing and progressing renal dysfunction [5]. These
findings are particularly relevant for patients with benign
prostatic hyperplasia (BPH), since obstructive uropathy
may exacerbate renal complications, and thyroid status
may act as a critical modifier of pathogenesis.

AIM

The aim of this study was to evaluate how experi-
mental hypothyroidism and hyperthyroidism affect renal
morphological characteristics in a model of testosterone-
induced prostatic hyperplasia and concomitant obstruc-
tive uropathy in rats.

MATERIALS AND METHODS

The experiment was conducted on 32 sexually
mature male Wistar rats (weighing 220-250 g). The
animals were housed under standard vivarium condi-
tions at a temperature of 2242 °C, relative humidity of
50-60%, and a 12-hour light cycle (from 8:00 a.m. to
8:00 p.m.) . All procedures complied with the principles
of European Convention for the Protection of Verte-
brate Animals (Strasbourg, 1986) and were approved
by the local ethics committee.

Overall, the study lasted 35 days. All animals, ex-
cept for intact controls, underwent total bilateral orchi-
ectomy under thiopental sodium anesthesia (40 mg/kg) to in-
duce androgen deprivation. Seven days after surgery,
the animals began receiving testosterone propionate
(5 mg/kg) to induce prostatic hyperplasia and model
obstructive uropathy [1].

Group 1 (intact control): sham surgery + subcuta-
neous administration of olive oil (0.1 mL/100 g body
weight) from day 7 through day 35. Group 2 (hyper-
plasia model, BPH): daily subcutaneous injections of
testosterone propionate (5 mg/kg) in olive oil from day
7 to day 35. Group 3 (BPH + hyperthyroidism): 7 days
prior to orchiectomy and continuously thereafter —
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L-thyroxine (dry substance, Belmedpreparaty State
Unitary Enterprise, Republic of Belarus) at a dose of
100410 pg per 100 g of body weight once daily + testo-
sterone propionate according to the regimen for Group
2. Group 4 (Castration + Hypothyroidism): 7 days prior
to orchiectomy and continuously thereafter — propylthi-
ouracil (dry substance, Merck Selbstmedikation GmbH,
Germany) at a dose of 2.0£0.15 mg per 100 g of body
weight once daily, administered intragastrically via an
atraumatic polyurethane tube + testosterone propio-
nate according to the Group 2 regimen.

To ensure biochemical verification that the model
corresponded to the planned endocrine status, blood
was collected from the retroorbital sinus 24 hours
prior to euthanasia in 4 randomly selected rats from
each group under light ether anesthesia. Serum was
obtained by centrifugation at 3,000 rpm for 15 mi-
nutes. Concentrations of free thyroxine (T4) and
thyroid-stimulating hormone (TSH) were determined
by solid-phase enzyme-linked immunosorbent assay
(ELISA) using commercial kits manufactured by NVO
Immunotech CJSC for the detection of T, (Immuno-
FA-free T,) and TSH (ImmunoFA-TSH).

On day 36, the animals were euthanized with an
overdose of sodium thiopental (100 mg/kg, intraperi-
toneally). A total laparotomy was performed, and the
kidneys were removed. The organs were weighed on
analytical balances accurate to 0.1 mg, the thickness
of the cortical substance (mm) was measured, and
the organs were fixed in 10% neutral buffered formalin
(pH 7.4) for 24 hours. After standard histological pro-
cessing, the material was embedded in paraffin, and
serial sections 3—4 pm thick were prepared. The sec-
tions were stained with hematoxylin and eosin. Mor-
phometric analysis was performed on digital images of
the sections obtained using a Carl Zeiss Axio Scope A1
light microscope equipped with a digital camera. Be-
fore measurements, the system was calibrated using
an objective micrometer scale. ImageJ software (USA)
was used.

For each parameter, 10 randomly selected fields of
view were analyzed from a single animal. The following
parameters were assessed: cortical thickness (mm; x100);
glomerular area (um?), 30 randomly selected glomeruli in
the cortical region of the section (x400); hemocapillary
density (units/mm?), number of capillary profiles in 10
fields of view of the cortical substance (x400); height of
the proximal tubule epithelium (um), measured as the
height of 30 epithelial cells with a distinct nucleus and
basement membrane (x1000, immersion); lumen diam-
eter of the proximal and distal tubules (um), minimum
internal diameter of 30 transverse tubule sections (x400).
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In addition, a semi-quantitative assessment of hydro-  STATISTICA 10.0, specifically the Nonparametric, ANOVA,
nephrosis was performed (0-4 points): 0 — normal; and Discriminant Analysis modules.
1 — slight dilatation of the renal pelvis; 2 — moderate
dilatation of the renal pelvis, flattening of the papillae; RESULTS
3 — marked dilatation of the renal pelvis, blurring of Throughout the experiment, the animals in all
the pyramid borders; 4 — severe dilatation of the re- groups remained in satisfactory condition. Weekly
nal pelvis, thinning of the cortical and medullary layers. body weight measurements revealed no statistically
Semi-quantitative assessment of inflammatory infiltrate  significant differences between the groups prior to eu-
(0-3 points): 0 — absence of infiltrates; 1 — isolated thanasia (F=1.12; p=0.364), indicating that the drugs
lymphohistiocytic cells in the interstitium; 2 — moderate  used had no toxic effect on the animals’ general so-
multifocal infiltrates; 3 — dense diffuse infiltrates. matic condition. Biochemical analysis of blood serum
The normality of quantitative data distribution was confirmed that the target endocrine states had been
tested using the Shapiro-Wilk test. Data following a nor- achieved. The T4 level in the “PH + hyperthyroi-
mal distribution are presented as the arithmetic meanand  dism” group was significantly increased by 2.8-fold
standard deviation (M£SD). One-way analysis of variance  compared to controls (p <0.001), accompanied by a
(ANOVA) with Tukey’s post hoc test was used to compare  decreased TSH level (p <0.01). The “PH + hypothy-
parameters between groups. Semi-quantitative scores roidism” group showed a 65% decrease in T, levels
are presented as the median and interquartile range [Me  (p <0.001) and a compensatory 3.2-fold increase in
(Qys Qy5)]. To compare these scores between groups, TSH levels (p<0.001).Controls and the PH group did
the nonparametric Kruskal-Wallis test was used, followed  not significantly differ from each other in terms of T,
by pairwise comparisons using the Mann-Whitney U test  and TSH levels (p >0.05).
with Bonferroni correction. Differences were considered Macromorphometric analysis revealed significant dif-
statistically significant at p <0.05. Morphometric results ~ ferences between the groups in parameters associated
were recorded in tables and subsequently analyzed using ~ with obstructive uropathy (Table 1).

Table 1
The effect of experimental hypo- and hyperthyroidism on the macromorphometric characteristics of the kidneys
Tabnuua 1
BnusHue akcnepuMeHTanbHOro rmno- U runepTupeo3a Ha MakpoMopchoMeTpUYeCKne XapakTePUCTUKN NOYEK
Ipynna
Group
NoYKu MOY€eBOW Ny3bIpb
kidneys bladder
Mapamerp N | maccaTtena,r
Parameter weight g’ abconioTHas | oTHocuTenbHas | |OMUMHa KOPKOBOTO M(;Tc"c‘:::;gn:;iz_ ocTaTo4Has
M+Sf) macca, Mr macca, mr/100 r BELIeCTBa, MM P Moua, Mr
(M+SD) . . thickness Hus, mr/100r .
absolute relative weight, . . . residual
weiaht. m mal100 of the cortical relative weight of urine. m
JILEg giov g substance, mm emptying, mg/100g -
KoHTponb 8 |[312,0+354 11 207+137,3 359,2+37,3 1,50+0,18 58,2+6,1 1,240,4
Control
K 8 |302,5+32,8 1347,8+131,2* | 445,6+31,2* 1,25+0,15* 72,8+8,3* 8,5+2,1*
BPH
MK +T, 8 |294,5+315 1583,5+130,1*# | 537,8+30,1*# 0,95+0,12*# 85,4+9,7*# 12,3£3,5*#
BPH + T4
X+ NTY 8 [290,5+31,9 1190,5+129,8t | 409,8+29,8t 1,40+0,17t 65,1+7,2*t 3,8+1,2*t
BPH + PTU
ANOVA F=1,12 F=15,45 F=18,90 F=22,30 (p <0,001) F=15,43 F=28,91
(p =0,364) (p <0,001) (p <0,001) p <0,001 (p <0,001)

Notes. * — differences with the control group are significant (p <0.05); # — differences with the “BPH” group are significant (p <0.05); T — differences with the
“BPH group + hyperthyroidism” is significant (p <0.05). BPH — benign prostatic hyperplasia

MpumMeyanus. * — pasnuuns ¢ rpynnoit KOHTPons LocToBepHsbl (p <0,05); # — pasnuuns ¢ rpynnoi «[TXK» goctoBepHs! (p <0,05); T — paanuuus ¢ rpynnon «THK+
+ runepTupeo3» goctoBepHbl (p <0,05). MK — runepnnasus npeacraTensHom xenesbi.

Table by the authors of this article
Tabnuya asmopog daHHOU cmambu
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As shown in Table 1, modeling testosterone-induced
PH led to a statistically significant 20.4% increase in re-
lative kidney mass compared to controls (p <0.05), which
was accompanied by a significant increase in residual
urine mass (7-fold; p <0.05). The most pronounced
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changes in macroparameters were observed in the “PH +
+ hyperthyroidism” group: relative kidney mass was
highest (a 38.1% increase relative to the control group;
p <0.05), and residual urine mass exceeded the control
value by more than 10.25-fold (p <0.05).At the same

Table 2

The effect of experimental hypo- and hyperthyroidism on micromorphometric and semi-quantitative kidney parameters
in rats with benign prostatic hyperplasia compared with the control group

Tabnuua 2

BnusiHue aKkcnepuMeHTanbHOro rmno- U rMnepTMpeo3a Ha MUKPOMOPGOMETPUYECKME U MONMYKONUYECTBEHHbIE NOKa3aTenu novexk
Yy KpbIC C runepnnasuei npeactaTenbHOM Xene3bl N0 CPaBHEHMIO C KOHTPONbLHOW rpynnoii

lpynna CraTtuctuyeckas
Group 3HaYMMOCTh
Mapawmetp rpynna 1 2 rpynna 3 (MK + | rpynna 4 (TTX+ (ocHoBHbIE
Parameter (koHTpONb) rpynna rmnepTupeos) rMnoTMpeos CpaBHeHus)
group 1 (FTIX) group 3 (BPH + group 4 (BPH + Statistical significance
(control) SICHRE BEL) hyperthyroidism) | hypothyroidism) (main comparisons)
TonwuHa kopkosoro Bewectsa, Mm | 1,50+0,18 | 1,25+0,15* 0,95+0,12"# 1,400,171 Ip. 3-Tp. 2: <0,05
(M+SD) Gr. 3-Gr. 2: <0.05;
Thickness of the cortical substance, Ip. 4-Tp. 3: <0,00
mm (M+SD) Gr. 4-Gr.3: <0.001
Mnowapb knybouka, Mkm? (M+SD) 82504950 9100+1050 10 500+£1200*# 8600+980 p. 3-Tp. 2: <0,05
Glomerular area, mm? (M+SD) Gr. 3-Gr. 2: <0.05;
p. 3-Tp. 4: <0,01
Gr. 3-Gr. 4: <0.01
MnoTHOCTbL KanWUNNsPOB KOpbl, 320445 380+50* 480+60*# 2904401 Ip. 3-Tp. 2: <0,01
wt/mm? (M£SD) Gr. 3-Gr. 2: <0.01;
Density of cortical capillaries, Ip. 4-Tp. 3: <0,001
pcs/mm? (M£SD) Gr. 4-Gr. 3: <0.001
BbicoTa anuTenusi npokcUManbHbIX 8,2+1.1 9,5+1,3* 10,8+1,5* 7,8+1,01 Ip. 3-Tp. 2: <0,05
kaHanbLes, MkM (M+SD) Gr. 3-Gr. 2: <0.05;
Height of the epithelium of the Ip. 4-Tp. 3: <0,001
proximal tubules, microns (M+SD) Gr. 4-Gr. 3: <0.001
[nameTp npocseTa npokcuManbHbIx | 28,5+3,5 32,041 35,5+4,8* 29,2+3,7t p. 3-Tp. 2: <0,05
kaHanbLes, MkM (M+SD) Gr. 3-Gr. 2: <0.05;
Diameter of the lumen of the Ip. 4-Tp. 3: <0,01
proximal tubules, microns (M+SD) Gr. 4-Gr. 3: <0.01
[nameTp npoceeTa AnCTanbHbIX 21,0+2.8 35,5+4 5* 48,2+5 9*# 25,3£3,2*t Ip. 3-Tp. 2: <0,001
kaHanbLes, MkM (M+SD) Gr. 3-Gr. 2: <0.001;
Diameter of the lumen of the distal Ip. 4-Tp. 3: <0,001
tubules, microns (M+SD) Gr. 4-Gr. 3: <0.001
CreneHb r1apoHedposa, 6ansbi 01[0; 0] 2 3 1 p. 3-Tp. 2: <0,01
[Me (Qgs; Q75)] [1,5; 2,5]* [3; 41# [0,5; 11"t Gr. 3-Gr. 2: <0.01;
Degree of hydronephrosis, points Ip. 4-Tp. 3: <0,001
[Me (Qyg; Q)] Gr. 4-Gr. 3: <0.001
BocnanutenbHbIn MHUnbTpaT, 01[0; 0] 1 2 0 p. 3-Tp. 2: <0,05
6annbl [Me (Qys; Q)] [1; 21 [2; 3*# [0; 11t Gr. 3-Gr. 2: <0.05;
Inflammatory infiltrate, scores Ip. 4-Tp. 3: <0,001
[Me (Qyg; Q)] Gr. 4-Gr. 3: <0.001

Notes. * — differences with the control group are significant (p <0.05); # — differences with the “BPH” group are significant (p <0.05); T — differences with the “BPH
group + hyperthyroidism” is significant (p <0.05). The data are presented as meantstandard deviation (M+SD) or median and interquartile range [Me (Q25; Q75)].

BPH — benign prostatic hyperplasia.

Mpumeyanus. * — pasnuuus ¢ rpynnoit KoHTpons aoctoBepHsl (p <0,05); # — pasnuuus ¢ rpynnoit «TXK» gocToBepHsl (p <0,05); T — pasnuyus ¢ rpynnoi
«ITDK + rnepTupeo3» poctoBepHbl (p <0,05). [aHHble npecTaBneHbl kak cpefHeexcTaHgapTHoe OTknoHeHne (M+SD) unu mMegmaHa v WHTEPKBapPTUMbHbIN
pasmax [Me (Q25; Q75)]. [T — rnepnnasus npefcTaTensbHon xenesbl.

Table by the authors of this article
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time, cortisol thickness in this group was the lowest
(0.95£0.12 mm). Compared to the control group, there
was a 36.7% decrease (p <0.05). Despite the presence
of the PH model in the “PH + hypothyroidism” group, all
measured parameters (kidney weight, residual urine vo-
lume, cortical thickness) differed significantly from those
of the hyperthyroidism group (p <0.05) and were closer
to the values of the “pure” PH group or controls, indica-
ting that the obstruction was less severe.

Histological examination and subsequent morpho-
metric analysis of kidney sections stained with hema-
toxylin and eosin allowed for a detailed description of
structural changes.

The architecture of the cortical substance was pre-
served in intact controls. Glomeruli were of normal size
and had well-defined contours. The proximal and distal
tubules were lined with tall columnar and cuboidal epi-
thelium, respectively; their lumens were uniform and not
dilated. The stromal connective tissue layers were thin,
with no signs of edema or cellular infiltration.

The “HP” group showed a pattern of early obstructive
damage. Against a background of relatively intact glomeruli,
focal dilation of distal tubules and collecting ducts was
noted, with their lumens unevenly dilated. The epithelium
of proximal tubules appeared flattened in some areas.
Moderate edema and isolated lymphohistiocytic infiltrates,
predominantly perivascular, were identified in the stroma.

The most pronounced and complex changes were
observed in the “HP + hyperthyroidism” group. The
cortical substance was thinned. The glomeruli often
appeared enlarged, with well-vascularized loops. An-
other characteristic finding was marked, widespread
dilation of the tubules, especially in distal segments,
many of which were markedly dilated and lined with
flattened epithelium. At the same time, hypertrophy of
the proximal tubule epithelium was noted in unaffected
areas. The stroma was moderately edematous, with
multifocal, fairly dense inflammatory infiltrates. The
microcirculatory bed (peritubular capillaries) appeared
visually well-perfused and branched.

As for “HP + hypothyroidism” group, the histological
picture of the cortex differed significantly. Signs of ob-
structive tubular dilatation were minimal and focal. The
glomeruli and tubular epithelium were structurally closer
to controls, although the stroma could appear somewhat
denser, with signs of mild diffuse basophilic staining (ede-
ma). Inflammatory infiltration was generally absent. The
capillary network did not appear well-perfused.

A quantitative assessment of the described histologi-
cal changes is presented in Table 2.

Based on the results of morphometric analysis (see
Table 2), a clear correlation was identified between struc-
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tural changes in the kidneys and thyroid status during
obstruction. Histological features of the kidneys in the
intact control group were normal. The glomeruli had a
standard area (8250+950 um2), tubular lumens were uni-
form (distal tubule diameter 21.0+2.8 ym), and stroma
was unremarkable; there was no inflammatory infiltrate.

The HP model group showed signs of early ob-
structive nephropathy: a statistically significant 69%
increase in the diameter of the distal tubule lumen (to
35.544.5 uym; p <0.05) and a moderate increased densi-
ty of peritubular capillaries by 19% (to 380+50 per mm?,
p <0.05) compared with the control group. Semi-quan-
titative assessment revealed grade Il hydronephrosis
[2 (1.5; 2.5)] and a mild inflammatory infiltrate [1 (1; 2)].

Hypothyroidism was not only associated with a
lower degree of obstruction (as confirmed by macro-
scopic parameters) but also exerted a suppressive
effect on the vascular and proliferative components
of renal tissue, preventing the development of hyper-
plastic and angiogenic reactions that are typical for ob-
struction. The “HP + hyperthyroidism” group exhibited
the most pronounced and complex structural changes.
In comparison with the “pure” HP group, this group
demonstrated increased tubular dilation. First of all,
the lumen diameter of the distal tubules was 36% lar-
ger than in the “HP” group (48.245.9 vs. 35.5+4.5 ym;
p <0.05), exceeding the control value by 2.3 times.
Secondly, there was an increase in glomerular and
vascular changes. The glomerular area expanded by
15% compared to the “HP” group (10,500+1,200 vs.
9,100£1,050 pym? p<0.05), and cortical capillary den-
sity increased by 26% (480+60 vs. 380+50 per mm?
p <0.05), which was 50% higher than the control le-
vel. Finally, there was progression of hydronephrosis
and inflammation. The median hydronephrosis score
(in points) was significantly higher than in the “HP”
group [3 (3; 4) vs. 2 (1.5; 2.5); p <0.05], and the inflam-
matory infiltrate reached a moderate degree [2 (2; 3)].

By contrast, the “PH + hypothyroidism” group
showed the least pronounced changes in most parame-
ters. Compared with the “HP + hyperthyroidism” group,
distal tubule dilation was 48% lower (25.3+3.2 vs.
48.2+5.9 pm; p <0.05), while remaining 20% higher
than the control group (p <0.05). The density of re-
nal cortical capillaries was 40% lower (290+40 vs.
480460 per mm?; p <0.05), which was even 9% lower
than control levels (p <0.05). There was no glomerular
or tubular epithelial hypertrophy: glomerular area and
proximal tubular epithelial height did not differ statisti-
cally from control values (p >0.05). Minimal signs of
obstructive damage were noted: hydronephrosis was
assessed at 1 point [1 (0.5; 1)], which was significantly
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lower than in the “PH” group (p <0.05). The inflamma-  factor beta / Sma and Mad — a family of proteins), a

tory infiltrate was insignificant or absent [0 (0; 1)]. key pathway in fibrogenesis [15, 16]. This may explain
the preservation of cortical architecture and less severe
DISCUSSION OF THE RESULTS tubular dilation in the “PH + hypothyroidism” group [17].

Clinical data on associations between thyroid status The results underscore importance of assessing
and benign prostatic hyperplasia (BPH) are contradicto-  thyroid status in patients with BPH as a potential risk
ry. Some studies indicate an association between hyper-  factor for renal complications. Correction of hyperthy-
thyroidism and increased prostate volume [4], whereas roidism can be considered an additional strategy to
others, using Mendelian randomization, show that hypo-  slow the progression of nephropathy.
thyroidism may be associated with a reduced risk of PH
[6]. These contradictions underscore the complex nature CONCLUSION
of thyroid hormones influencing urinary system develop- Experimentally induced hyperthyroidism in the PH
ment. Current research demonstrates that experimental model potentiates structural kidney damage due to ob-
hypothyroidism and hyperthyroidism exert divergent ef-  structive uropathy against a background of more pro-
fects on structural changes in the kidneys in the context nounced prostatic hyperplasia and lymphogenic infiltration
of testosterone-induced obstructive uropathy in rats. of the renal parenchyma, despite an increase in glomeru-

Hyperthyroidism potentiated, while hypothyroidism lar surface area and capillary density. In contrast, when
significantly reduced the severity of hydronephrosis, hypothyroidism is induced, a pronounced protective effect
tubular dilatation, inflammation, and glomerular chan-  occurs due to a reduction in signs of obstructive damage
ges.The changes observed in hyperthyroidism may be  to the renal parenchyma and the absence of lymphogenic
associated with several interrelated mechanisms [7, infiltration. When extrapolating these findings to clinical
8]. First, this is linked to an increase in hemodynamic practice, it underscores the need for a comprehensive
load. Excess thyroid hormones stimulate renal blood endocrinological approach for managing patients with PH.
flow and glomerular filtration [9, 10], which, under con-
ditions of obstruction, places an additional burden on ADDITIONAL INFORMATION
the nephrons, contributing to glomerulomegaly and Author contribution. R.I. Glushakov — concept
sclerosis. Second, they may be associated with oxida-  of the experiment, writing the original text; Z.V. Pachu-
tive stress [11, 12]. Hyperthyroidism is related to in- liya — collection of material, preparation of histological
creased production of reactive oxygen species through  preparations; A.L. Semenov — conducting the experi-
NOX4 activation [13], which exacerbates damage to mental study; V.V. Krishtop — description of morpho-
the tubular epithelium. Third, it is associated with logical preparations, analysis of the obtained data, sta-
modulation of the inflammatory response: thyroid hor- tistical analysis; A.R. Iskalieva — writing the text of the
mones modulate NF-kB-dependent inflammation [14], article, scientific and technical editing.
enhancing the production of proinflammatory cytokines All authors made a substantial contribution to
(interleukin-1B, tumor necrosis factor-a). the conception of the study, acquisition, analysis,

Macroscopic and microscopic parameters in the interpretation of data for the work, drafting and re-
‘PH + hypothyroidism” group were similar to those in vising the article, final approval of the version to
the intact control group or the “pure” PH group. The be published and agree to be accountable for all
protective effect of hypothyroidism may be associated aspects of the study.
with three factors. The macroscopic and microscopic Competing interests. The authors declare that
parameters in the “PH + hypothyroidism” group were they have no competing interests.
similar to those in intact controls or the “pure” PH group. Experiments with animals. All manipulations
The protective effect of hypothyroidism may be associ- complied with the principles of the European Con-
ated with three factors. First, there is a reduction in me-  vention for the Protection of Vertebrate Animals
tabolism. Hypothyroidism decreases renal blood flow (Strasbourg, 1986) and were approved by the local
and the metabolic load on the nephrons [10], thereby ethics committee.
slowing the rate of their damage and sclerosis. Second,
there is a shift in the balance toward antioxidant fac-  AOMNOJIHUTE/IbHAA MH®OPMALMA
tors. A reduction in the generation of reactive oxygen Bknag astopoB. P.W. [nywakoB — KoHuenuus
species [13] protects tubulocyte mitochondria from akcnepumeHTa, Hanucanme ucxogHoro Tekcta; 3.B. MNa-
apoptosis. Finally, T3 deficiency in hypothyroidism at- uynus — cbop maTepuana, W3roToBREeHWe rMUCTOMO-
tenuates TGF-B/SMAD signaling (transforming growth ryeckux npenapatos; A.Jl. CemeHoB — npoBeaeHue
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aKcnepumeHTanbHoro uccneposanus; B.B. Kpuwron —
onucaHue MopONOrMYeckUX npenapaTos, aHanus
NOMYYEHHbIX AaHHbIX, BbINOMHEHWE CTaTUCTUYECKOro
aHanu3a; A.P. ickanmeBa — HanucaHue TekcTa CTa-
TbU, HAYYHOE W TEXHWYECKOe pefakTUpOoBaHue.

Bce aBTOpbI BHECNM CYLLECTBEHHbIN BKag B pas-

paboTKy KOHLEenuuu, NpoBefeHWe WCCNeAoBaHNs W
NOArOTOBKY CTaTby, MPOYNM 1 0400pUNM uHaNbHYO
Bepcuio nepea nybnukaumen.
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KoHdonukT wuHTepecoB. ABTOpbl [eknapupytoT

OTCYTCTBNE ABHbIX W MNOTEHLUMANbHbIX KOHqI)J'II/IKTOB
WHTEPECOB, CBA3aHHbLIX C ny6nvn<au,me|7| HaCTOFlUJ,eIZ
CTaTbu.

JKCnepuMeHTbl € XUBOTHbIMU. Bce maHuny-

nayuuu CoOTBETCTBOBANM NpuHuunam EBponenckon
KOHBEHLMM O 3alyuTe MO3BOHOYHbIX XWUBOTHbIX
(Ctpacbypr, 1986) n 6binn 0406PEHBI NOKANbHBLIM
9TUYECKMM KOMUTETOM.
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Corresponding author:  Abstract. Introduction. Currently, occlusal split therapy has become widely used in dental practice
Andrey K. lordanishvili. for pathology of the temporomandibular joint and/or parafunctions (hypertonia) of the masticatory
E-mail: - muscles. At the same time, no in-depth studies on the effect of occlusal splint therapy on the condi-
professoraki@mail.ru tion of tooth enamel, as well as the prevention of its demineralization have been conducted so far.

The aim — to study the influence of occlusal splint therapy on the state of dental enamel and also
to estimate the effectiveness of using the individual oral hygienic care for remineralization of dental
enamel. Materials and methods. There were 45 women aged from 19 to 44 years old being under
observation for 2 months who were treated by occlusal splint therapy for temporomandibular joint
and/or masticatory muscles diseases and were periodically examined once a month for 60 days
to estimate functional resistance of tooth enamel by means of TER-test. The 1%, control, group
consisted of 20 people, who performed their usual 2 times daily routine individual oral hygiene
during occlusal splint therapy. The 2", main group, consisted of 25 people who additionally used
ASEPTA remineralizing dental gel after oral hygiene treatment. Results. Indexes of functional
resistance of tooth enamel to acid before occlusal splint therapy in the 1st and 2" groups patients
were almost the same and comprised respectively 2,73+0,19 and 2,81+0,18 conventional units.
Patients of the 15group had the tendency to decrease the functional resistance of tooth enamel
to 2,85+0,17 conventional units during the period of dynamic observation while the patients of the
2" group had the functional resistance of tooth enamel significantly increased up to 1,02+0,18
conventional units that is the evidence of the effectiveness of the remineralizing gel for teeth during
the occlusal splinting therapy. Daily use of remineralizing ASEPTA dental gel by the patients of the
main study group 2 in the course of 2 months of occlusal splint therapy allowed to provide 36,3%
increase of digital indices of tooth enamel resistance, which is an important factor of prevention of
dental caries development.

Keywords: occlusal splint therapy, teeth, dental caries, prevention of dental caries, functional
enamel resistance, remineralizing agents for teeth, pathogenetic method of dental caries prevention
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Pe3tome. BeedeHue. B HacTosLiee BpeMsi B CTOMATONOMMYECKOM NpaKTUKe Npu NaTonoru BUCOY-
HO-HWXHEYENOCTHOrO cycTaBa WU/mnu napadyHKLMAX (TMNEPTOHNUM) XKeBaTeNbHbIX MblLL, CTanM
LIMPOKO NPUMEHATH OKKMIO3MOHHYIO CRAMHT-Tepanito. B To xe Bpems 4o C1x Nop He NPOBOANNNCH
yrnybreHHble UCCnefoBaHus O BAMSHUM OKKMIO3WOHHOW CNNIMHT-Tepanii Ha COCTOSIHUE aManu
3y60B, a Takxke NpodunakTUkL ee feMuHepanuaaumn. Lesabs pabomsi — U3yuuTb BIUSIHUE OKKIHO-
3MOHHOI CMIIMHT-TEpanMM Ha COCTOSHME 3Manu 3y060B 1 OLIEHNTb SEKTUBHOCTb MHANBUAYAMNBHBIX
TUrMEHNYECKUX MEPONPUATUIA MO YXOLY 3a NONOCTbIO PTa B OTHOLIEHUN PEMUHEpanU3aLmm amanm
3y6oB. Mamepuanbi u Memodsl. Noa HabNAEHNEM B TeYeHE ABYX MeCsLEeB HaX0aunmchb
45 xeHwuH B Bospacte 0T 19 [0 44 net, NPOXOANBLUMX NIEYEHNE OKKMIO3NOHHON CMANHT-TEpanu-
el no noBoay 3aboneBaHnit BUCOYHO-HIKHEUEIOCTHOTO CyCTaBa U/MNu xeBaTeNbHbIX MbILLL,.
lMauneHToK Ha NpoTshxeHun 60 cyTok nepuoamyecku, 1 pas B MecsL,, ocMaTpuBanu Ans oLeHKu
(DYHKLMOHAMNBHOM PE3NCTEHTHOCTI aManu 3y6oB, KOTOPYIO BbIMOMHAMM C MOMOLLbo TOP-TecTa.
B 1-10, KOHTPOMbHYO, rpynNy uccnefoBaHns Bownu 20 YenoBek, OCYLECTBNSABLUMX B XO4€e OK-
KIIO3MOHHOW CNNWHT-Tepanuu 0BbIYHYI0 NS HUX ABYKPATHYI0 0OLENpUHATYI0 UHOMBNAYaTbHYIO
rUrveHy NonocTu pTa B CyTkW. Bo 2-10, OCHOBHY!IO, rpynny uccnefoBaHus BOLNK 25 YenoBsex,
KOTOpbI€ NOCe OCYLEeCTBNEHUS MHAMBMAYANBHOIO yX04a 3a NONOCThb0 PTa AOMNONHUTENBHO
ucnonb3oBanu renb Ans 3y6os pemunepanuaytowmin ACEMNTA. Pesynbmamsi. [Jo Havyana
OKKIO3WOHHON CMIMHT-TEpPANUM nokasaTenu yHKLNOHANbHON PE3UCTEHTHOCTM 3mMany 3y0oB K
KICNOTE Y MayMeHTOB 1-1 1 2-7 rpynn BbInn NpakTUYECKN OLMHAKOBLIMMW 1 cocTaBunn 2,73+0,19
1 2,81+0,18 ycn. eq. COOTBETCTBEHHO. Y naLuueHToB 1-i rpynnbl 3a Nepuog ANHaMUYECKOTO Ha-
BriofeHns oTMeYeHa TEHAEHLMS K CHIKEHMIO (DYHKLIMOHAMBHOW PE3UCTEHTHOCTH aManu 3y6oB 0
2,85+0,17 ycn. eq., B TO BpeMs Kak y naLuueHToB 2-i rpynnbl PyHKLMOHaNbHAs pe3nCcTeHTHOCTb
amanu 3y6oB gocToBepHo noebicknack Ao 1,02+0,18 ycn. eq., YTo cBUAeTenbCTBYeT 06 addekTns-
HOCTM NPUMEHSIEMOTO UMW rens Ans 3y6oB B X0 OKKMO3MOHHON CNMHT-Tepanuu. ExeaHeBHoe
“cnonb3oBaHWe nauueHTamu 2-i rpynnbl MICCNeA0BaHUs rens ans 3ybos peMmHepanuaytoLero
ACEITA B x04e 4BYXMeCS4YHON OKKITHO3MOHHOW CMANHT-Tepanumu no3BONNII0 NOBLICUTH NOKasa-
TEMNM Pe3nCTEHTHOCTH amanu 3y6oB Ha 36,3%, 4To ABNSAETCS BaXHbIM (hakTOPOM NpOodUNaKTUKL
pa3BuTNS Kapueca 3y0oB.

KntoueBble cnoBa: OKkItO3MOHHAs CNNMHT-Tepanus, 3y6bl, kapuec 3y60B, npodurakTuka kapueca
3y60B, (hyHKLMOHAMNbHAS PE3UCTEHTHOCTb AManu, peMUHepanuayloLue cpeacTea ans 3y6os,
naToreHeTM4ecknit MetToa NpodunakTmku kapueca 3y6os

© CepukoB AA.,
Moppanuwemam A.K., 2026
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INTRODUCTION

Currently, occlusal splint therapy has become
widely used in dental practice for the management
of temporomandibular joint (TMJ) disorders and/or
parafunctions (hypertonicity) of the masticatory mus-
cles [1-3]. Splints, also referred to as occlusal ap-
pliances or mouthguards, are placed on the dental
arches of one or both jaws and alter the pattern of
tooth occlusion as well as the position of the man-
dibular condyles within the glenoid fossae of the
temporal bones. This contributes to the normalization
of TMJ and masticatory muscle function and helps
prevent excessive tooth wear [4-7]. Splints are usu-
ally fabricated from acrylic resin or silicone, and pa-
tients wear them for 8-24 hours per day depending
on their intended purpose [3, 8, 9]. Prolonged use of
splints creates a greenhouse-like effect beneath the
appliance, promoting the proliferation of microorga-
nisms capable of causing enamel demineralization,
which may lead to the development of dental caries
[10-12]. Therefore, adequate individualized oral and
dental hygiene is an important aspect of splint use
[7, 13, 14]. To date, no in-depth studies have been
conducted on the effect of occlusal splint therapy on
the condition of dental enamel or on the prevention of
its demineralization.

AIM

To investigate the effect of occlusal splint therapy
on the condition of dental enamel and to evaluate the
effectiveness of individualized oral hygiene measures
for the remineralization of dental enamel.

MATERIALS AND METHODS

Forty-five women aged 19 to 44 years with various
TMJ disorders and/or parafunctions of the masticatory
muscles who were prescribed silicone splints for the
mandible were followed for three months. The patients
were divided into two study groups. The first (control)
group included 20 (46.51%) participants who, during
splint therapy, performed conventional twice-daily indi-
vidual oral hygiene consisting of tooth brushing with a
manual toothbrush and toothpaste. The second (main)
group included 25 (53.49%) participants who, after
performing conventional individual oral hygiene, addi-
tionally used ASEPTA remineralizing dental gel (VER-
TEX JSC, Saint Petersburg, Russia). According to the
manufacturer’s information, the gel contains biomime-
tic hydroxyapatite, which promotes rapid and effective
mineralization of hard dental tissues [1], making it a
pathogenetically justified method for the prevention of
this pathology. Using a toothbrush, the gel was distri-
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buted over the tooth surfaces and left in contact with
the hard dental tissues for 1-2 minutes, after which
the excess gel was spat out without subsequent rin-
sing of the oral cavity. Patients were instructed to per-
form oral hygiene in the morning after breakfast and in
the evening after dinner before bedtime. After applying
the remineralizing gel, they were advised not to eat or
drink for 30 minutes.

To study the effect of occlusal splint therapy on
dental enamel and to evaluate the effectiveness of
individualized oral hygiene measures in terms of ena-
mel remineralization, the enamel resistance test (TER
test) proposed by V.R. Okushko [5] was used. Enamel
resistance was assessed on one of the mandibular
central incisors. The tooth crown was cleaned of pos-
sible plaque and dried, after which a 1% HCI solution
was applied, creating a droplet up to 2 mm in diameter
on the crown surface. After 5 seconds, the droplet was
rinsed off with distilled water, the crown was dried with
a cotton pellet, and a droplet of 1% methylene blue
solution was applied to the etched area and immedi-
ately removed with a cotton pellet. Enamel acid resis-
tance, i.e., its resistance, was then scored according
to the intensity of staining that developed on the crown
surface. The staining was compared with a standard
10-point blue color scale ranging from 0 (complete
absence of staining of the etched area of the tooth
crown) to 10 points (most intense blue staining of the
etched area of the tooth crown). This examination was
performed in each patient before the start of occlusal
splint use and again after 30 and 60 days of use.

The significance of differences between mean
values of independent samples was assessed using
Student’s t-test for normally distributed data and the
Mann-Whitney test for non-normal distributions. Nor-
mality was assessed using the Shapiro-Wilk test. For
statistical comparison of proportions, Pearson’s 2 test
with the Mantel-Haenszel likelihood correction was
used. In all statistical analyses, the level of signifi-
cance was set at p<0.05.

RESULTS

When enamel resistance was assessed in patients
of Groups 1 and 2 before the initiation of occlusal splint
therapy, the indicators of enamel functional resistance
to acid were found to be virtually identical, amounting to
2.73£0.19 and 2.81£0.18 conventional units, respective-
ly (p 20.05). One month after the start of occlusal splint
therapy, patients in the control group demonstrated a ten-
dency toward decreased functional enamel resistance,
which persisted throughout the two-month follow-up pe-
riod (Fig. 1). After two months of occlusal splint therapy,
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enamel functional resistance to acid in the control group ~ Yen.en.
was 2.85+0.17. Although this value still indicated high "
structural and functional enamel resistance [5, 10], the ]
overall trend should be regarded as unfavorable, as it
may contribute to the development of dental caries.

In patients of the main group, a significant trend to-
ward increased enamel functional resistance to acid was
observed throughout the entire study period (Fig. 1).
Thus, 30 and 60 days after the initiation of occlusal
splint therapy, enamel functional resistance improved

to 1.56+0.19 and 1.02+0.18 conventional units, respec- 0
tively (p <0.01). Figure 2 presents the dynamics of TER 1-5 rpynna (koHTponkHas) 22 rpynna (0GHBHas)
\ . \ 1st group (control) 2nd group (basic)
test values in patients from the control and main study
f treat t and durina the 60-d iod of m [lo CNNUHT-Tepann - m Yepes 30 cytok  m Yepes 60 cyTok

grqups before treatment an uring the ay perioa o Before splint-therapy After 30 days After 60 days
slet_ _therapy. ) . Fig.1.  Functional acid resistance of tooth enamel in the control

SI|ICOHQ splints used f(?l' occlusal therapy impede and main groups during follow-up (figure by the authors
the cleansing effect of saliva on the enamel surfaces of this article)
located beneath the spllnt. Under conditions of routlne Puc.1. TMokasaTenu dyHKLMOHANLHO PE3UCTEHTHOCTU BManK 3y-
oral hygiene alone, this contributed to a decrease in 608 K K1CTIOTe Y 06CIIE0BAHHbIX KOHTPONBHOI 1 OCHOBHON
enamel resistance during the two months of occlusal TPYNN UCCIIEAOBAHNA HA MPOTAXEHUN AMHAMUHECKOO Ha-
splint therapy. This finding was demonstrated in pa- BrioaeHus: (pucyHoK aBTOPOB AGHHON CTaTbH)

tients of Group 1. Such an unfavorable trend in enamel
functional resistance may become a predisposing fac- v, o
tor for the development of dental caries in patients un-  Units

dergoing occlusal splint therapy, although the TER test  35-

value after two months of therapy still indicated high
structural and functional enamel resistance in Group 1 ]
patients. ]
Daily use of ASEPTA remineralizing dental gel by pa-
tients in Group 2 throughout the 60-day period of occlu-
sal splint therapy resulted in a positive trend in enamel | .
resistance indicators. These values differed significantly |
from those observed in Group 1 as early as 30 days naqmeHTKaE Mauvientka L.,
after treatment initiation (p <0.05), although according 33 roga (1- rpynna) 40 nie (2-1 rpynna)
to the TER test assessment criteria they also indicated PatientE., 33 years old (group 1) - Patient Sh., 40 years old (group 2)
high structural and functional enamel resistance [10]. = flo rauania chnikT Tepann w ‘lepes 30 cytok - m ‘lepes 60 cyrox
efore splint-therapy After 30 days After 60 days

Nevertheless, for patients in Group 2, a favorable trend
in TER test values can be confidently stated, indica-
ting an increase in enamel functional resistance. This
is likely to contribute to the prevention of dental caries . ,

Fig.2.  Changes in tooth enamel acid resistance in two patients
from Groups 1 and 2 during follow-up (figure by the
authors of this article)

[nHamnka nokasatenen gyHKLMOHaNbHON Pe3NCTEHTHOCTH

development in patients using silicone dental splints amanm 3yBoB K KUCTOTe Y BYX 0GCMe0BaHHbIX NALMEHTOB
(occlusal appliances) during occlusal splint therapy. M3 KOHTPOMBHOM 11 OCHOBHO PYNN UCCNE0BaHUS Ha Mpo-

TAKEHWM AMHAMUYECKOTO HaBMIofeHNs (PUCYHOK aBTOpOB
CONCLUSION [laHHO CTaTbi)

1. Under conventional individual oral hygiene
measures during occlusal splint therapy with silicone tional resistance of dental enamel by 36.3% over a
splints, a decrease in the functional resistance of den- 60-day period of occlusal splint therapy, which is an
tal enamel is observed, which may become a predis- important factor in the prevention of dental caries.
posing factor for the development of dental caries. Therefore, the inclusion of ASEPTA remineralizing

2. The use of the modern Russian-made ASEPTA dental gel in individual oral hygiene measures may
remineralizing dental gel containing biomimetic hy- be recommended for patients during prolonged use of
droxyapatite makes it possible to increase the func- splints.
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Bknap aBtopos. AK. /lopganuwsunn — paspa-

BoTKa KOHLENUMM UccnefoBaHus, HanucaHue MCXop-
HOrO TEKCTa, BbIMOMHEHWe CTaTUCTUYECKOro aHanusa,
Hay4HOe W TexHudeckoe pegaktuposanue; A.A. Cepu-
koB — cbop maTepwana, NpoBeAeHWEe KNUHUYECKOTO
nccnefoBaHUs, aHanu3 MonyyYeHHbIX pe3ynbTaTos,
HanucaHue TekcTa cTaTby.

Bce aBTOpbI BHECHM CYLLECTBEHHbIN BKNag B pas-

paboTKy KOHLENUWM, NpoBedeHne WUCCNeaoBaHuUs W
MOATOTOBKY CTaTbi, MPOYNK 1 0406pUNK dKHamNbHYO
BEpcuto nepen nybnukaLmen.

KoHnuKT MHTepecoB. ABTOpbLI AEKNapUpytoT OT-

CYTCTBME ABHbIX 1 NOTEHLUNANbHbIX KOHd)ﬂMKTOB NHTE-
pecos, CBA3aHHbIX C ny6nv||<au,v|e|7| HaCTO‘r'IU.I'eIZ CTaTbMW.

WUHhopMupoBaHHOe cornacue Ha nyGnukauuio.

ABTOpr nonyynnn nucbMeHHoe cornacue naluueHToB
Ha ﬂy6]'IVIKaLI|VII-O MEOUUNHCKUX OaHHbIX.
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Abstract. Mesenchymal stem cells and products based on it are an effective means of treating
diseases due to their proven effect on the tissue reparation. In recent years, large amount of data
has accumulated showing that the therapeutic effect of mesenchymal stem cells is realized not
by the cells themselves, but by it secretome. Preclinical studies using in vitro and in vivo disease
models have demonstrated promising results with small extracellular vesicles derived from stem cells,
including mesenchymal stem cells: reduction of oxidative stress, increased proliferation, survival
and differentiation of cells, suppression of inflammation, which promotes regeneration at the site of
damage. Isolation of the vesicular fraction of mesenchymal stem cells is the starting point for the
production of products based on it. However, the path from the idea to the registration of such products
is associated with many difficulties. A therapeutic strategy that allows achieving the effects of cell
therapy without mesenchymal stem cells transplantation offers a number of advantages. The aim
of this review is to highlight the multiple factors that contribute to the high variability of the vesicular
fraction obtained from mesenchymal stem cells, the challenges of developing cell-free products,
and the need for standardized protocols for the production and evaluation of extracellular vesicles.

Keywords: mesenchymal stem cells, mesenchymal stem cell secretome, extracellular vesicles,
exosomes, extracellular vesicle-based products
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ABTop Ans Pe3tome. Me3eHxuMarnbHble CTBOSIOBbIE KNETKY, @ TakKe NPOAYKTbl HA UX OCHOBE ABNSIOTCA
koppecnoHaeHuuun: 3hPeKTUBHBIM UHCTPYMEHTOM B feveHny psaga 3abonesannit 6narogaps BIUSHUIO Ha npoLecc
Poavor Bnapumuposny  penapauun Tkanelt. B nocnegmue rogbl Hakannusaetcs Bce 60mblue AaHHbIX O TOM, YTO Tepanes-
KOPa?”eB- TUYECKNA 3DEKT ME3EHXMMATbHBIX CTBOIOBbLIX KITETOK peanu3yeTcs He CamuMu KneTkamu, a ux
E-mail: cekpeToMmom. CekpeTom npeacTasnsiet coboi KOMOUHALMI0 BE3UKYNSIPHO 1 HEBE3NKYNSIPHO

rodion korablev@gmail.com  qynaiyuu, KOTOPYHO CEKPETUPYIOT KIIETKH, B TOM YMCTIE ME3EHXUMATbHbIE CTBOMOBbIE KNETKM.

JoknnHnyeckne nccneaoBaHns ¢ UCNoONb30BaHNEM MOAenen 3abonesanwii in vitro u in vivo npo-
AEMOHCTPUPOBan MHOroobeLLaloLme peaynbTaTbl NPUMEHEHNS MaNbIX BHEKNIETOYHbIX BE3UKYT,
BbIJEMNEHHbIX U3 CTBOMOBbIX KNETOK, BKIOYAsh Me3eHXNMasbHbIE CTBOOBbLIE KNETKM: CHKEHNE
OKMCIMTENbHOrO CTpecca, ycunenme nponundepawmm, BbXnBaeMocTh 1 AnddepeHLNpPOBKN Kie-
TOK, YTHETEHWE BOCMANeHNs, YTO CNocoBCTBYET pereHepaLum B oyare nospexaeHus. onaumus
BE3UKYNAPHOMN (PPaKLMKN Me3eHXMMasbHbIX CTBOMOBbLIX KNETOK CIYXWT OTNPaBHON TOUKOM Ans
NpoN3BOACTBA NPOAYKTOB Ha ee 0cHoBe. OfHako NyTb OT MAew [0 perncTpauum nofgobHbIX Npo-
AYKTOB COMPSXEH C MAcCO CNIOXHOCTEN. [1pyn 3TOM TepaneBTUYEeCcKas CTpaTerus, no3gonstoLas
A06uTbCA 3(PHEKTOB KNETOYHON Tepanuu, He npuberas K TpaHCNNAHTALMN ME3EHXMMaNbHbIX
CTBOIOBbIX KNeToK, obecneynBaeT psg npeumyilects. Lienb gaHHoro 063opa — noavyepkHyThb
MHOXeCTBO (pakTopoB, 00YCMNOBNMBAIOLLMX BbICOKYH BapuabensHOCTL BE3UKYNAPHON dhpakLimm,
NoJTy4aeMyHo U3 Me3eHXMMaslbHbIX CTBOMOBBIX KMETOK, CIIOKHOCTM pa3paboTkn 6eCKNEeTOUHbIX
NPOAYKTOB, a Takxe HEOOXOAMMOCTb CO3AAHNS CTaHLAPTU30BAHHBIX MPOTOKOMOB MOTyYEHUS
OLEHKM MasblX BHEKNIETOYHbIX BE3UKYI.

KntoueBble cnoBa: Me3eHxMarnbHble CTBOMOBLIE KNETKH, CEKPETOM Me3eHXMMallbHbIX CTBOJIOBbIX
KNeToK, BHEKITETOYHbIE BE3UKYIIbl, 3K30COMbI, NPOAYKTbl HA OCHOBE BHEKITETOYHbIX BE3NKYN

WUcTouHuK chmHaHcupoBaHusa. ABTOPbLI 3asBRAOT 06 OTCYTCTBUM BHELHEro MHaHCUPOBaHMS
© KonnekTus asTopos, 2026 MPY MPOBELEHUM UCCIE[oBaHNS.
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INTRODUCTION lular communication underlying numerous biological
Multipotent stem cells (MSCs) and MSC-derived processes, both physiological and pathological. The
products are opening new opportunities in biotechno- composition of the secretome reflects the state of the
logy and regenerative medicine. MSCs are capable of secreting cell, and this property is already being utilized
differentiating into osteogenic, adipogenic, and chon- for disease diagnosis, prognostic assessment, and de-
drogenic lineages, express a set of surface markers tailed studies of pathogenesis. In addition, strategies for
(CD105, CD73, and CD90), and adhere to specialized targeted drug delivery using the vesicular fraction of the
plastic under standard culture conditions (Fig. 1) [1]. secretome are being actively developed, offering high

The therapeutic application of MSCs has been ex- specificity and efficiency..
tensively investigated: as of August 2025, according to
the U.S. National Institutes of Health database (https:// COMPOSITION OF THE MESENCHYMAL
clinicaltrials.gov), more than 1,300 clinical studies have STEM CELL SECRETOME
been registered. Nevertheless, many unresolved issues The cellular secretome has been described as a
remain. As a result, only 12 MSC-containing cell pro- complex mixture of products released by virtually all
ducts have been registered to date, and only one has cells of the body in the form of vesicular and non-
been approved by the U.S. Food and Drug Administra-  vesicular fractions (Fig. 2) [5].
tion (FDA). The vesicular fraction consists of vesicles that

From the discovery of MSCs by Friedenstein in are classified according to their size. According to
the 1970s [2] until the early 2000s, it was believed the recommendations of the International Society
that the effects of MSCs were mediated by contact- for Extracellular Vesicles (ISEV) issued on Feb-
dependent signaling to other cells, as well as by their ruary 7, 2024, the term extracellular vesicles (EVs)
accumulation at sites of injury, based on their capa- refers to particles released from cells and enclosed
city for multipotent differentiation [3]. This concept by a lipid bilayer that are incapable of self-replication
began to be reconsidered following the publication by (i.e., do not contain a functional nucleus) [6]. ISEV
Gnecchi, who demonstrated that MSCs exert their ef- recommends avoiding the use of the biogenesis-
fects through the secretion and release of trophic mo- based terms exosomes and ectosomes, although
lecules [4]. Furthermore, studies tracking MSCs after these terms remain convenient for practical use.
systemic administration showed that MSCs (and stem Instead, ISEV permits the use of the terms small
cells in general) do not become incorporated into the  extracellular vesicles (SEVs) (<200 nm) and large
damaged tissue. extracellular vesicles (LEVs) (>200 nm), with the

In recent years, increasing evidence has indicated size definition depending on the specific analytical
that the primary mechanism of MSC action is their pa- method employed. In numerous scientific publica-
racrine effect mediated by the release of biologically tions, extracellular vesicles are classified according
active molecules collectively known as the secretome. to their biogenesis and release mechanisms as fol-
Over the past two decades, scientific interest in the cel- lows: exomeres (<50 nm), exosomes (30-150 nm),
lular secretome, particularly its vesicular fraction, has microvesicles (100-1000 nm), apoptotic bodies
increased dramatically. Investigation of the secretome (1000-5000 nm), migrasomes (500-3000 nm), and
composition has provided new insights into intercel- oncosomes (1000-10000 nm) [7].

Non-vesicular extracellular particles (NVEPSs)
comprise all cell-derived particles belonging to one
or more molecular classes that lack a delimiting li-
pid bilayer membrane [6]. NVEPs may be substan-
tially smaller than extracellular vesicles, making
their detection challenging, while MSC secretome
isolation methods may result in the co-isolation of
both vesicular and non-vesicular fractions [8]. The
most common components of the non-vesicular
fraction of the MSC secretome are presented in

” ¢ Table 1.
Fig.1.  Mesenchymal stem cells (the figure is prepared by the authors) The most common components of the vesicular
Puc.1. Meserxumanshble creonoesie knetku (pucyrok nogrotos-  fraction of the MSC secretome are summarized in
feH aBTOpaMm) Table 2.

POCCUMNCKUE BUOMEANLMHCKUE UCCNIELOBAHUA

2026;11(1):54-66
RUSSIAN BIOMEDICAL RESEARCH




MHHOBALMOHHAA ®APMAKOJIOINA

INNOVATIVE PHARMACOLOGY

o0
®e AN

b AN
B

ME3EHXUMAJIbHAA CTBOJNTOBASA KNETKA

MESENCHYMAL STEM CELL

LInTokuHbI

Cytokines

XeMOKWHbI

Chemokines

dakTopbl pocTa

Growth factors

Benku untockeneta
Cytoskeleton proteins

Benku BHekneTo4yHoro matpukca
Extracellular matrix proteins

O
0 00

depmeHThI

Enzymes

['opmoHonogo6Hble BelyecTea

Hormone-like substances Marnble BHEKNeTouHble Borblune BHEKNEeTOuHble
[OHK BE3uKyIbl BE3WKy bl

DNA meHee 200 Hm Bonee 200 Hm

PHK Small extracellular vesicles: Large extracellular vesicles:
RNA <200 nm >200 nm

HeBe3ukynspHas ¢pakuus

Non-vesicular
extracellular particles)

Be3ukynapHas dpakuus
Extracellular vesicles

N

—

CeKpeToM Me3eHXUManbHOW CTBONIOBOW KNETKN
Mesenchymal stem cell’s secretome

Fig. 2.
Puc. 2.

Mesenchymal stem cell's secretome (the figure is prepared by the authors)
CeKpeToM Me3eHX1MarbHON CTBONOBOW KMETKM (PUCYHOK NOAFOTOBMEH aBTOpaMM)

Table 1

The most frequently encountered components of the non-vesicular fraction of the mesenchymal stem cells secretome

Tabnuua 1

Haub6onee yacto BCTpevyaeMble KOMMOHEHTbI HEBGSMKynﬂpHOVI CbpaKLWIVI CeKpeTomMa Me3eHXMMalbHbIX CTBOJIOBbIX KI1€TOK

KomMnoHeHTbI HeBe3UKynsipHOM

¢hpakuum cekpeToma Me3eHXUManbHbIX L
CTBOMNOBBIX KIETOK I-Elgzn'\:eﬂzl ‘D‘al;';::'x
Components of the non-vesicular fraction P i)
of the mesenchymal stem cells secretome
LinTokuHbl IL-1a, IL-1B, IL-6, IL-8, IL-10, IL-13 [8, 9]
Cytokines
XEMOKVHbI + ®akTop CTBONOBbLIX KNeTok (SDF-1) [8]
Chemokines Stem cell factor (SDF-1);

+ 6enok-xemoaTTpakTaHT MoHouutoB (MCP1)
Monocyte chemoattractant protein (MCP1);

* XeMOKWHOBBI nuraHg motuea 12 (CXCL12)
Chemokine ligand 12 motif (CXCL12);

* cybbeauHmua 8 nonunentuaa 1, copepxaldero wanepoHuH (CCT8)
Subunit 8 of polypeptide 1 containing chaperonin (CCT8);

* MakpodaranbHbIi BocnanutensHblil 6enok 1-6eta (MIP-1B)
Macrophage inflammatory protein 1-beta (MIP-1B)
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Ending of the Table 1/ OkoH4yaHue mabn. 1

KomnoHeHTbI HeBe3nKynApHoOi
¢hpakumm cekpeToma Me3eHXMManbHbIX Wctoummk
CTBOJIOBbIX KIETOK ggzmeﬁ;‘ Aa;;:'x
Components of the non-vesicular fraction P source
of the mesenchymal stem cells secretome
dakTopbl pocTa « ®akTop pocta hubpobnactos 2 (FGF-2) [8]
Growth factors Fibroblast growth factor 2 (FGF-2);
* rpaHynouuTapHo-MakpodaranbHbIii KonoHrecTumynmupytoLLyi chaktop (GM-CSF)
Granulocyte-macrophage colony-stimulating factor (GM-CSF);
* thaktop pocra renatouutos (HGF)
Hepatocyte growth factor (HGF);
* cy6peanHuua A TpombouutapHoro daktopa pocta (PDGF-1)
Platelet-derived growth factor subunit A (PDGF-1);
* TpaHcdopmupytoLwmii thaktop pocta 6eta (TGF-B)
Transforming growth factor beta (TGF-B)
Benkn uyutockeneta * AkTuH a2 (ACTA2), aktuH B (ACTB), a-aktun cepaeyHon Mbiwusl (ACTC1) | [10]
Cytoskeletal proteins Actin a2 (ACTA2), actin § (ACTB), cardiac a-actin (ACTC1)
Benkn BHEKNETO4HOro MaTpukca * ®nbpunnue (FBN1), 6eta-uyens dubpuHoreHa (FGB) [10]
Extracellular matrix proteins Fibrillin (FBN1), fibrinogen beta chain (FGB)
depmeHTbI * [nuuepanbperua-3-pocdataernaporeHasa usgonamut 2 (GAPDH); [8]
Enzymes cynepokeuaamcmyTasa (SOD)
Glyceraldehyde-3-phosphate dehydrogenase indoleamine 2 (GAPDH); superoxide
dismutase (SOD)
['opmoHonogo6HbIe BeljecTsa * WHcynuHonogobHbIi daktop pocta-1 (IGF-1) [8]
Hormone-like substances Insulin-like growth factor-1 (IGF-1)

The table is prepared by the authors
Tabnuya cocmasneHa asmopamu

SEVs derived from MSCs express the same sur-
face markers as MSCs themselves, including CD29,
CD44, CD73, CD90, and CD105 [14]. These markers
can be detected using various techniques, including
flow cytometry and Western blotting.

SEVs are widely present in biological fluids such
as saliva, urine, breast milk, cerebrospinal fluid,
plasma, and serum [15]. Although their concentra-
tion varies among different biological fluids, the
concentration of SEVs in 1 mL of blood plasma may
reach 10" particles [16]. Identified SEV components
include approximately 10,000 proteins, 3,500 RNAs,
3,000 microRNAs, and 1,000 lipids [17].

Since SEVs retain the signature of their parent
cells, determining their composition in blood plasma is
of considerable diagnostic and prognostic value. At the
same time, the overall composition of plasma SEVs
is highly heterogeneous because they originate from
cells of most tissues. Investigation of SEV composi-
tion may substantially expand our understanding of
disease pathogenesis and serve as a starting point for
the development of novel SEV-based therapeutics and
vaccines [18].

The specific protein and RNA cargo of MSC-de-
rived SEVs varies depending on the MSC source and

2026;11(1):54-66

culture conditions [19, 20]. Culture conditions such as
hypoxia and cytokine stimulation can alter SEV com-
position and biological effects. Hypoxia enhances the
secretion of pro-angiogenic factors by MSCs and their
released SEVs, thereby improving neovascularization
and bone tissue regeneration [21]. Cultivation with ra-
pamycin and growth factor restriction increases SEV
release [22]. Factors such as donor age, health status,
and the method used for MSC isolation also influence
SEV composition [23]. For example, SEVs derived
from adipose tissue MSCs obtained by surgical exci-
sion and liposuction exhibit different characteristics,
and differences in microRNA profiles have been ob-
served even when the same isolation method is used
for samples collected from different anatomical sites
[24]. Age-related changes in donor cells affect the
quality of released SEVs, limiting their anti-inflamma-
tory and regenerative potential [25].

Increasing attention is being paid to the nucleic
acid fraction of SEVs. Several studies have shown that
DNA transported within SEVs participates in horizon-
tal gene transfer between cells, including transformed
cells, contributing to genetic diversity and potentially
facilitating the spread of oncogenes during cancer pro-
gression [26].
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Table 2

The most common components of the vesicular fraction of the mesenchymal stem cells secretome according
to different sources

Tabnuua 2

Haunbonee yacto BCTPpevyaeMble KOMMOHEHTbI Be3VIKyI1ﬂpHOl7I ¢pakumm cekpeToma Me3eHXUManbHbIX CTBOMOBbLIX KNETOK
COrnacHo pa3HbIiM UCTOYHUKAM

KoMnoHeHTbI Be3UKynsipHON dhpakuum
ceKpeToMa Me3eHXUManbHbIX
CTBONOBbLIX KNETOK
Components of the vesicular fraction
of the mesenchymal stem cells secretome

UcTouHuk
OaHHbIX
Data source

Mpumepsi
Examples

o AKTWH
Actin;

* B-Ty6YynuH
B-tubulin;

Benku
Proteins

* TeTpacnanuHbl (CD9, CD63, CD81, CD82)
tetraspanins (CD9, CD63, CD81, CD82);

+ 6enku Tennosoro wwoka (HSP770, HSP90)
heat shock proteins (HSP770, HSP90);

+ 6enok onyxonesoi npegpacnonoxerHoctn 101 (Tsg101)
tumor predisposition protein 101 (Tsg101);

+ 6enoK, B3arMOZIENCTBYIOLLMIA C 3anporpamMMUpOBaHHON KNeTo4HoI rnbenbo (Alix)
programmed cell death-interacting protein (Alix);

+ 6enku rnasHoro komnnekca ructocosmectumoctu | u Il knaccos (MHC I, MHC-I1)
proteins of the major histocompatibility complex classes | and Il (MHC I, MHC-II)

(1]

Jivnuabl
Lipids

* Liepamugpl
Ceramides;

* CUHTOMUENMH
sphingomyelin;

* docdatnanncepuH
phosphatidylserine;

* (hochaTUANINHO3NTON
phosphatidylinositol;

* XONecTepuH
cholesterol

(12]

HyknenHoBble KUCMOTbI
Nucleic acids

+ MatpuyHas PHK
messenger RNA;

* MukpoPHK
microRNA

* pubocomansHas PHK
ribosomal RNA

o OHK
DNA

(13]

The table is prepared by the authors
Tabnuya cocmaeneHa asmopamu

Because the DNA of SEVs derived from certain tu-
mors contains characteristic genetic alterations, such
as mutations and gene amplifications, SEVs represent
promising targets for noninvasive diagnostic applica-
tions, including liquid biopsy. Furthermore, mitochon-
drial DNA contained in SEVs is associated with cellular
stress responses and may play a role in immune sys-
tem intercellular signaling [27].

Various forms of RNA have also been identified
within SEVs, including messenger RNA (mRNA), mi-
croRNA, ribosomal RNA, circular RNA, long non-coding
RNA and DNA. SEV-associated RNAs undergo hori-
zontal transfer between cells, resulting in phenotypic
changes in recipient cells due to their important role in

POCCUMCKUE BUOMEANLIMHCKUE UCCNIELOBAHUA

gene regulation and participation in diverse physiologi-
cal processes [28]. For example, SEVs derived from
embryonic stem cells can reprogram hematopoietic
progenitor cells through the delivery of mRNA [29].
During the immune response, unidirectional transfer of
mRNA occurs from T lymphocytes to antigen-presen-
ting cells, a process that may be antigen-dependent.
Viral microRNAs contained in SEVs released by in-
fected cells can be taken up by uninfected cells [30].

MicroRNAs are the most abundant RNA species
found in human plasma SEVs, accounting for approxi-
mately 40% of the total RNA content, which makes
them particularly advantageous for diagnostic applica-
tions.
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FORMATION AND BIOLOGICAL EFFECTS regulated by the ESCRT protein complex (Endosomal
OF EXTRACELLULAR VESICLES Sorting Complexes Required for Transport) or medi-
The secretion of small extracellular vesicles by ated through ceramide-/tetraspanin-dependent path-
cells is a fundamental process required for intercel- ways [34].
lular communication under both physiological and Some of the formed MVBs fuse with lysosomes,
pathological conditions [31] and has likely existed resulting in degradation of their contents. Another
throughout evolution [32]. Under in vitro conditions, fraction of MVBs is “tagged” by ceramides; the outer
SEVs are released by cultured cells into the culture membrane of the MVB fuses with the plasma mem-

medium. brane, and SEVs are released into the extracellular
The process of vesicle formation begins with the space [35].
invagination of the plasma membrane into the cell, lea- The biogenesis and secretion of SEVs are con-

ding to the formation of early endosomes, followed by trolled by specific GTPase proteins. Small GTPases
the development of late endosomes or multivesicular of the Rab family regulate intracellular vesicular
bodies (MVBs) (Fig. 3) [33]. transport. For example, Rab5 participates in endo-

At this stage, MVBs contain proteins that were pre- some formation, whereas Rab7 promotes degra-
sent on the plasma membrane, as well as RNA and dation of MVB contents within lysosomes. Several
proteins derived from the cytoplasm. Subsequently, Rab proteins (Rab35, Rab11, Rab27a, and Rab27b)
proteins from the endoplasmic reticulum and Golgi regulate the secretion of SEVs into the extracellu-
apparatus are incorporated into MVBs. The de novo lar space [31]. The formation and secretion of SEVs
incorporation of various components into MVBs is may be altered by intracellular processes or external
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Fig. 3.  Structure and biogenesis of extracellular vesicles (the figure is prepared by the authors)
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stimuli. For example, transformed tumor cells se-
crete significantly greater numbers of SEVs than
non-transformed healthy cells [36]. Cellular stress
is considered a possible factor that increases SEV
release [37].

Following their release, SEVs adhere to the sur-
face of target cells through the action of integrins
and tetraspanins. For example, integrins av (CD51),
a3 (CD49c), p1 (CD29), as well as lactadherin and
vitronectin, are involved in the adhesion of SEVs to
leukocytes [33]. Tetraspanins present on the plas-
ma membrane are also highly expressed on SEVs
(CD9, CD81, CD63, and CD82), allowing their use
as specific SEV markers. Tetraspanins play a key
role in the adhesion, fusion, and selective uptake
of SEVs by recipient cells [38]. Changes in the ex-
pression of specific tetraspanins may modulate the
selective targeting and uptake of SEVs, thereby
influencing the cellular response. The specificity
of SEVs for target cells may be determined by the
combination of antigens with MHC class | and Il
molecules [39].

The interaction of SEVs with recipient cells may
lead to several outcomes: (1) signal transmission
through intracellular signaling pathways (juxtacrine
effect); (2) fusion with the cell membrane and re-
lease of vesicular contents into the cytoplasm of the
recipient cell; and (3) uptake of SEVs through phago-
cytosis, macropinocytosis, or receptor-mediated en-
docytosis. Within the recipient cell, the contents of
SEVs are either degraded or induce a cellular re-
sponse. Although SEVs possess a wide range of
biological activities, their principal significance lies
in their ability to serve as carriers of information, fa-
cilitating long-distance intercellular communication.
Compared with the diffusion of soluble signaling mo-
lecules, SEV-mediated intercellular communication
is more effective both in terms of biological impact
and specificity.

ADVANTAGES OF USING CELL-FREE
PRODUCTS BASED ON COMPONENTS
OF THE MESENCHYMAL STEM CELL
SECRETOME

Despite numerous clinical studies, only 12
mesenchymal stem cell (MSC)-containing pro-
ducts have been approved to date, and only one
of them has received FDA approval — Prochy-
mal (Remestemcel-L) (Osiris Therapeutics Inc.,
Mesoblast Ltd.), which is used for the treatment of
graft-versus-host disease. In this regard, the po-
tential use of cell-free products based on the MSC

POCCUNCKUE BUOMEANUMNHCKUE UCCNELOBAHUA
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secretome or its vesicular fraction offers several

key advantages over MSC-containing cellular pro-

ducts, namely:

1) improved patient safety and avoidance of the low
but potentially existing risks of tumorigenesis and
transmission of infectious agents associated with
the transplantation of living stem cell populations;

2) reduction in the number of invasive material collec-
tion procedures or their complete avoidance (de-
pending on the MSC source);

3) assessment of safety and efficacy using approa-
ches similar to those applied to pharmaceutical
agents;

4) substantially prolonged storage life through cryo-
preservation or lyophilization without loss of bio-
logical activity; products containing viable cells are
generally short-lived (from several hours to one
day), requiring complex logistics for rapid delivery
to patients;

9) large-scale manufacturing of cell-free products
using specially established cell lines under con-
trolled laboratory conditions (e.g., in bioreactors) to
obtain MSC secretome components at desired con-
centrations and to tailor the secretome composition
according to specific therapeutic goals;

6) reduced production time and cost, with immedi-
ate availability of ready-to-use products, which is
particularly important for the treatment of acute
conditions such as cerebral ischemia, myocar-
dial infarction, and combat-related injuries.

CHALLENGES IN THE DEVELOPMENT
OF CELL-FREE PRODUCTS BASED ON
COMPONENTS OF THE MESENCHYMAL
STEM CELL SECRETOME

Although cell-free products based on MSC se-
cretome components offer potential advantages over
MSC-containing cellular products, their production
and regulatory approval are associated with numerous
challenges.

1. Heterogeneity of SEVs derived from MSCs. The
biological variability of SEV cargo, discussed above,
poses a challenge for the standardization and predic-
tability of therapeutic outcomes based on SEVs. Strict
quality control measures, including the use of reference
samples, development of calibration standards, and
consensus guidelines for SEV research, may improve
the reproducibility of SEV-related studies [40].

2. Use of different methods for SEV isolation and
characterization.

To date, no standardized methods for SEV isola-
tion, purification, and characterization have been
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established [41]. This creates uncertainty regarding regarding the required in vivo dose of SEVs, taking
their expected biological effects and potential clinical into account their pharmacokinetics and pharmaco-
outcomes, significantly complicating the assessment dynamics [47].
of efficacy and safety in both clinical and experimental Strategies to increase SEV release from cul-
studies. Commonly used methods for SEV isolation in-  tured cells include three-dimensional (3D) culture
clude ultrafiltration, ultracentrifugation, size-exclusion systems using bioreactors and spheroids, physical
chromatography, and immunoaffinity-based approa- stimulation (mechanical, electrical, or magnetic
ches [42]. field-based), chemical stimulation, physiological
The small size of SEVs (30-150 nm), their he- modification, and genetic manipulation of the pa-
terogeneity within source samples, the presence of rent cell population producing SEVs [48]. In addi-
protein contaminants, and high economic costs hin- tion to difficulties associated with obtaining high
der the selection of an optimal method for obtaining SEV yields from cell cultures, it should also be
SEVs with predefined characteristics. Ultrafiltration, considered that interactions between SEVs and
based on size separation, does not require expensive target cells are accompanied by partial lysosomal
equipment but is time-consuming and associated with  degradation, ultimately reducing their therapeutic
a high risk of membrane fouling by larger particles potential.
[43]. Ultracentrifugation, which relies on differences 4. Variable stability of SEVs. Currently, there are no
in density and size, is labor-intensive, costly, techni- standardized requirements or conditions for SEV sto-
cally demanding, and may result in high levels of con-  rage, despite their importance for planning the manu-
taminants (RNA, proteins) as well as damage to SEV  facture of SEV-containing products. Three principal
integrity [44]. Size-exclusion chromatography is used methods are commonly used for SEV preservation:
to obtain highly purified SEVs but requires expensive cryopreservation, spray drying, and freeze-drying (lyo-
equipment and complex procedures. Immunoaffinity-  philization).
based methods, which identify SEVs according to Cryopreservation is typically performed at -80 °C
unique surface protein profiles using biotinylated or -196 °C. This process involves freezing, thawing,
antibodies, enable the isolation of tissue-specific and potentially refreezing SEVs following partial use.
SEVs with high purity; however, these methods are To preserve SEV integrity during freeze-thaw cycles,
costly, low-throughput, and require extensive prepa- various cryoprotective agents are employed; these

ration [42]. should ideally possess low toxicity, water solubility,
Following isolation, SEVs must be characterized. and low cost.
Since SEVs contain nucleic acids, proteins, lipids, Factors such as the number of freeze—thaw cycles,

and a range of characteristic surface markers, each pH, storage medium composition, and osmotic pres-
of these components may be measured as a surro- sure influence the stability of SEV cargo, particularly
gate indicator of SEV abundance. However, none of proteins and microRNAs that mediate therapeutic ef-
these parameters perfectly correlate with the actual fects, in MSC-derived SEVs [49]. For example, storage
number of SEVs. SEV purity and yield may be as- of SEVs in phosphate-buffered saline results in a rapid
sessed using transmission or scanning electron mi- decline in SEV recovery within several days, whereas
croscopy, flow cytometry, Western blotting, and liquid dilution of the buffer may reduce recovery within mi-
chromatography—-mass spectrometry [44]. A detailed nutes [50]. The addition of human serum albumin and
description of these methods is beyond the scope of trehalose to the storage medium at -80 °C appears to
this review. be the most promising approach for long-term storage
3. Low SEV yield. Although SEVs represent pro- and preservation of stability through multiple freeze—
mising therapeutic agents, they are typically not se- thaw cycles.
creted in quantities sufficient for clinical application, Spray drying converts a liquid suspension contai-
which limits the full realization of their therapeutic ning SEVs into a dry powder through rapid exposure
potential. Insufficient SEV production remains one of to hot gas. However, this process may denature many
the major obstacles to their effective use [45]. For surface proteins and is therefore less suitable for
example, 1 mL of conditioned culture medium can SEVs containing thermosensitive components. During
produce approximately 10° SEVs, whereas an effec- freeze-drying (lyophilization), a two-step preservation
tive therapeutic dose is generally considered to be process involving freezing followed by water removal
around 10" SEV particles per milliliter [46]. Further- under reduced pressure, water is removed from SEVs
more, no recommendations have yet been developed in a manner that stabilizes them [51]. After lyophili-
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zation, SEVs may be stored at room temperature for
extended periods. Nevertheless, the choice of cryo-
protectants remains crucial for preventing aggregation
and maintaining functional integrity following reconsti-
tution [52].

Despite the evident advantages of cell-free pro-
ducts, numerous challenges must be addressed be-
fore the first regulatory approval can be granted for a
product containing the MSC secretome or its compo-
nents. The most pressing issues in the development
and registration of such products are the standardi-
zation and improvement of methods for the isolation,
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products requires scalable manufacturing processes
with clearly defined timelines and economic feasibi-
lity. Equally important are further studies on the com-
position, biogenesis, and biological effects of SEVs
on target cells, which will enable a more detailed as-
sessment of the efficacy and safety of SEV-based
therapeutic products and facilitate modification of
their composition according to specific clinical ap-
plications.
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Corresponding author:  Abstract. Introduction. The glucagon-like peptide-1 (GLP-1) system plays an important role not
Samg S. Pyurveev only in the regulation of energy metabolism but also in the control of motivational and reward-
E-mail: related behavior. Recent studies have demonstrated that GLP-1 receptor agonists can modulate

dr.purveev@gmail.com the activity of mesolimbic brain structures involved in the development of impulsivity and addictive
behavior. However, the effect of GLP-1 system activation on stress-induced disturbances of self-
control remains insufficiently studied. Aim. To determine the role of the glucagon-like peptide-1
(GLP-1) system in regulating impulsive and compulsive behavior that develops in rats following
early-life stress (temporary maternal separation), and to evaluate the effects of pharmacological
activation of GLP-1 receptors on behavioral manifestations associated with impaired self-control
and emotional regulation. Materials and methods. Experiments were carried out on Wistar rats
exposed to maternal separation during the postnatal period. Impulsivity was assessed using a
modified decision-making test with different reinforcement probabilities (analogous to the lowa
Gambling Task), and compulsivity was evaluated using the marble burying test. The GLP-1 receptor
agonist exenatide (Byetta®, AstraZeneca, UK) was administered subcutaneously at a dose of 10 pg/kg
daily for 7 days. Statistical analysis was performed using Student’s t-test; data are presented as
mean+SEM, and differences were considered significant at p <0.05. Results. Administration of the
GLP-1 agonist resulted in a significant reduction in impulsive behavior, expressed as a decreased
frequency of risky arm choices in the probabilistic reinforcement task compared to saline-treated
rats (p <0.05). At the same time, no significant effect was observed on compulsive behavior in the
marble burying test. Conclusions. Activation of GLP-1 receptors by exenatide exerts a selective
anti-impulsive effect while maintaining the level of compulsive responses, indicating a modulatory
role of the GLP-1 system primarily in the regulation of the impulsive component of behavior.
The obtained results support the potential of GLP-1 receptor agonists as pharmacological agents
for correcting stress-induced impairments of self-control and addiction-related behavioral disorders.

Keywords: glucagon-like peptide-1 (GLP-1), exenatide, impulsivity, compulsivity, stress, maternal
deprivation, rat, mesolimbic system
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ABTop ans Pe3tome. BeedeHue. Cuctema rntokaroHonofobHoro nentuga-1 (GLP-1) urpaet BaxHyt ponb He
KoppecnoHAaeHuum TOMbKO B PEryNALNM 3HepreT4eckoro 06MeHa, Ho 1 B KOHTPONE MOTUBALMOHHO-NOAKPENNAOLLErO
CapHr Caxanosuy noeeaeHus. B nocnegHne rofbl yCTaHOBIEHO, YTO aroHUCTbI peLienTopoB GLP-1 cnocobHbl Moay-
Miopsees. NMpOBaTb aKTUBHOCTb ME30NIMMOMYECKNX CTPYKTYP, YHaCTBYIOWMX B PA3BUTAN UMMYNbCUBHOCTY
E-mail: 1 apauKTUBHBIX hopM noBeaeHns. OgHako BNUsSHUE akTuBaUuy cucteMbl GLP-1 Ha cTpecc-uHay-

dr.purveev@gmail.com | 1h0BanHble HapyLLEHNS CAMOKOHTPONS HEAOCTATONHO M3y4eHo. Lenb uccaedosanust — onpe-

AENUTb Pofib CUCTEMBI FtokaroHonogo6Horo nentuga-1 (GLP-1) B perynsyuy MMnynbCUBHOTO 1
KOMMYNbCUBHOIO NOBeAeHMs, (hOPMUPYIOLLEroCs Y KPbIC NOCNe paHHEro CTPeCCOBOr0 BO3AENCTBUS
(BPEMEHHOM N30MALMM OT MaTepK), @ Takxe OLEHUTb BAMSHUE (hapMaKonoruieckol akTueaLum
peuentopos GLP-1 Ha noBeAeHYeckne NPOSIBNEHMUS, CBA3aHHbIE C HApYLUEHEM CaMOKOHTPO-
NS ¥ aMounoHanbHo perynauun. Mamepuanbi u Memodbl. SKCNEPUMEHTbI BbINOMHEHbI Ha
kpblcax BucTtap, noBepriinxcs BpeMeHHOW M30NLMK 0T MaTepu B NOCTHaTanbHOM nepuoge.
[Ins oLeHKN MMNYNbCUBHOCTM UCMOMb30BaNM MOANMULIMPOBAHHBIN TeCT Bbibopa ¢ pasnnyHom
BEPOSITHOCTLHK NoakpenneHus (aHanor lowa Gambling Task), a 4ns OLEHKM KOMNYNbCUBHOCTN —
TECT 3aKanblBaHus Wwapukos. Mpenapart akceHatus (Byetta®, AstraZeneca, BenukobputaHnus)
BBOAMNYN NOAKOXHO B 103€ 10 MKI/KI eXXeAHEBHO B TeueHue 7 aHen. Ctatuctuyeckyo obpaboTky
AaHHbIX NTPOBOAMNKM C NoMoLLbio t-kputepust CTblOAeHTa; pesynsTaTthl NPeAcTaBreHs! B BUae
M£SEM, pasnuuns cuntanu 3Ha4yumeimu npu p <0,05. Pesynbmamesi. BBeaeHwe aroHucra
GLP-1 np1BoaMno K 4OCTOBEPHOMY CHUXEHWIO UMMYNBCUBHOCTY, BblpaXaBLUEMYCS B YMEHbLUEHUM
4acToTbl BbIGOPA PUCKOBAHHbIX PYKABOB B TECTE BEPOSATHOCTHOIO NOLKPENNEHUS MO CPABHEHMIO
C rPYNMoiA, NonyyYaBLUER N30TOHMYECKMIA pacTBOp HaTpus xnopuaa pacteop (p <0,05). Mpu aTom
[OCTOBEPHOrO BIUSHWUS HA NPOSBMNEHWS KOMMYNbCMBHOMO NOBEEHNS B TECTE 3aKanbIBaHWS Wapu-
KOB He BbIsSiBNEHO. Bbigodbl. AkTuBaLws pelentopos GLP-1 ¢ nomoLLblo akceHaTuaa okasbiBaeT
CeneKkTUBHOE aHTUUMMNYNbCUBHOE AEUCTBIE NPU COXPAHEHUN YPOBHS KOMMYIbCUBHBIX peakLui,
4TO yKa3blBaeT Ha MOAYNUPYIOLLYI0 ponb cucteMbl GLP-1 npenmyllectBeHHO B perynayuu um-
NynbCMBHOTO KOMMNOHEHTA NOBeAeHNS. [TonyyYeHHbIe AaHHbIe NOATBEPXAAT NEePCNEKTUBHOCTL
aroHnctoB GLP-1 kak hapmakonoruyeckux cpesicTs ANs KOPPeKLMM CTPECC-MHAYLNPOBAHHbIX
HapyLLUeHU CaMOKOHTPONS M aA4UKTUBHbBIX PACCTPONCTB NOBEAEHNS.

KnroueBble cnoBa: rntokaroHonogobHbin nentua-1 (GLP-1), skceHaTua, MNynbCUMBHOCTD,
KOMMNYNbCUBHOCTb, CTPECC, MaTepuHCKas AenpuBaLms, kpoica, Me3onumbuyeckas cuctema

WUcTouHuku dpuHaHcupoBaHus. ViccnefoBaHWe BbINOMHEHO B paMKax rocy4apCTBEHHOIO 3afaHus

OTBHY «MHcTUTYT aKcnepumeHTanbHoin meauumHbly FGWG-2025-0020 «Mouck MonekynsapHbIX

MULLeHei Ans apmakonormyeckoro BO3AENCTBMS NpW aAAWKTUBHBIX U HEMPOIHAOKPUHHbBIX

HapyLUEHMSX C Lienblo CO3AaHMS HOBbIX (DapMaKoNorM4eckn akTUBHbIX BELLECTB, AEMCTBYIOWMX
© KonnekTvs agTopos, 2026 Ha peventopbl LIHC».

POCCUNCKUE BUOMEANLUNHCKUE MCCNELOBAHNA

2026;11(1):67-76
RUSSIAN BIOMEDICAL RESEARCH




MHHOBALMOHHAA ®APMAKOJIOINA 69
INNOVATIVE PHARMACOLOGY

INTRODUCTION hances satiety [8]. Based on these effects, GLP-1
Characteristic features of many psychiatric di- analogs were developed and are used to improve
sorders, including substance use disorders, gam- glycemic control in patients with type 2 diabetes mel-
bling disorder, obsessive—compulsive disorder, and litus. In addition to its peripheral effects mediated
binge-eating disorder, include impaired behavioral through vagal afferents, GLP-1 is also synthesized
control [1]. Impulsivity is defined as “a predisposi- in the brain—primarily by neurons of the nucleus of
tion toward rapid, unplanned reactions to internal the solitary tract (NTS)—where it functions as a neu-
or external stimuli, with diminished regard for the romodulator [10, 11]. GLP-1 receptors (GLP-1R) are
negative consequences of these actions for oneself expressed in several key brain regions, including the
or others” [2, 3]. nucleus of the solitary tract, hypothalamus, ventral
Compulsivity, in contrast, is characterized by “the tegmental area (VTA), and nucleus accumbens (NAc),
performance of repetitive and functionally maladap- all of which are involved in the regulation of energy
tive behaviors — overt or covert — carried out in homeostasis, appetite, food reward, and drug-related
a stereotyped manner, according to rigid rules or reward [12].
to prevent subjectively perceived negative conse- A number of recent preclinical studies indicate an
quences” [3]. important role of the GLP-1 system in the regulation
Contemporary research indicates that both be- of addictive behavior. Publications from the last de-
havioral phenotypes represent multidimensional cade have demonstrated that exendin-4 suppresses
and multicomponent constructs involving distinct conditioned place preference (CPP), cocaine self-
neurobiological and motivational mechanisms. Their administration, and the reinstatement of drug-seeking
relative contribution to the clinical presentation may behavior induced either by the drug itself or by drug-
vary depending on the type of psychopathology, in- associated cues during abstinence [13-15].
dividual personality traits, and the stage of the dis- Given current understanding of the neurometabolic
order [4]. mechanisms regulating motivation and reward, inves-
In recent years, considerable efforts have been tigation of the role of GLP-1 and its receptors in the
made to investigate the neurobiological basis of pathogenesis of behavioral disorders appears highly
impaired self-control, including the development relevant. While the influence of the GLP-1 system on
of behavioral tests for assessing impulsivity and energy balance, appetite, and glucose metabolism has
compulsivity. Experimental evidence demonstrates been extensively studied, its involvement in the deve-
pronounced impulsive and compulsive traits in ob- lopment of impulsive and compulsive behavioral pat-
sessive—compulsive disorder [1], substance use dis- terns, addictive tendencies, and stress-induced distur-
orders [5], and other addictive behaviors, such as bances of emotional regulation remains insufficiently
gambling disorder [5]. explored.
Considerably less is known about how these pro-
cesses relate to the pathogenesis of binge-eating AIM
disorder (BED). BED is characterized by the con- To determine the role of the glucagon-like pep-
sumption of large amounts of food within a limited tide-1 (GLP-1) system in the regulation of impulsive
period of time, accompanied by a subjective loss and compulsive behaviors developing in rats follo-
of control over eating behavior [6]. The disorder is wing early-life stress exposure (maternal separation),
considered to share features with addictive disor- as well as to evaluate the effects of pharmacological
ders, including a positive correlation with impulsivity —activation of GLP-1 receptors on behavioral manifes-
[7, 8]. tations associated with impaired self-control and emo-
According to current concepts of the neurobiology tional dysregulation.
of addictive disorders, peripheral metabolic factors with
central nervous system activity, such as glucagon-like MATERIALS AND METHODS

peptide-1 (GLP-1), play an important role in regulating Experimental Animals. The study was conduc-
reward circuitry and reinforcement processes associ- ted on 72 Wistar rats weighing 250-300 g (62 males
ated with psychoactive substances [15]. and 10 females). The animals were obtained from

GLP-1 is an incretin hormone secreted by intesti- the Rappolovo breeding facility (Tosnensky District,
nal L-cells in response to food intake. It lowers blood Leningrad Region, Russia) and housed in the ani-
glucose levels by stimulating insulin secretion from mal facility of St. Petersburg State Pediatric Medi-
pancreatic B-cells, delays gastric emptying, and en- cal University. Animals were maintained in standard
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plastic cages (40x50x20 cm) under controlled con- During the first 5 days, a training reinforcement
ditions: temperature 22+2 °C, relative humidity 50— schedule was used: entry into arm 1 delivered one
60%, and a reversed light-dark cycle (light: 20:00- standard food pellet (0.1 g), arm 2 delivered two pel-
08:00; dark: 08:00-20:00). Standard pelleted chow lets, and arm 3 delivered three pellets.
and water were provided ad libitum. Upon arrival, the Subsequently, animals proceeded to the main trai-
animals underwent a two-week acclimatization pe- ning phase. The reinforcement schedule was modified
riod. All experimental procedures complied with Di- as follows: Arm 1: FR1 (one pellet on every entry);
rective 2010/63/EU of the European Parliament and Arm 2: FR2 (two pellets on every second entry); Arm
of the Council on the protection of animals used for 3: FR3 (three pellets on every third entry).
scientific purposes and were approved by the Local Thus, no reward was delivered on 50% of entries
Ethics Committee of St. Petersburg State Pediatric into arm 2 and on 66.7% of entries into arm 3. Stable
Medical University (Protocol No. 58/03, September learning was defined as a consistent preference pat-
25, 2025). tern maintained for at least three consecutive days.
Breeding and Offspring Production. Female rats  Animals that failed to enter the maze arms (<15%)
were housed in groups of five per cage with free ac- were excluded from the experiment [7].
cess to food and water. One male was introduced into Assessment of Compulsive Behavior: Marble
each cage. Vaginal smears were collected daily and Burying Test. Compulsive and anxiety-related be-
examined under a light microscope. The presence of haviors were evaluated using the Marble Burying
spermatozoa in a smear during proestrus was consi- Test. Rats were placed individually in standard
dered day 0 of pregnancy. After pregnancy was con- plastic cages (40x50x20 cm) containing a 5-cm
firmed, females were housed individually. Gestation layer of bedding. Twenty glass marbles (1.5 cm in

lasted 20+2 days. diameter) were evenly distributed across the bed-
Early-Life Stress Model. Maternal separation ding surface.
was used to model early postnatal stress. From post- Each animal remained in the cage for 30 min, after

natal day 2 to day 12, pups were separated from which the number of partially or completely buried mar-
their mothers daily for 180 min and placed individu- bles (buried to a depth exceeding two-thirds of their
ally in plastic containers. Visual, tactile, and auditory diameter) was recorded [7].

contact with the mother was completely prevented.

Following the deprivation period and subsequent nur-

sing, offspring were housed in standard cages with = =
five animals per cage. For behavioral testing, 20 male FR1—100% ‘. g
rats aged 90-100 days and weighing 200-250 g were 3“3 S
selected [5]]. 3 _ _ -8
Randomization. Block randomization was per- 1 " FR2 — 50% ". §§
formed at the litter level (1-2 pups from each litter as- ' § 3
signed to each group). The experimental groups were: g3
MS+NaCl (n=14); MS+Exenatide (10 pg/kg, s.c., once L A = = ®
daily for 7 consecutive days; n=14). FR3 —33% ¢ GQ
Assessment of Impulsive Behavior: Probabi- W
lity-Reward Task (Modified lowa Gambling Task). e A @ Muuwessle nannetsi
[Behavioral impulsivity was assessed using the Pro- Automatic motion sensors Food pellets
bability-Reward Task, a rodent adaptation of the lowa @ AsToMaTUYECKUE KOPMYLIKY
Gambling Task. The apparatus consisted of a start Automatic feeders
platform (33x50x35 cm) connected to three maze Fig.1. Experimental setup for the probability—reward task (mo-
arms, each 50 cm long and 15 cm wide. An automatic dified lowa Gambling Task). FR1 — one pallet per pass;
food dispenser was located at the end of each arm FR2 — two pallets per every second pass; FR3 — three
(Fig. 1). Each return to the start platform initiated a pallets per every third pass. (compiled by the authors)
ek rnforcement cycle P o e i mva——
.Ammals Were tra.lr.]ed daily for 21 days under re- lowa Gambling Task). FR1 — ogHa narnneta npu kaxmgom
stricted feeding conditions (4 h of food access per day) saxone; FR2 — [1B6 NanneTbl npy KaXgoM BTOPOM 3aX0me:
Witg‘ free a%%eﬁs }3 Wgtzr- Prior to each session, rats FR3 — Tpu nanneTbl npy kaxaoM TpeTbeM 3axoae (PUCYHOK
underwent of food deprivation. COCTaBMEH aBTOpami)
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The number of buried marbles was used as an indi-
cator of compulsive behavior. Following each test ses-
sion, both the bedding and marbles were replaced to
eliminate olfactory influences.

Pharmacological Agents. The GLP-1 recep-
tor agonist exenatide (Exendin-4; Byetta®, Astra-
Zeneca, United Kingdom), a synthetic analogue of
endogenous incretin with high affinity for GLP-1
receptors and resistance to degradation by dipepti-
dyl peptidase-1V, was used as the pharmacological
agent.

According to published preclinical studies, exena-
tide is commonly administered to rodents at doses
ranging from 2.4 to 10 ug/kg, producing pronounced
behavioral and neurochemical effects without signifi-
cant somatic adverse effects.

In the present study, exenatide was administered
subcutaneously (s.c.) at a dose of 10 pg/kg in a vo-
lume of 1 mL/kg once daily for 7 days. Treatment
began after the adaptation period. The selected
dose and administration regimen were based on
previously published data demonstrating the ef-
ficacy of GLP-1 receptor agonists in correcting
stress-induced and addiction-related behavioral
disturbances.

Statistical Analysis. Statistical analyses were per-
formed using GraphPad Prism 10.1 (USA). Data distri-
bution was assessed using the Kolmogorov—Smirnov
test. Differences between groups were evaluated
using Student’s t-test.

Data are presented as mean + standard error of
the mean (M+SEM). Differences were considered sta-
tistically significant at p <0.05.

RESULTS

A comparison of the proportion of visits to the first
arm in groups subjected to maternal separation and
treated either with isotonic sodium chloride solution
(MS+NaCl) or a GLP-1 receptor agonist (exenatide,
MS+GLP-1 agonist) revealed statistically significant
differences.

Figure 2 presents the results of the Probability-
Reward Task in rats after maternal separation (MS).
Two groups of animals were compared: MS+NaCl
rats receiving isotonic sodium chloride solution; and
MS+GLP-1 agonist rats treated with a GLP-1 receptor
agonist.

In the MS+Ex4 group, the proportion of visits to the
first arm was 36.01£2.90%, which was significantly
higher than in rats receiving isotonic sodium chloride
solution (21.61+1.76%, t(26)=4.238, p=0.0003). The
mean difference was 14.40% with a 95% confidence

POCCUNCKUE BUOMEANUMNHCKUE UCCNELOBAHUA
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interval of 7.42-21.38. The coefficient of determina-
tion (n?=0.4085) indicates that approximately 41% of
the variance in this parameter is explained by GLP-1
receptor agonist administration.

When comparing the proportion of visits to the
third arm between the same groups, a significant
decrease was observed in animals treated with
the GLP-1 receptor agonist. The mean proportion
of visits to the third arm in the MS+NaCl group
was 44.431£2.90%, whereas in the exenatide-trea-
ted group this value decreased to 24.40+2.90%
(1(26)=4.803, p <0.0001). The mean difference
was -20.03% with a 95% confidence interval of
-28.60 to -11.46. The coefficient of determination
(n?=0.4702) indicates that approximately 47% of
behavioral variability is explained by the effect of
GLP-1 receptor activation.

Thus, activation of GLP-1 receptors led to a redis-
tribution of behavioral activity toward arms associated
with guaranteed reinforcement, reflecting a shift in mo-
tivational decision-making patterns following early-life
stress exposure.

® Bpews nsonsauum ot matepu + NaCl
Maternal separation + NaCl
80+ ¢ Bpewms usonauum ot matepu + aroHuct GLP-1
Maternal separation + agonist GLP-1

D
o
1

Proportion of arm visits, %
S
o

N
o
1

YaenbHblit BEC noceLLeHns pykasa, %

1 pykaB
L Tam | A

2 pykaB
2arm |

3 pykaB
darm |

Fig.2.  Changes in the proportion of arm visits with different
reinforcement probabilities in rats after maternal sepa-
ration following administration of saline or a GLP-1
agonist. Data are presented as mean * SEM; statistical
analysis was performed using Student’s t-test; *p <0.01,

**p <0.001 (compiled by the authors)

V13mMeHeHe ynenbHOro Beca NOCELLEHNS PYKaBOB C pa3nuy-
HOW BEPOSITHOCTBIO MOAKPENNEHMS Y KpbIC MOCNe BpeMeH-
HOW M30MALMM OT MaTepy Mpu BBEAEHWN WM30TOHWYECKOrO
pacTBopa HaTpus xnopuga u aroHucta GLP-1. [laHHble
npefcTaBneHbl B B4 CPeAHWX 3HaveHuin + SEM; cratu-
cTnyeckast obpaboTka — t-kputepuin CtblogeHTa; * p <0,01,
**p <0,001 (pucyHoKk COCTaBMEH aBTOpamM)
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Fig. 3.  Number of marbles buried in the marble burying test in
rats after maternal separation following administration
of saline or a GLP-1 agonist. Data are presented as mean
* SEM (compiled by the authors)

Puc.3. Komn4yectBo 3akonaHHbIX LIApUKOB B TeCTe 3akamblBaHUS

LIApUKOB Y KpbIC NOCMe BPEMEHHOW U30M[UMM OT MaTepu
Mpy BBEAEHUM W30TOHMYECKOTO pacTBopa HaTpus xnopuaa
n aroHncta GLP-1. [laHHble npeacTaBneHbl kak cpefHue +
SEM (pucyHok cocTaBneH aBTopamm)

Figure 3 presents the results of the Marble Bu-
rying Test in rats subjected to maternal separation and
treated with either isotonic sodium chloride solution
(MS+NaCl) or a GLP-1 receptor agonist (MS+GLP-1
agonist). Both groups demonstrated a similar behavio-
ral trend: animals actively interacted with the environ-
ment and buried marbles; however, administration of
the GLP-1 receptor agonist did not produce statistically
significant changes in the number of buried marbles
compared with the control group (p >0.05, Student’s
t-test).

The mean number of buried marbles was 8.2+0.7
in the MS+NaCl group and 7.1£0.6 in the MS+GLP-1
agonist group. Despite a slight trend toward reduction
in the treated group, the differences were not statisti-
cally significant.

DISCUSSION

The maternal separation model used in this study
represents one of the most valid and reproducible ex-
perimental approaches for modelling stress-induced
disturbances of emotional and behavioral regulation
[16, 17]. Prolonged separation of pups from the mother
during the early postnatal period is accompanied by
activation of the hypothalamic—pituitary—adrenal axis
and the development of persistent alterations in do-
paminergic and serotonergic brain systems, leading to
increased impulsivity, anxiety, and the emergence of
rigid behavioral patterns in adulthood [18].

The present data demonstrate that pharmacologi-
cal activation of GLP-1 receptors with exenatide in
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animals exposed to early postnatal stress selectively
corrects the impulsive component of decision-ma-
king, shifting behaviour from risky strategies toward
predictable reinforcement. This is directly reflected
in the redistribution of arm choices in the modified
Probability-Reward Task: in rats treated with exena-
tide, the proportion of visits to the arm with guaran-
teed reinforcement (FR1) was significantly higher
than in animals receiving isotonic sodium chloride
solution (36.01£2.90% vs. 21.61+1.76%,; t(26)=4.238,;
p=0.0003), whereas the number of visits to the “risky”
arm (FR3) was significantly reduced (24.40£2.90% vs.
44.43+2.90%; 1(26)=4.803; p <0.0001). The absence
of significant changes in the marble burying test high-
lights the selectivity of exenatide’s effect: the interven-
tion modulates impulsivity but does not affect compul-
sive or stereotyped behavioral patterns, where rigidity
and perseveration play a dominant role. It should be
noted that the marble burying test integrates an anxi-
ety-related component as well, which limits its sensiti-
vity to changes in cognitive rigidity; thus, the observed
dissociation between impulsivity and compulsivity is
not only methodologically plausible but also conceptu-
ally expected, supporting the relative independence of
these constructs within a broader impulsive—compul-
sive spectrum.

These findings are consistent with evidence on the
central role of the GLP-1 system in regulating motiva-
tional and reward-related behaviour. GLP-1 receptors
are expressed in key reward-processing structures
(NAc, VTA, amygdala, hypothalamus), and GLP-1 ago-
nists are capable of modulating mesolimbic pathway
activity [20, 21]. Inhibition of the GLP-1 system during
early ontogenesis also produces significant behavio-
ral changes: neonatal administration of the dipeptidyl
peptidase |V inhibitor diprotin A, which blocks degra-
dation of endogenous incretins, leads to a hyperactive
phenotype and persistent increases in aggression in
adult rats [22].

Against this background, the observed shift from
risky to predictable behavioral strategies following
exenatide administration extends the known effects
of GLP-1 agonists (suppression of conditioned place
preference, cocaine self-administration, and reinstate-
ment of drug seeking) from the domain of “drug-related
motivation” to stress-induced decision-making impul-
sivity [23-27].

Thus, the combined experimental and literature
data support the view of the GLP-1 system as an im-
portant neuropeptidergic component integrating meta-
bolic and motivational mechanisms of behavioral regu-
lation.
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CONCLUSION

1. The GLP-1 receptor agonist exenatide demon-
strates a pronounced anti-impulsive effect, manifes-
ted by a reduction in risky choices and an increased
preference for stable reinforcement in rats subjected
to early-life stress, thereby supporting the regulatory
role of the GLP-1 system in mechanisms of impulse
control.

2. Administration of a GLP-1 receptor agonist does
not significantly affect measures of compulsive behav-
iour in the marble burying test, which may indicate a
selective action of the GLP-1 system predominantly on
impulsivity-related behavioral components.

Experiments with animals were carried out in ac-
cordance with international rules (Directive 2010/63/
EU of the European Parliament and of the Council of
the European Union of September 22, 2010 on the
protection of animals used for scientific purposes).

AONOJIHNTE/IbBHAA UH®OPMALINA

Bknap aBTopoB. H.C. [leganuiusunm — nposeae-
HWE 9KCMEPUMEHTOB, HamMCaHue U peaakTMpoBaHue
Tekcta; C.C. lNopBeeB — npoBeAeHue 3KCnepuMeH-
TOB, HanucaHuwe U pefakTUpOBaHWE TEKCTa, KOHLen-
umst uccneposanms; A.A. Jlebenes, A.l. Bacunbes,
A.B. Bacunbesa, M.A. [laxomoBa — HanucaHue n pe-
paktupoaHue Tekcta; MN.[. LabaHoB — HanucaHue
pedakTUpoBaHUE TEKCTa, PyKOBOACTBO.

Bce aBTOpbI BHECNM CYLIECTBEHHbIN BKNag B pas-
paboTKy KOHUenuuu, NpoBeAeHWe WCCnefoBaHus M
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fd@pnd1.spb.ru seizures and epileptic status. Aim. It was planned to identify various electroencephalography

patterns characteristic of the COVID-19 group of patients with visual electroencephalography
analysis and to evaluate possible focal changes using quantitative methods such as spectral
and coherent analysis. Materials and methods. The electroencephalography of 125 outpatient
patients aged 16 to 68 years who were under observation at a neuropsychiatric dispensary with a
history of COVID-19 and psychosomatic complaints at the time of the examination was recorded.
The control group consisted of 45 healthy subjects. Results. The obtained results made it possible
to divide the results of electroencephalography registration and analysis into three types of patterns:
polymorphic low-frequency activity; low-frequency polymorphic activity with a predominance of slow
waves (delta and theta bands); high-frequency electroencephalography with a dominant in the beta1
band. Conclusions. The formation of focal changes of a slow-wave nature with a characteristic
localization in the right temporal region is noted in 20% of patients. The correlation index in the
alpha range is stable for the electroencephalography of the control group, where 90% of the subjects
had correlation coefficients in the alpha range of more than 0.6. On the contrary, a polymorphic
pattern is observed among patients, stable indicators with a coefficient of more than 0.6 for all
studied connections, both between the hemispheres and within the hemispheres, were recorded
only in 25% of cases. The analysis of coherence coefficients in patients, on the contrary, shows a
higher stability of interhemispheric connections and various options for reducing connections within
the hemispheres, which often have a mirror character.

Keywords: electroencephalography, post-COVID condition, EEG spectral analysis, EEG coherence
analysis
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Peslome. BeedeHue. dnekTpoaHLedanorpadmio paccMaTpuBaloT kak Hanboree BaXHbI WH-
CTPYMEHT ANS OLIEHKM NPOCTPAHCTBEHHO-BPEMEHHBIX 0CODEHHOCTEN SIEKTPUYECKOIA aKTUBHOCTY
Moa3ra npw 06crneaoBaHumM nauveHToB ¢ HeBponornyeckumu nposisnermamm COVID-19, ocobeHHo
NPy NposiBNEHUM SHUedanonaTum, Cyaopor 1 aNUnenTuyeckoro cratyca. eas uccnedoeaHus —
BblAENNUTb Pa3NYHbIE NATTEPHbI ANEKTPO3HLEedanorpamMmbl, XapakTepHble ANs rpynnbl NaLmeH-
T0B, NepeHeciumx COVID-19, npu BU3yanbHOM aHannae anekTpoaHLedanorpaMmbl U ¢ NOMOLL b
KONIMYECTBEHHbIX METOOB — CMEKTPANbHOrO N KOrePEHTHOMO aHann3a, OLEeHNTb BO3MOXHbIE
ovaroBble usmeHeHusi. Mamepuanbi u Memodsbl. PerncTpupoBanu anekTposHuedanorpammy
125 ambynaTopHbIX NaLMEHTOB B Bo3pacTe OT 16 go 68 net, HaxoaAWwMXcs nog HabntoaeHeM B
ncuxoHesponoruyeckom aucnancepe ¢ COVID-19 B aHamHe3e 1 ncuxocomaTtuyecknmi xanobamm
Ha MOMeHT o6crnefoBaHms. KOHTpOmbHYI0 rpynny coctaBunu 45 3A0p0OBbIX UCMbITYEMbIX. Pe3ysib-
mamabl. [JaHHbIe perucTpaLum 1 aHanuaa anekTposHLedanorpaMmmsl Bbinu pasgeneHbl Ha Tpu
TMNa NaTTepPHOB: NONNMOPHAsA HU3KOHACTOTHAS aKTUBHOCTb; HU3KOYACTOTHAs NonMMopdHas
aKTMBHOCTb C NpeobnagaHnem MeANeHHbIX BONH (AenbTa- U TeTa-AnanasoHbl); BbICOKOYACTOTHas
aNeKkTpoaHUedanorpamma ¢ AOMUHaHTOM B beTa-1-aquanasoHe. Boieodbl. OTMeYEHO hopmMupo-
BaHWE 04aroBbIX M3MEHEHN MeANEHHOBOMHOBOIO XapakTepa ¢ XapakTepHOIi nokanuaauuen B
npasoi Buco4Hoi obnactu y 20% nauneHToB. VHAEKC Koppensuum B anbga-guana3oHe crabuneH
L1151 aneKkTpoaHLuedanorpacun KoHTponbHo! rpynnbl, rae y 90% ucnbiTyembix KoaPULMEHTbI
koppensiuuu B anbga-guanaoHe 6binm bonee 0,6. Hanpotus, cpeam nayneHToB Habnwganack
nonumopHas kapTuHa, cTabunbHble nokasatenu ¢ koadduuyneHTom bonee 0,6 Ans Bcex U3y-
YeHHbIX CBA3el Kak MeXay nonywapusiMu, Tak v BHyTPU NomyLuapuid 6binn 3aperncTpupoBaHbl
TONbKO B 25% cnyyaes. [pn aHanu3e K03hPULMEHTOB KOrePEHTHOCTN Y NaLUEHTOB OTMEYEHbI
Bonee BbicoKas CTabUNBHOCTb MEXMONYLIAPHbIX CBA3eN U pa3nnyHble BapuaHTbl ocnabneHus
CBS3€M BHYTPM NOMyLLAPWIA, KOTOPbIE YaCTO HOCAT 3epKanbHbIil XapakTep.

KnioueBble cnoBa: anekTpoaHuedanorpadus, IOI, NoCTKOBMA, CNeKTpanbHbIil aHanus, kore-
PEHTHbIN aHanus Q30

© KonnekTus aBTOpoB, 2026
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INTRODUCTION Early clinical manifestations of COVID-19, such
The period of the spread of coronavirus infection as anosmia and ageusia, are thought to be linked to
(COronaVlrus Disease 2019, COVID-19) was marked by  viral entry into the nasal and oral mucosa, a process
an explosive surge in research across virology, epidemio-  facilitated by ACE-2 receptors (angiotensin-converting
logy, infectious diseases, clinical physiology, and phar- enzyme 2) [27-29]. Subsequent spread to the orbito-
macology. It became evident that the changes induced frontal region [29] via afferent nerves leads to predomi-
by the infection pertain to the interests of the most di- nant involvement of the olfactory bulb and orbitofrontal/
verse, and often highly specialized, fields of medical frontal areas, which may explain the emergence of fo-
science. Numerous specialists in laboratories around cal EEG changes in frontal leads [28]. Several authors
the world are observing a variety of specific and nonspe-  have proposed frontal epileptiform discharges as bio-
cific manifestations of the consequences of coronavirus  markers of COVID-19 [8, 12, 16, 32, 33]. Approximately
infection, both proximate in the history and quite remote.  half of all recorded epileptic events (10 of 22) originate
Scientific debate continues as to whether the nonspe- in the frontal lobes, compared with 18% (4 of 22) in the
cific, yet similar, findings in a series of published cases occipital lobe. Beyond the frontal lobe, COVID-19 may
of COVID-19-associated encephalopathy (disorganized also affect the piriform cortex, limbic structures, thala-
background activity with diffuse slowing and frontal mus, hypothalamus, brainstem, and autonomic struc-
predominance, accompanied by low reactivity) can be tures [30, 31, 34-36]. Investigators have sought to link
considered distinctive features of COVID-19 or whether, diverse EEG findings in patients with prior COVID-19
conversely, these findings stem from a multifactorial ori-  to other factors, such as lung injury with subsequent
gin not directly caused by the virus [1-7]. Furthermore, hypoxia, cardiac arrest, metabolic derangements, sys-
the interest in electroencephalography (EEG) findings in  temic inflammatory response syndrome, hypercoagu-
COVID-19 is driven by analogous results observed ina lability, vasculitis, and stroke, among others. Evidence
number of neurological conditions — viral encephalitis/ indicates that the severity of EEG abnormalities corre-
encephalopathy associated with COVID-19, epilepsy, as lates with blood oxygen saturation upon hospital admis-
well as demyelinating and neurodegenerative processes  sion, though this relationship has yet to be confirmed
[1, 8, 9]. Neurological complications arise in one-third by neuroimaging data [37]. In addition, EEG changes
(34.6%) of patients with severe COVID-19 and include may also be attributable to pre-existing neurological
stroke, headache, and seizures [10]. In publications conditions, such as epilepsy [19, 38, 39]. Thus, to date,
addressing EEG in COVID-19, the number of patients no single EEG pattern has been identified that would
ranges from isolated cases [8, 11, 12] to 100 [13, 14]. develop within a short time frame from the onset of
The findings of these studies are heterogeneous, en- COVID-19 spread. The spectrum of neurophysiological
compassing both normal EEG [15] and diffuse slowing changes will undoubtedly be very broad and polymor-
in all cases [16-18]. Some works have demonstrated a  phic; however, a statistically robust analysis of large
predominance of frontal changes [1, 7, 19, 20]. datasets will reveal avenues for further investigation.
The most common EEG finding, observed in two-  Furthermore, intriguing incidental findings remain a dis-
thirds (68.6%) of patients, is a generalized reduction tinct possibility.
in the mean frequency of oscillations [21-23]. This
may serve as a marker of diffuse nonspecific encepha- AIM
lopathy, the most prevalent brain abnormality in this The aim of this study was to identify EEG patterns
disease. Other EEG signs indicative of diffuse en- characteristic of the patient group by means of both
cephalopathy include generalized rhythmic delta acti- classical visual EEG analysis and quantitative me-
vity and generalized periodic discharges with triphasic thods — spectral and coherence analysis — and to
morphology [24-26]. Lateralized periodic and rhythmic  detect possible focal changes emerging on EEG as
patterns, characteristic of concomitant focal dysfunc- sequelae of COVID-19.
tion in some patients, are also recorded. Epileptiform
abnormalities are not uncommon in the studied EEGs MATERIALS AND METHODS
(13.0%), suggesting heightened cortical excitability Outpatient patients undergoing routine diagnostic
preceding seizure events. Indeed, 5.5% of patients workup and treatment at the Saint Petersburg State
experienced seizures or status epilepticus [27, 28]. Budgetary Healthcare Institution “Psychoneurological
Studies occasionally note characteristic frontal abnor-  Dispensary No. 1" (PND) were examined. Two groups,
malities, which correlates with the presumed entry of A and B, were formed for the analysis. Group A com-
COVID-19 into the brain [8, 16, 17, 19, 20]. prised 125 patients (age range 18-68 years, 68 women
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and 57 men) who had sustained COVID-19 3 to 12 RESULTS

months prior to examination and presented with vari- Visual analysis of EEG recordings from COVID-19
ous psychosomatic complaints that had prompted convalescent outpatients revealed a tendency toward
them to seek psychotherapeutic care. Group B (con- diminished alpha rhythm expression. Alpha activity
trol) consisted of 45 healthy subjects (with an age and emerged with a delay both at recording onset and
sex distribution matching that of Group A) undergoing upon resumption following the eyes-open/eyes-closed
fitness-for-duty evaluation with no history of coronavi- test or single photic stimuli. It is well established that
rus infection. in healthy individuals, the emergence of a stable, high-

EEG was recorded in accordance with the interna-  amplitude alpha rhythm at the beginning of an EEG
tional 10-20 system using 16 monopolar leads (Fp1, recording under standard conditions (dimmed light,
Fp2, F3, F4, F7, F8, C3, C4, T3, T4, T5, T6, P3, P4, muscle relaxation, silence) varies temporally (from 1 s
01, 02) in a standard reference montage (the refe- to 1 min in 90% of those examined).
rence electrode was placed over the subjects’ left zy- For data comparison, we employed the alpha
gomatic region). EEG recordings were obtained using rhythm recovery test after eye opening followed by
the Mitsar-EEG-202 hardware-software system. Rou- eye closure, with the «eyes closed» timestamp in the
tine functional tests were performed during the exa- EEG file serving as the reference point. Among healthy
mination, including eyes-open and eyes-closed tests, participants (control group), a stable alpha rhythm
intermittent photic stimulation at varying frequencies emerged within 1-2 s in 80% of cases. In study Group
(1-15 Hz range), and a three-minute hyperventilation A, alpha rhythm recovery occurred within 5-10 s in
test with forced breathing. 60% of participants.

Computer analysis was performed using WinEEG Fig. 1 presents a fragment of the baseline EEG il-
2.1 and Loreta-Key Viewer 04 software. EEG recor- lustrating this phenomenon. The patient, a 48-year-old
dings were initially assessed visually with respect to man, complained of poor sleep, inability to concen-
frequency and amplitude parameters, rhythm distri- trate, and impaired attention and memory. He had sus-
bution over the convexital surface, and the degree of tained coronavirus infection 4 months prior, had been
rhythm desynchronization upon eye opening and/or managed on an outpatient basis, with an acute phase
the appearance of single photic stimuli. Using quantita-  lasting no fewer than 20 days; computed tomography
tive EEG methods, spectral power was determined in  revealed pneumonia typical of COVID-19. Notably,
the main frequency bands, with correlation coefficients  Group A participants exhibited a reduction in alpha
taken into account when comparing intrahemispheric  rhythm amplitude. Concurrently, the frequency values
and interhemispheric interactions. of this rhythm in these patients lay closer to the upper

The parameters for spectral power estimation were  boundary of the range (11-12 Hz versus 9-10 Hz in
as follows: an epoch of 10 s duration was selected, the control group).
with an analysis period of 5 s. The following additional In the present study, comparison of EEG spectral
parameters were applied: 50% overlap between analy- power between the two groups revealed a consistent
sis periods, a Hann window, and a low-frequency sig- reduction in the alpha-band index in patients who had
nal filter in the 0.25-1.25 Hz range. Furthermore, the sustained COVID-19, whereas the EEG of healthy in-
mean power spectrum was calculated for all recording  dividuals demonstrated a clear predominance of the
channels of the selected artifact-free EEG segments. alpha rhythm on both visual analysis and spectral po-
The results obtained were converted into percentages wer estimation. Fig. 2 shows a “brighter” red-to-yellow
such that the total sum across all frequency bands for spectrum corresponding to a high level of alpha-band
each lead under study equaled 100%. oscillations, together with its symmetrical distribution

Local changes in spectral power were visualized and a maximum value in the occipital region. This pat-
by means of low-resolution electromagnetic tomo- tern of spectral power distribution is characteristic of
graphy (LORETA), the results of which were presented  70% of healthy individuals. Visually, such EEG recor-
as two-dimensional maps of distribution across ana- dings are assessed as patterns with a dominant alpha
tomical structures. Statistical data processing was rhythm.
carried out using Microsoft Office Excel, SPSS, and In Group A (outpatients), a broader distribution
Statistics 17.0 software. The reliability of the findings of spectral power variants across different EEG fre-
was assessed using Student’s t-test. Differences were  quency bands is observed, satisfying the criterion of
considered statistically significant at a significance statistical significance (p <0.05) relative to the spec-
level of p <0.05. tral power data from the healthy group. The traditional
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Fig. 1.

Electroencephalogram of a 48-year-old man who recovered from COVID-19. Delayed alpha rhythm recovery after eye closure. Markers

indicate a steady increase in the alpha frequency range index from the 5th second (photo from the archive of PND No. 1, 2022-2023)

Puc. 1.

OnekTpoaHLUedanorpamma MyxuyuHbl, nepeHeciuero COVID-19, 48 net. 3ameaneHue BoCCTaHOBNEHUS anbga-puTMa nocne 3akpbl-

Tns rna3. Mapkepbl ykasblBaloT Ha YCTONYMBOE YBENUYEHUEe MHAEeKca anbda-amanasora ¢ 5-i cekyHabl (oTo n3 apxuea MHO Ne 1,

2022-2023 1r.)

Delta I Theta I Alpha !
Beta-1 Beta-2 Gamma
. ‘ T

0.00 mkB*2

Fig.2.  Distribution of electroencephalogram spectral power in a
healthy subject (male, 45 years old) from control group B
(photo from the archive of PND No. 1, 2022-2023)

Puc.2. Pacnpegenenne cnektpanbHOM MOLIHOCTW NPW BbIMOMHE-

HWW 3nekTposHLUedanorpadum y 340POBOrO WUCMbITYEMOro
(MyxunHa, 45 neT) 13 KOHTponbHOM rpynnbl B (doTo 13 ap-
xuea MHI Ne 1, 2022-2023 rr.)

alpha rhythm dominance occurs considerably less of-
ten (20%). In the majority of patients (62%), the EEG is
characterized by a distribution of biosignals spanning
all bands from delta to beta-2 waves. In such cases,
no stable dominant rhythm can be identified (Fig. 3).
Figs. 3 and 4 present EEG frequency analysis
maps along with the electromagnetic brain tomo-
graphy results of a 50-year-old male patient who had
sustained moderate COVID-19. Six months earlier, he
had been treated in a general hospital with subsequent
transfer to an infectious disease unit. Although the pa-
tient considers himself recovered and has resumed

POCCUNCKUE BUOMEANUMNHCKUE UCCNELOBAHUA

work, he complains of persistent signs of asthenia with
autonomic dysfunction: general weakness, excessive
sweating, and, consequently, a loss of vital energy.

Analysis of the data revealed the formation of a lo-
calized focus of slow-wave activity in the delta range
(and, to a lesser extent, in the theta range) in the right
cerebral hemisphere, with the greatest prominence in
the temporal region. This local phenomenon is clearly
visualized on the two-dimensional map generated by
low-resolution electromagnetic tomography (LORETA):
the red arrow marks a zone of increased spectral power
in the right temporal lobe (see Fig. 4). Such focal domi-
nance was recorded in 20% of the patients comprising
Group A. Notably, on visual assessment, EEG recor-
dings of this type are classified as low-amplitude poly-
morphic activity.

The third EEG variant observed in the patient group
(approximately 20%) is characteristic of a broad range
of psychosomatic patients and is therefore regarded as
nonspecific. This variant is distinguished by a shift of
spectral power into the beta-1 and beta-2 bands, with
the emergence of two “centers of activity” — in the al-
pha and beta regions (Fig. 5). Visually, such EEG vari-
ants are assessed as high-frequency patterns with a
noticeable beta-1 band dominance and fragmentary,
weakly expressed alpha activity. In their reports, spe-
cialists frequently employ the phrase “flat EEG”.

Table 1 presents summarized data on spectral
power (uV) across the frequency bands studied. Cells
demonstrating an accent of spectral power in the right
temporal region are highlighted.
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Delta Theta Alpha Among the systemic findings, the considerable di-
vergence in EEG spectral power between patients and
healthy subjects with respect to oscillations in the slow
bands — delta and theta rhythms — is particularly
noteworthy. Although the amplitude of these rhythms

Beta-1 Beta.2 Gamma is reduced in patients, their spectral expression is con-
siderably higher. A certain predominance in the right
temporal EEG recording sites is also notable. The

=ows2  gpectral power of the alpha rhythm is higher in healthy
I individuals than in patients; however, substantial dif-
wwez  ferences are recorded only in the frontal and occipital

Ei . regions. Following the determination of EEG spectral
g.3.  Spectral power of the electroencephalogram in the sub- .
ject of the experimental group A (male, 55 years old). The ~POWEr, coherence analysis was performed to compare
signal distribution is visible in all ranges from delta to  interhemispheric and intrahemispheric interactions.
beta-2 (photo from the archive of PND No. 1,2022-2023) In healthy subjects (Group B), high correlation coef-
Puc.3.  CrekTparnbHasi MolLHOCTb anekTposHLedarnorpadmm y ucnbi-  ficients are consistently observed both between hemi-
TYeMOro OrbITHOV rpynbl A (Myxuna, 55 net). Buao pacripe- - spheres (in the Fp1-Fp2, C3-C4, F7-F8, T3-T4, T5-
[Jenexue cirHana no BCeM AuanasoHam ot AenbTa Ao bera-2 T6, P3-P4, and 01-02 pairs) and within hemispheres
(cpoto n3 apxuea MHL Ne 1, 2022-2023 rr.) (in the Fp1-T3, Fp1-C3, Fp2-C4, Fp2-T4, T3-01,
C3-01, T4-02, and C4-02 pairs) (Fig. 6).

In the control group, the alpha correlation index
remained stable throughout the 10-second EEG seg-
ment selected for analysis. In 90% of the subjects in
this group, alpha rhythm correlation coefficients ex-
ceeded 0.6. By contrast, the patients exhibited a hete-
rogeneous EEG picture. Stable values with a coeffi-
cient above 0.6 across all interhemispheric and intra-
Fig.4. Low-resolution electromagnetic tomography of the hemjispheric connections studied were recorded in only

LORETA — visualization of local changes in the right 950/ of harticinants, a statistically significant difference

temporal region (the same subject, Fig. 3) (photo from ..

the archive of PND No. 1, 2022-2023) from the control group (p <0.05). In the majority of the

Puc.4. OnekTpomarHutHas TOMOrpaMma HWU3KOTO paspeLLeHns r‘?ma'”'“g cases, weakened interaction between_ indi-

LORETA — BayanusaLus nokansHix uavenerns e npasoin  Vidual pairs of leads was noted, predominantly in the
BICONHOM 0BrIacTi (TOT e ucnbiTyemsiin, puc. 3) (boto 3 temporal regions (T3 and/or T4).

apxusa MH[ Ne 1, 2022-2023 rr.) As an illustration of coherence analysis, we present

the case of Patient S., a 50-year-old man who sus-

Delta Theta Alpha tained moderate COVID-19 requiring hospitalization
and intensive care unit treatment (Fig. 7). Six months
after recovery, the patient complained of intermittent
muscle pain, reduced work capacity, and poor sleep.
EEG analysis revealed a decreased interhemispheric

Beta-1 Beta-2 Gamma correlation coefficient at T3-T4, along with reduced in-
trahemispheric interactions in the Fp1-T3 and T4-02

wows2  derivations.
I Examination of coherence measures in Group A
"N patients demonstrated enhanced stability of interhemi-

spheric interaction against a background of diverse
Puc.5. Pacnpepenexve  cnektpanbHoi  MowHocT Y manifestations of weakened intrahemispheric connec-
nauuenta rpynnel A (keHwuka, 38 net). Otmedaetca ity often exhibiting mirror symmetry. As an example
¢opmupoBaHme AByx akueHToB B OeTa-1- n anbdpa- f coh Ivsis. Fig. 8 fs th fP
fmanasoHax (choto us apxuea MHQ Ne 1, 2022-2023 rr,) O CONErENCE analysis, Fig. o presents ne case of a-
, . . tient K., a 55-year-old woman who had sustained mo-
Fig. 5.  Spectral power distribution in a patient, group A (female, 38 years . . . . .
derate coronavirus infection approximately six months

old). Two accents in the beta-1 and alpha bands are noted (photo . el T .
from the archive of PND No. 1, 2022-2023) earlier, with initial admission to a general hospital and

(X.Y.2Z)=(-3,52,1) [mm] ; (1.66E-4]

5 0 +5em (X)
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Electroencephalography spectral power (uV) in delta, theta, and alpha bands

CnekTpanbHas MOWHOCTb 3neKkTpoaHuedanorpacum (MkB)
B AenbTa-, TeTa- U anba-guanasoHax

83

Table 1

Tabnuua 1

393r-ot- OnbiTHas rpynna (A) KonTponbHas rpynna (B)

BefeHue An experienced group (A) The control group (B)

AbIIEtIeEiﬁ:-ng AenbTa TeTa anbga aenbTa TeTa anbda
delta theta alpha delta theta alpha

Fp1 5+1,2** 1044,2** 12445 0,2+0,1 542,2 21478

Fp2 6£2,1** 11+4,6* 1746,4 0,3+0,1 5+2,3 19+7,5

F3 542,2* 9+3,9* 16+5,4 0,1£0,1 4+19 1746,8

F4 4£1,9" 10£4,1** 1746,5 0,2£0,1 3+1,6 19+7,6

F7 542,3** 1144 5* 15+5,0 0,3+0,1 31,7 16+6,5

F8 41,7 8+3,8" 19£7,9 0,3+0,1 41,8 22+8,1

C3 2+1,4* 1044,1** 11+3,9 0,3+0,1 3+1,6 12447

C4 1x0,6* 9£3,7** 10£3,6 0,2+0,1 3+1,6 10+4,4

T3 3+1,6" 11+4,3* 1645,6 0,3+0,1 2+14 17+6,7

T4 6+4,5" 15+5,9** 14+4.8 0,4+0,1 3£1,5 1544,3

T5 31,7 1044,5** 18+7,6 0,3+0,1 3+1,6 20+7,5

T6 7£5,6™ 14£5,7* 16£5,4 0,240,1 2414 18+6,9

P3 4+1,9* 9+3,8** 1947,8* 0,4+0,2 3+1,6 25+10

P4 4+1,9% 1044,1** 20+8,1 0,3%0,1 3£1,5 22495

o1 6+4,3** 11x4,4* 22+8,8* 0,2£0,1 4+1,8 35+11,3

02 6+4,5™ 10+4,2* 24+10,1* 0,3+0,1 5+2,0 32+11,1

Reliability * p <0.05; **p <0.01.
[OoctoBepHocTsb * p <0,05; **p <0,01.

The table is prepared by the authors
Tabnuya cocmasneHa asmopamu

0.60 0.80 — 040 0.60
Fig. 6.  The ratio of interhemispheric and intrahemispheric in- Fig.7. Ratio of interhemispheric and intrahemispheric inter-
teraction between points according to the 10/20 system action between leads according to the 10/20 system in
in the alpha band in the studied control group (female the alpha band, patient C. (male electroencephalogram,
electroencephalogram, 35 years old) (photo from the ar- 50 years old) (photo from the archive of PND No. 1,
chive of PND No. 1, 2022-2023) 2022-2023)
Puc. 6. CooTHOWeEHMe MexXmonylwapHoro 1 BHyTpunonywapHoro  Puc.7.  COOTHOLLEHWE MEXNONyLapHoro W BHYTPUMONYLAPHOrO

B3aMOLENCTBUA MEXaY TOYKaMU B COOTBETCTBWM C CUCTe-
mott 10/20 B anbtha-AnanasoHe B Uccnesyemoit KOHTPONbHOM
rpynne (anekTposHLedanorpamma XeHLuHbl, 35 net) (hoto
n3 apxusa MHI Ne 1, 2022-2023 rr.)

B3aNMOLENCTBUS MEeXAY OTBEAEHUSMM B COOTBETCTBUM C
cuctemon 10/20 B anbga-auanasore, nauueHt C. (anekTpo-
SHUedanorpamma Myx4uHbl, 50 net) (poto u3 apxusa MHA
Ne 1, 2022-2023 rr.)
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0.40

0.60

The ratio of interhemispheric and intrahemispheric in-
teraction between the leads according to the 10/20 sys-
tem in the alpha range. Group A, electroencephalogram
of a woman, 55 years old (photo from the archive of PND
No. 1, 2022-2023)

COOTHOLEHME MEXMOMYLWAPHOrO U BHYTPUMOMYLLIAPHOIO
B3aUMOZJENCTBIUS MeXay OTBEAEHWUSIMU B COOTBETCTBUN C
cuctemoint 10/20 B anbca-guanasoHe. Mpynna A, anekTpo-
3HUedanorpaMmma xeHwuHbl, 55 net (dpoto 13 apxusa MHA
Ne 1, 2022-2023 rr.)

Fig. 8.

Puc. 8.

subsequent transfer to an infectious disease unit. The
patient rates her condition as “recovered” and has re-
turned to work; however, she complains of symptoms
of asthenia with autonomic dysfunction, namely loss
of strength, excessive sweating, and, consequently,
diminished interest in life. A reduction in the interhemi-
spheric coherence coefficient is observed exclusively
in the T3-T4 derivation, whereas weakened intra-
hemispheric interactions are evident in four lead pairs:
Fp1-C3, T3-01, Fp2-C4, and T4-02.

DISCUSSION

Analysis of the EEG findings in patients with
COVID-19, together with data from the literature span-
ning 2020-2025, indicates that the principal EEG ob-
servations center on reduced voltage (amplitude) of
biosignals and various patterns of polymorphic activity,
with a predominance of particular EEG rhythms in lo-
calized areas of the convexital surface. In patients with
a neuropsychiatric profile, sustained coronavirus infec-
tion is characterized on EEG by a number of distinctive
features. These include diminished cortical reactivity
and, most notably, altered alpha rhythm parameters
[40]. A marked shift in the EEG spectral power picture
is observed, driven by an expansion of the dominant
frequency bands to encompass those closest to the
alpha range — namely, the beta and theta bands. Co-
herence analysis reveals that high interhemispheric
correlation coefficients are preserved, whereas intra-
hemispheric connections, by contrast, are reduced in
number, often involving the temporal leads.

As an intriguing and potentially specific feature
of the analysis, we highlight a characteristic shift in
spectral power within the slow-wave bands, accom-
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panied by a phase of excitation in the right temporal
region. Low-amplitude EEG patterns are recorded in
approximately 10% of normal healthy individuals [27,
41]. These patterns do not exhibit the generation of a
dominant alpha rhythm, show reduced reactivity, and
display an intermingling of beta and alpha frequencies.
In a series of studies, an EEG amplitude not excee-
ding 20 pV, with rare instances of reactivity, has been
documented in 100% of patients.

During standard sleep EEG recording, it has been
demonstrated that, upon spontaneous sleep onset, sleep
spindles are either absent or poorly expressed. Follow-
up examinations of patients with a favorable COVID-19
outcome have revealed a posterior dominant theta
rhythm, thereby ruling out a physiological absence of the
posterior alpha rhythm [15, 27, 29, 42-44].

Low-voltage EEG patterns, or those of generalized
suppression, are frequently associated with extensive
cortical and subcortical injury, such as anoxic encepha-
lopathy or severe traumatic brain injury. This pattern
has been found to precede an unfavorable prognosis (a
score of 4 on the 11-grade qualitative EEG classification
scale) or irreversible processes [45, 46]. Similar findings
have been reported in ischemic encephalopathy [47,
48], with the notable exception of hypothyroid encepha-
lopathy, which is considered reversible [27]. Low-voltage
EEG has also been described in cases of diffuse neu-
ronal dysfunction induced by hypothermia or intoxication
with central nervous system depressants [48].

A review of the literature reveals a substantial body
of fragmented data on the sensitivity of spectral power in
both acquired and congenital conditions that pathologi-
cally alter brain activity. In particular, increased power in
the slow delta and theta bands has been demonstrated
in patients with acute cerebrovascular accidents, with
clear positive dynamics by day 14 in the absence of
localized foci of slow activity [44, 49]. Several authors
report increased delta band spectral power in patients
with concomitant organic brain lesions [9, 44, 49]. At the
same time, significant changes in the spectral characte-
ristics of the EEG in schizophrenia have been identified
solely through the analysis of responses to auditory or
visual stimuli [42, 43].

It must be borne in mind that the brain cannot func-
tion in “isolation” from the rest of the body. Alterations in
the functioning of multiple internal organs influence brain
activity via psychosomatic connections, which implies
corresponding changes in EEG spectral power. For in-
stance, increased spectral power in the beta-1 and alpha
bands has been described in various endocrine patholo-
gies [27]. A number of articles on EEG and COVID-19
make reference to background stress arising from physi-
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cal activity [50-52]. Some authors detect low-amplitude CONCLUSION
EEG oscillations yet attribute these to metabolic or is- 1. Visual EEG analysis permits the classification of
chemic changes. post-COVID-19 sequelae into three distinct groups. In
One particular concern is that EEG studies are at the majority of those examined (62%), the EEG de-
times conducted using a methodology that deviates from  monstrates a uniform distribution of bioelectrical acti-
the standard—specifically, employing fewer than 10 elec-  vity across all frequency bands studied, from delta to
trodes rather than the recommended 21 (to reduce the beta-2 waves. In such instances, clear identification of
risk of COVID-19 transmission). According to currently a dominant frequency proves challenging. This phe-
accepted normative amplitude values, as well as the nomenon may be interpreted as a variant of polymor-
criteria set forth by the American Clinical Neurophysio-  phic low-frequency activity.
logy Society for the standardization of EEG terminology, 2. The EEG recordings of the second group are
21-electrode EEG caps are employed in intensive care characterized by polymorphic low-frequency activity
settings and are regarded as the “gold standard”. It is  with prominent delta and theta rhythms.
well established that interelectrode distance influences 3. The third group comprised EEG recordings
oscillation amplitude; consequently, recordings obtained marked by a predominance of the high-frequency be-
with fewer electrodes double the interelectrode spacing ta-1 band and minimal alpha rhythm presence, a pat-
and yield higher amplitudes, and should therefore be tern designated as “flat EEG”.

interpreted against their own normative values [37, 53]. 4. Focal slow-wave changes with a characteristic
These considerations, however, pertain more to bipolar localization in the right temporal region are noted in
than to monopolar recordings [54]. 20% of patients.

Nonspecific EEG changes have also been described 5. In the control group, the alpha band exhibits sta-

in patients with COVID-19, distinct from those seen in  ble correlation coefficients, with correlation coefficients
other infectious or metabolic encephalopathies. A reduc-  exceeding 0.6 in the overwhelming majority (90%) of
tion in spectral power has been documented as a dis- participants. By contrast, the patients present a he-
tinguishing feature, resembling the pattern observed in  terogeneous picture: consistently high values (above
severe encephalopathic states associated with a poor 0.6) across all connections studied—both interhemi-
prognosis. This picture was noted both in intensive spheric and intrahemispheric—were recorded in only
care units and on standard wards, and in patients with a quarter (25%) of subjects. Coherence analysis in
either favorable disease progression or progressive de- patients revealed an inverse trend: enhanced stability
terioration alike. At the same time, among patients with ~ of interhemispheric connections accompanied by vari-
a favorable outcome, these changes tended toward EEG ~ able attenuation of intrahemispheric interactions, often
normalization. On the basis of these EEG findings, a exhibiting mirror symmetry.
metabolic/hypoxic mechanism appears improbable. The
low EEG amplitude, possibly attributable to desynchro- ADDITIONAL INFORMATION
nization, may account for the minimal prevalence of epi- Author contribution. N.Yu. Kipyatkov — collection
leptiform activity reported in patients with COVID-19 [28].  of materials, writing the original text; S.A. Lytayev —
Thus, EEG represents an important tool in the ma- development of the research concept, scientific and
nagement and diagnosis of patients with neurological technical editing; N.V. Skrebtsova — analysis of
manifestations of COVID-19, particularly in those with the obtained results, performing statistical analysis;
encephalopathy, seizures, and status epilepticus. Abnor-  V.V. Gaivoronskaia — analysis of the obtained results,
malities, where present, encompass slowing, periodic ~selection of literary sources; K.A. Belskaya — selec-
discharges, epileptiform discharges, seizures, and status tion of literary sources, performing statistical analysis.
epilepticus—findings indicative of localized dysfunction, All authors made a substantial contribution to the
nonspecific encephalopathy, and cortical hyperexci- conception of the study, acquisition, analysis, interpre-
tability in this condition. The extent of EEG abnormalities tation of data for the work, drafting and revising the ar-
depends on the diagnosis of COVID-19, the duration of ticle, final approval of the version to be published and
follow-up, pre-existing neurological conditions such as agree to be accountable for all aspects of the study.
epilepsy, and disease severity. EEG abnormalities affec- Competing interests. The authors declare that
ting the frontal lobes appear to be prevalent in patients they have no competing interests.
with COVID-19-associated encephalopathy and may be Consent for publication. Written consent was ob-
proposed as a potential biomarker, provided they are tained from the patient for publication of relevant medi-
consistently documented. cal information within the manuscript.
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AOMNO/IHUTEZIbHAA UH®OPMALLNA

Bknap aBtopoB. H.l0. Kunstkos — cbop matepu-

ana, HanucaHue ucxogHoro TekcTta; C.A. JlbiTaeB —
paspaboTka KOHLUenuWW WCCrenoBaHus, HayyHoe M
TexHnyeckoe pepaktuposaHue; H.B. Ckpebuosa —
aHarnu3 nornyyYeHHbIX pesynbTaToB, BbINOMHEHWE CTa-
TUCTUYecKoro aHanusa; B.B. [aBopoHckas — aHanu3
MOMyYeHHbIX Pe3ynbTaToB, Mogbop nuTepaTypHbIX
nctoyHukoB; K.A. benbckas — nogbop nutepartypHbix
MCTOYHWKOB, BbINOSTHEHWE CTAaTUCTUYECKOrO aHanu3a.
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Bce aBTOpPbI BHECIU CyU.LeCTBeHHbIVI BKnad B pas-

paboTKy KOHLenuuW, npoBedeHne WUCCrenoBaHus U
NOAroTOBKY CTaTbM, NPOYAM U 080BpUNN (hUHAMNBHYHO
Bepcuio nepea nybnukaumnen.

KoHdnukt nHtepecos. ABTOpbI AeKnapupyoT OT-

CYTCTBME SBHbIX W NOTEHLMANbHbIX KOH(PMUKTOB UHTE-
pecoB, CBA3aHHbIX C NybnuKaLmen HacTosLen cTaTby.

WUHhopmupoBaHHOe cornacue Ha nyGnukauuio.

ABTOpr nony4ynnn nucbmMeHHoe cornacue nauueHToB
Ha ny6nv||<au,mo MEANLMHCKNX AaHHbIX.
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Arshed A. Kuchay. than an elementary procedure. The approach to the patient with symptom-limiting intermittent
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drarshedcvs@gmail.com variation in clinical presentation. The urgency of revascularization varies significantly by presentation;
from patients with intermittent claudication who should undergo structured exercise rehabilitation
before revascularization (if needed) to those with acute limb ischemia, a medical emergency, who
require revascularization within hours. Recent years have seen the rapid development of new tools
including wires, catheters, drug-eluting technology, specialized balloons, and biomimetic stents.
Open surgical bypass remains an important option for those with advanced disease. The strategy
and techniques employed vary by clinical presentation, lesion location, and lesion severity. There is
limited level 1 evidence to guide practice, but factors that determine technical success and anatomic
durability are largely understood and incorporated into decision-making. Following revascularization,
medical therapy to reduce adverse limb outcomes and a surveillance plan should be put in place.
There are many hurdles to overcome to improve the efficacy of lower extremity revascularization,
such as restenosis, calcification, microvascular disease, silent embolization, and tools for perfusion
assessment. Endovascular revascularization is a critical strategy in managing total occlusions of the
femoropopliteal artery, a significant challenge in patients with peripheral artery disease. This review
provides a comprehensive analysis of procedural strategies, highlighting the role of drug-coated
balloons, atherectomy devices, and advanced crossing techniques like subintimal recanalization
and re-entry methods. It discusses the importance of lesion-specific considerations, such as
the use of atherectomy devices for un-crossable or un-dilatable lesions and the effectiveness of
drug-coated balloons in reducing restenosis. Emerging techniques, including the PIERCE needle-
cracking method and intravascular lithotripsy, offer novel approaches for treating heavily calcified
plaques. Moreover, the review compares endovascular interventions with surgical bypass, noting
that while minimally invasive techniques are preferred for high-risk patients, a hybrid approach may
be optimal for selected cases. Despite advances, challenges remain regarding long-term outcomes
and the management of complex calcified lesions, emphasizing the need for ongoing research and
innovation in this field.

Keywords: endovascular surgery, femoropopliteal segment, peripheral artery disease, balloon
angioplasty, stenting, bypass
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Pe3tome. OchchekTnBHAS peBackynspu3aLys nauyeHToB ¢ 3aboneBaHnsMi nepudiepuieckinx apTepuin —
3710 60rbLUe, YeM NpocTo npoueaypa. MoaxoA K nayueHTam ¢ CUMNTOMAaTUYeCKON NepeMexaroLLlencs
XPOMOTOW UAN ULLEMUER, YTpOXKatoLLen NoTePeN KOHEYHOCTU, HAYMHAETCS C MOHUMaHUS rpynmbl
p1CKa M Pasnnymii B KMMHUYECKON kapTuHe. CPOYHOCTb PEBACKYNIAPU3aLM 3HAYUTENBHO BapbupyeT
B 3@BWCMMOCTY OT KITMHUYECKOW KaPTUHbI: OT NALMEHTOB C NEpeMexaroLLencs XpOMOTOM, KOTOPbIM
cregyeT NpoMTM CTPYKTYPUPOBAHHYIO (h13NYECKYI0 peabunuTaLmio nepes pesackynspusauuei (npu
HeobXxoarMOoCTL), 10 NALMEHTOB C OCTPOMN ULLIEMMEN KOHEYHOCTM, TPEDYIOLLEN HEOTNIOKHON MEAULIMHCKON
MOMOLLM, KOTOPbIM peBacKynsapu3aLms Heobxoarma B TEYEHWE HECKONbKMX YacoB. B nocneaHue rogpl
ObICTPO Pa3BMBAOTCS HOBbIE MHCTPYMEHTDI, BKIOYAS MPOBOAHMKM, KaTeTepbl, CTEHTbI U 6anmnoHs! ¢
NeKapCTBEHHBIM NOKPLITUEM, CrIELMan13npoBaHHble BannoHs! 1 BroMumeTyeckue cTeHTbl. OTKpbITOE
XVNPYPrUYecKoe LLYHTUPOBAHME OCTAETCS BaXHbIM BapUaHTOM [151 NALMEHTOB C «3anyLUeHHbIMY 3abo-
nesanueMm. CTpaterus 1 METoAbl BapbipyHoT B 3aBUCYMOCTY OT KIMHUYECKOI KapTMHbI, TOKanu3awmm
W TSKECTW MopaxeHus. IMerTcs orpaHnyeHHble JokasaTenbCTBa 1-ro YpOBHS 45 NPaKTUYECKOro
NPUMEHEHMS, HO (haKTOPbI, ONPEAENAOLLME TEXHUYECKNN YCNEX 1 aHATOMUYECKYHO NPOYHOCTb, B
3HAYNTENbHON CTENEHM U3YYeHbl U YYNTBIBAKOTCS NPU NPUHATAN peLLeHni. Mocne peBackynspusaumum
cneayeT NpOBOLANTL MEAUKAMEHTO3HYI0 TEPANMID NS CHUKEHMS YACTOTbI HEDMAronpusATHLIX UCXO40B
B OTHOLLEHWI KOHEYHOCTEN 1 pa3pabaTbiBaTb NnaH HabntoaeHus. [ns noBbIWeHNS 3DPEKTUBHOCTM
PeBaCKYNSPU3aLMM HIKHIX KOHEYHOCTEN HEOBXOAMMO NPEOAO0NETL MHOXECTBO NPENATCTBUIA, TaKNX
Kak pecTeHo3, kanbLudukaLms, MUKpococyamcToe 3abonesanne, 6eccumntomMHas ambonusawums u
oLeHka nepdy3nmn. IHLOBACKYNAPHAS peBaCKyNAapu3aLms — KpUTUYECKM BaxHash CTpaTeris npu To-
TanbHbIX OKKITHO3NsIX 6eLPEHHO-NOAKONEHHOrO CErMEHTa, NMPEACTABNSIOLMX 3HAUMTENbHYHO Npobnemy
npu 3aboneBaHusX nepudepnyeckux apTepui. B ctatbe BbIMONHEH BCECTOPOHHII aHanmM3 CTpaTerii,
noaYepKMBaKOLLMIA ponb GanMoHOB C NEKAPCTBEHHBLIM MOKPLITUEM, YCTPOCTB ANS aTEPIKTOMUN 1
nepeaoBbIX METOA0B NEPECEYEHMs, TakuX Kak CyOUHTUMAanbHas pekaHanm3awms 1 noBTOPHbINA BXOL,
OBcyxpatoTcs BaXXHOCTb y4eTa 0CODEHHOCTEN NOPaXeHUs), YCTPOMCTB A1 aTEPIKTOMMUM MPW HENPO-
XOAMMBIX I HEPaCLUMPAEMbIX NOPaXEHUSIX, a Takxke 3hHEKTUBHOCTL HaNMOHOB C NeKapCTBEHHbIM
MOKPLITUEM NS CHUXEHNSI pecTeHo3a. Hosble meToabl, Bkmtoyas PIERCE ¢ npumeHeHnem unrmbl v
BHYTPMCOCYAMUCTYHO NIMTOTPUNCUIO, MPEANAralT HOBblE MOAXOAb! K NIEYEHHO BbIPAXKEHHO KambLMHW-
poBaHHbIX Onsiek. B 0630pe CpaBHMBAOTCS SHAOBACKYNSAPHBIE BMELLATENLCTBA C XMPYPrUYECKUM
WwyHTMpoBaHnem. OTMEYEHO, YTO, XOTS MAHUMANBbHO MHBA3MBHbIE METOAbI NMPEANOYTUTENbHbI ANS
NaLMEHTOB C BbICOKMM PUCKOM, TMOPUAHbIA NOAXOA MOXET ObITb ONTUMAbHBIM B OTAENBHbIX CTyYasiX.
HecmoTpst Ha ycnexu, coxpaHatoTes npobnembl, CBA3aHHbIE C OTAANEHHbIMU pe3ynbTatamu 1 eve-
HWEM CMOXHbIX KamnbLYIHUPOBAHHbIX NOPaXEHWIA, YTO NOAYEPKMBAET HEOOXOAMMOCTb NCCNEA0BaHNI
W IHHOBaLWIA B 3O 0bnacTm.

KntoueBble cnoBa: aHA0BaCKyNspHas Xupyprusi, 6eApeHHO-NOAKONEHHbI CerMeHT, 3aboneBaHune
nepucepuyecknx aptepuin, 6annoHHas aHrMonnacTuka, CTeHTUPOBaHMWe, LYHTUPOBaHWe
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INTRODUCTION
Over the past few decades, endovascular revas-
cularization has become a key treatment method, offe-
ring a minimally invasive alternative to traditional surgical
bypass in patients with peripheral artery disease (PAD).
This approach has gained recognition for its ability to
restore perfusion while reducing morbidity and hospital
stay duration, especially in high-risk groups such as el-
derly patients and those with multiple comorbidities [1, 2].
The treatment of femoropopliteal segment occlusions
includes various advanced techniques tailored to the cha-
racteristics of the lesion, such as drug-coated balloons
(DCBs), atherectomy devices, and innovative crossing
strategies [3-5]. Despite these advances, achieving sta-
ble long-term outcomes remains a significant challenge,
particularly in the presence of complex or calcified lesions
[6]. Moreover, ongoing debates about the comparative
efficacy of DCBs versus stents, as well as the optimal use
of atherectomy devices, underscore the need for further
research and clinical refinements in this field.
Technological innovations have expanded the scope of
endovascular interventions, incorporating strategies such
as subintimal recanalization, catheter re-entry devices, and
hybrid techniques combining antegrade and retrograde
approaches. These developments aim to improve inter-
vention efficacy, reduce restenosis, and address compli-
cations associated with complex lesion morphology. The
emergence of new tools, including balloons, intravascular
lithotripsy, and atherectomy devices, has further enhanced
treatment options, providing clinicians with a broader arse-
nal for managing various types of lesions. Recent evidence
suggests that combining multiple endovascular techniques
may optimize outcomes. For example, drug-coated bal-
loons in conjunction with atherectomy or intravascular
lithotripsy have been used to treat calcified lesions [7-9].
This review provides a comprehensive analysis of
endovascular revascularization strategies for femoro-
popliteal segment occlusions, detailing procedural as-
pects, comparative outcomes, and emerging innovations.
The review also addresses challenges and controversies
in this field, such as the management of patients with
heavily calcified plaques and the role of revasculariza-
tion techniques. By integrating recent data with clinical
practice, this review aims to support decision-making
and stimulate further advancements in PAD treatment.

ENDOVASCULAR INTERVENTIONS

Vascular access

Most interventions on the femoropopliteal arteries
are typically performed via contralateral femoral ac-
cess (Fig. 1), which provides excellent angiographic

POCCUMCKUE BUOMEANLIMHCKUE UCCNIELOBAHUA

Fig. 1.

Contralateral access is used to perform interventions on
the iliac segment, femoropopliteal and tibiofemoral seg-
ment of the contralateral limb when antegrade femoral
access is impossible. For example, scars, abdominal
obesity, lesions of the common femoral artery, ostial le-
sions of the superficial femoral artery (photos by Arshed
A. Kuchay and Nikita N. Gruzdev)

Fig. 2.

The antegrade femoral access is the primary approach
for interventions on lower extremity arteries. It is the
most convenient and common tactic. It provides good
support and coaxial instrumentation, improving control
compared to other methods. It is performed for lesions
of the femoropopliteal segment (if both can be punc-
tured) and the tibial segment of the foot (photos by Ar-
shed A. Kuchay and Nikita N. Gruzdev)

visualization of the iliac, superficial femoral, and deep
femoral arteries, as well as comprehensive visualiza-
tion of total femoropopliteal artery occlusions and as-
sociated collateral vessels.

Usually, a braided introducer sheath of 6 F (45 or
55 cm) is used for these procedures, although a 7 F
introducer is preferred when using atherectomy sys-
tems. After angiography, which visualizes the anatomy
of the aorto-iliac region, a diagnostic catheter (JR or
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IM, 5 or 6 F) is advanced into the contralateral iliac or In the absence of severe calcification, guidewires with
femoral artery as deeply as possible using a 0.035-inch  a hydrophilic polymer coating and low tip load are re-
glide wire. The introducer can then be advanced over commended for soft tissue trajectories, while guidewires
the diagnostic catheter to position it proximally at the  with medium tip load are preferred for traversing fibrotic
target sites. or calcified plaques to cross the total occlusion zone.

In cases of severe iliac tortuosity or calcification, Guidewires with high tip load, suitable for penetrating
either a stiff supportive guidewire (0.035 inch) or a heavily calcified occlusions over distances of several
balloon anchor technique can be used to facilitate in-  millimeters to centimeters, should be advanced cau-
troducer passage. In some cases, ipsilateral access tiously over long distances due to the risk of wire exit.
(Fig. 2) is preferred, as it provides improved guidewire If traditional wire manipulation fails, the wire hinge
control and greater flexibility for device advancement.  technique may be considered, involving the creation of
Despite technical challenges, particularly with proximal  a loop with a hydrophilic wire supported by a catheter.
segment stenosis or superficial femoral artery occlu-  This technique is particularly useful for subintimal tracking
sion, this method may not increase vascular compli- in total occlusions, with the catheter advancing behind the
cations compared to contralateral access when per- guidewire loop to maintain its small size. It is crucial to

formed by experienced surgeons [10, 11]. monitor re-entry into the distal true lumen to prevent ex-
Alternative vascular access sites, such as the radial  cessive advancement of guidewires or catheters.
or brachial arteries, may be considered when femoral If re-entry into the distal true lumen fails with the wire

access is not feasible. However, several factors must hinge technique or conventional high-tip-load guidewire
be evaluated, including the distance from access to advancement, antegrade dissection using re-entry devices
target (with or without sufficiently long devices), radial such as the Outback catheter (Cordis) may be applied.
artery vessel size, abdominal aortic tortuosity, and the  Alternatively, a retrograde approach may be attempted
angle between the subclavian artery and aortic arch.  for recanalization, involving puncture of distal arteries
such as the superficial femoral, popliteal, or below-knee
arteries, followed by advancement of a guidewire and
In cases of total occlusion, advancing a guidewire microcatheter. In cases of severe calcification, a 4 F in-
through the affected area can be challenging. Current-  troducer may be retrogradely inserted into distal vessels
ly, guidewires with diameters of 0.035 or 0.018 inches to improve support and facilitate device exchange.
(0.035 or 0.045 mm) are commonly used. To enhance To connect antegrade or retrograde guidewires,
guidewire maneuverability, it is necessary to facilitate ~ subintimal arterial wiring with antegrade-retrograde in-
guidewire exchange, perform fixation with a hinge, or tervention (SAFARI) is performed [14]. After antegrade
enable catheter tip insertion for angiography. The use balloon angioplasty to create a subintimal space, the
of a support catheter (microcatheter or balloon catheter retrograde guidewire can be successfully advanced
advanced over the guidewire) is mandatory. into the subintimal space, followed by wire externali-
Compared to microcatheters, balloon catheters have  zation with a retrograde guidewire into an antegrade
the advantage of dilating the occluded vessel, facilita- catheter or introducer to facilitate subsequent ante-
ting catheter advancement and improving guidewire ef-  grade advancement of balloon or stent devices.
ficacy. For extensive and long total occlusions, a balloon In other cases, if retrograde guidewire passage
catheter is recommended as a support catheter rather  fails, retrograde balloon angioplasty may be performed
than a microcatheter. To enhance the balloon catheter’s  to create a subintimal space for antegrade guidewire
ability to penetrate segments of total occlusion over the passage. In rare cases, the double-balloon technique
guidewire, a smaller-diameter balloon catheter (0.018 may be used, involving simultaneous inflation of an-
inch preferred over 0.035 inch) is recommended. tegrade and retrograde balloons without overlap, allo-
For total occlusion, various crossing strategies may  wing connection of different subintimal spaces [14].
be applied depending on the situation, such as antegrade Compared to antegrade dissection with re-entry us-
or retrograde dissection with or without re-entry. Subin- ing re-entry devices, the retrograde approach may be
timal recanalization often requires subsequent stenting; preferable in cases where antegrade guidewire pas-
however, current evidence does not favor one approach  sage fails due to its lower cost, fewer complications,
(intraluminal or subintimal recanalization) over another, and comparable success rates [15-17]. However, an-
nor the use of bare metal stents versus drug-coated tegrade dissection techniques with re-entry devices
stents [12, 13]. In most cases, antegrade advancement may still be necessary if recanalization with SAFARI or
is recommended as the first step. other methods fails.

Crossing strategy
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TREATMENT STRATEGY + stenting in cases of long or flow-limiting dissections
after angioplasty, preferring DES over bare-metal
stents due to their superior outcomes [23].

For intraluminal recanalization, we recommend Regarding DES comparison, the Eluvia stent (Boston
balloon angioplasty with extended inflation time. This ~ Scientific, Marlborough, MA, USA) was evaluated against
study shows that a longer inflation time (180 s vs. 30's)  the Zilver PTX stent (Cook, Bloomington, IN, USA). Non-
significantly reduces the likelihood of dissection and inferiority was demonstrated for both efficacy and safety
restenosis (14 vs. 43%, p=0.009) [18]. The diameter of endpoints at 12 months. Primary patency was 86.8%
the balloon catheter for preparation prior to drug-coa-  (231/266) in the Eluvia group and 81.5% (106/130) in the
ted balloon (DCB) or stent placement should be 1 mm  Zilver PTX group, with a difference of 5.3% (one-sided
smaller than the diameter of the target artery [19]. For lower bound of 95% CI 0.66; p <0.0001) [24].

Balloon angioplasty

fibrotic or calcified plaques resistant to traditional an- In cases of total occlusion containing thrombus,
gioplasty, we recommend switching to: various strategies may be considered, including pri-
* a high-pressure balloon catheter (0.035 inch); mary stenting, thrombolysis, thrombectomy, or a com-
* acutting or scoring balloon catheter. bined approach.

Balloons with a full-length nitinol mesh coating are It is important to note that atherectomy or intravas-

designed to maintain a uniform diameter during infla-  cular lithotripsy catheters should not be routinely used
tion. This design feature helps minimize the risk of in total occlusions with severe calcification, as there is
edge dissection in the proximal or distal arterial seg- no clinical evidence supporting a reduction in resteno-
ments. A study demonstrated a significant reduction in  sis or TLR risk [7-9]. However, in special cases where
the rate of severe dissection: 4.2% in the percutaneous lesions cannot be crossed or dilated, or insufficient
transluminal angioplasty group (n=48) versus 25% in stent expansion is anticipated, devices such as direc-
the traditional angioplasty group (n=63), p=0.003 [20]. tional atherectomy (HawkOne), orbital atherectomy
(Diamondback 360), rotational and aspiration atherec-
tomy (Jetstream), laser, or intravascular lithotripsy
catheters may be considered for lesion preparation.

Drug-coated balloons, metallic stents,
drug-eluting stents, and atherectomy

A meta-analysis included 51 randomized controlled
trials involving 8430 patients/lesions. It was found that
DCBs outperform traditional balloon angioplasty in terms For impassable lesions, a low-profile coronary balloon
of primary patency and demonstrate lower rates of tar- may be used initially to create access through dense
get lesion revascularization (TLR) with comparable all-  occlusions. Additionally, externalization techniques such
cause mortality across short-term (<1 year), mid-term as the “push-and-pull” method may be applied, where
(1-2 years), and long-term (>2 years) follow-up periods. the guidewire is carefully advanced through the lesion

Specific lesions

DCBs were associated with: to facilitate access for interventional devices.

* higher odds of primary patency (short-term: odds Atherectomy devices have proven effective in such
ratio [OR] 3.21; 95% confidence interval [Cl] 2.44— cases, particularly when hard or calcified tissue impedes
4.24; long-term: OR 2.47; 95% Cl 1.93-3.16); passage. The percutaneous intravascular needle punc-

* lower TLR rates (short-term: OR 0.33; 95% CI ture of calcified plaque (PIERCE) technique, which in-
0.22-0.49; long-term: OR 0.42; 95% CI 0.29-0.60); volves needle fracturing, is another innovative method
+ similar all-cause mortality risk compared to tradi- used to penetrate particularly resistant lesion areas. Ap-

tional balloon angioplasty [21]. plying precise needle force allows access through dense
Compared to drug-eluting stents (DES), such as the  occlusions without causing excessive vessel trauma [25].
paclitaxel-eluting Zilver PTX stent, DCBs demonstrated For non-dilatable lesions that do not respond to

similar rates of restenosis and clinically driven TLR. balloon dilation despite adequate balloon size, an

At 12 months, target lesion restenosis was observed in  atherectomy device remains necessary, as it can help

22% of DCB-treated patients versus 21% of DES-treated  reduce the volume of hard plaque and prepare the ves-

patients (p=0.90). Clinically driven TLR was required in 14%  sel for further intervention.

of DCB patients versus 17% of DES patients (p=0.50) [22]. Coronary non-compliant balloons (CNBs) are also
Based on these results, we recommend: critical in these cases, as their rigidity allows for higher

« DCB angioplasty when no long or flow-limiting dis- inflation pressures, making them more effective in di-
sections are observed after traditional balloon an- lating rigid lesions. When CNBs are insufficient, esca-
gioplasty; lation to larger (0.035 inch) peripheral CNBs provides
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Un-crossable lesions:

Total occlusion of the Femoropopliteal Artery

— Small profile coronary balloon.
v

— Push and pull technique.

— Atherectomy tools.

Proposed direct intraluminal wiring >

Intraluminal crossing, subintimal crossing
or mixed type

— Needle cracking: PIERCE.
v

Un-dilatable lesions:

Successful guidewire crossing

A

+ Wiring technique: knuckle wiring, controlled stiff
GW wiring.

— Atherectomy tools.

A
Y

— Coronary NC balloons — 0.035
A

* Reentry tool: Outback.
* Retrograde puncture: SAFARI

inches peripheral NC balloon.
— Needle cracking: PIERCE.
and ensuring luminal gain.
Calcified nodule or large calcified
plaques (CFA):

stents.

— Atherectomy tools. before DCBs or stenting

Balloon Angioplasty: Use scoring or cutting balloons for resistant lesions.

Drug-Coated Balloons (DCBs): Ideal for cases without significant dissection, reducing restenosis

Stenting: For extensive or flow-limiting dissections, drug eluting stents are preferred over bare metal

Atherectomy: Effective for calcified lesions, enabling plaque removal and improving luminal gain

Fig. 3.
of this article)

additional force to address the lesion, particularly in

larger peripheral arteries.

In more complex cases involving calcified nodules
or large calcified plaques, such as those in the com-
mon femoral artery (CFA), advanced devices such as
the Jetstream or HawkOne atherectomy systems are
particularly useful. The Jetstream device combines re-
section and aspiration for effective removal of severe
calcification while reducing the risk of distal emboliza-
tion [26]. The HawkOne device, designed for directio-
nal atherectomy, is similarly developed to excise large
plaques, especially when precise plaque removal and
lumen enlargement are critical for restoring blood flow
and preventing future restenosis [27]. These devices
offer significant advantages in treating complex, heavily
calcified lesions where other methods may be ineffective.

COMPARISON OF ENDOVASCULAR
REVASCULARIZATION AND SURGICAL BYPASS

Endovascular revascularization and surgical by-
pass are the two main approaches to treat total occlu-
sions of the femoropopliteal artery/segment, each with
its own advantages and limitations.

Endovascular methods have gained popularity due
to their minimal invasiveness, which ensures shorter
recovery time, reduced hospital stay, and lower initial
costs compared to surgical bypass. These advantages
are particularly important for patients at high surgical
risk due to comorbidities such as advanced age, dia-
betes, or cardiovascular disease [28].

2026;11(1):91-103

Algorithm of procedural and treatment strategies for total occlusion of the femoropopliteal artery (the figure by the authors

However, surgical bypass remains an acceptable
option, especially for patients with long or complex
occlusions, long-segment involvement, or those with
previous failed endovascular interventions. Bypass
surgery, often using autologous venous grafts, has
been shown to provide superior long-term patency
rates in certain patient subgroups. Despite this, the
invasiveness of the procedure, combined with higher
risks of morbidity and mortality associated with major
surgery, often makes it a less favorable option for frail
or elderly patients [1, 2, 28, 29].

The UK Bypass vs Angioplasty in Severe Ischemia
of the Leg (BASIL-1) trial, involving 452 participants,
showed that patients with chronic limb-threatening
ischemia (CLTI) expected to survive two years or more
and having a suitable vein for bypass should be offered
venous bypass as a first option instead of balloon angio-
plasty [30]. The Best Endovascular vs Best Surgical
Therapy in Patients with Critical Limb Ischemia
(BEST-CLI) trial, which enrolled 1,830 participants —
mostly from the United States — evaluated patients
with optimal (single-segment) venous grafts. Among the
1,434 such patients, the rate of the composite primary
endpoint (major adverse limb events or death) was sig-
nificantly lower in the venous bypass group compared
to the best endovascular therapy group.

Major adverse limb events occurred in 302 of
709 patients (42.6%) in the surgical group versus 408
of 711 patients (57.4%) in the endovascular group
(hazard ratio [HR] 0.68; 95% CI 0.59-0.79; p <0.001).
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However, in a second cohort of 396 participants and improve stent expansion, their routine use is not
without optimal venous grafts, outcomes were simi- universally recommended due to concerns about pro-
lar between the two treatment groups. Major adverse cedural complications and a lack of robust evidence
limb events occurred in 83 of 194 patients (42.8%) in  supporting long-term benefits.

the surgical group and in 95 of 199 patients (47.7%) Moreover, the management of chronic total oc-
in the endovascular group (HR 0.79; 95% CI 0.58- clusions presents particular challenges, as various
1.06; p=0.12) [31]. techniques — such as subintimal recanalization and

The randomized BASIL-2 trial specifically com- re-entry devices — are employed with variable suc-
pared venous bypass with the best endovascular the- cess rates. The choice of the most appropriate stra-
rapy as the first-line revascularization strategy for pa- tegy often depends on the surgeon’s expertise and the
tients with critical limb ischemia requiring below-knee, specific features of the occlusion.
proximal infrainguinal revascularization (or without it).

Between July 22, 2014, and November 30, 2020, ato- CONCLUSION

tal of 345 participants were enrolled and randomly as- Endovascular revascularization has evolved signifi-
signed either to the venous bypass group (n=172) orto  cantly, offering a range of effective treatments for fe-
the best endovascular therapy group (n=173). moropliteal occlusions. Drug-coated balloons, atherec-

Major amputation or death occurred in 108 of 172 pa-  tomy devices, and advanced crossing techniques have
tients (63%) in the venous bypass group and in 92 of improved procedural success; however, challenges
173 patients (53%) in the best endovascular therapy persist in managing complex calcified lesions.
group (adjusted HR 1.35 [95% Cl 1.02-1.80]; p=0.037). Although drug-coated balloons show promise in

Mortality occurred in 91 of 172 patients (53%) in the  reducing restenosis, their role in heavily calcified di-
venous bypass group and in 77 of 173 patients (45%) sease remains debated. The use of hybrid strate-
in the best endovascular therapy group (adjusted HR  gies — combining endovascular and surgical methods
1.37 [95% CI 1.00-1.87]) [32]. may provide optimal outcomes in selected patients.

These data suggest that the severity and anatomi- Further research is needed to refine these tech-
cal distribution of atherosclerosis, as well as the qua- niques and improve long-term patency, ultimately lea-
lity of venous grafts, may influence treatment decisions  ding to better outcomes for patients with PAD.
and outcomes in critical limb ischemia.

Emerging evidence indicates that a hybrid ap- ADDITIONAL INFORMATION
proach — combining endovascular and surgical tech- Author contribution. Conceptualization of the
niques [33—42] — may yield the best outcomes for selec-  work, A.A. Kuchay, A.N. Lipin; acquisition, A.A. Kuchay,
ted patients by maximizing patency rates and minimizing  A.N. Lipin, K.L. Kozlov and N.N. Gruzdev; analysis,
recovery time [42-54]. Further studies directly comparing  A.A. Kuchay, N.N. Gruzdev; interpretation of data for
these strategies across different patient populations will  the work, A.A. Kuchay, A.N. Lipin; drafting and revising

be critical for guiding clinical decision-making. the work, A.N. Lipin, K.L. Kozlov; final approval of the

version to be published and agree to be accountable

CHALLENGES AND CONTROVERSIES for all aspects of the work, A.A. Kuchay, A.N. Lipin,
IN ENDOVASCULAR REVASCULARIZATION  K.L. Kozlov and N.N. Gruzdev.

Despite substantial advances in the field, several All authors made a substantial contribution to the

challenges and controversies remain in the endovas- conception of the study, acquisition, analysis, interpre-

cular management of femoropopliteal occlusions. tation of data for the work, drafting and revising the ar-

One major debate centers on the use of DCBs versus ticle, final approval of the version to be published and
stents. Although DCBs have shown promising results in  agree to be accountable for all aspects of the study.
reducing restenosis, their efficacy in complex or hea- Competing interests. The authors declare that
vily calcified lesions remains under scrutiny. Similarly, they have no competing interests.
the choice between DES and bare-metal stents often
depends on lesion characteristics and individual patient AOMNOJ/IHUTE/IbHAA MH®OPMALLUA
factors, with no clear consensus on the optimal approach Bknap aBTopoB. A.A. Kyyan, A.H. JlunuH — pas-
for all cases. pabotka koHuenuun pabotbl; A.A. Kyyair, A.H. Jlu-

The role of atherectomy in treating calcified oc- nuH, K.J1. Kosnos u H.H. I'pysges — cbop pax-
clusions is another ongoing topic of discussion. While  Hbix; A.A. Kyyan, H.H. [py3geB — aHanus gaHHbIX;
atherectomy devices can facilitate lesion preparation A.A. Kyyair, A.H. JlunuH — uHTepnpeTaums gaHHbIX
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ans pa6otbl; A.H. Jlunun, K.J1. Koanos — noarotoska
n pegakTupoaHue pabotol; A.A. Kyyan, A.H. Jlunuu,
K.J1. Kosnoe n H.H. I'py3ageB — okoH4yaTenbHoe yT-
BepXaeHue Bepcun ans nybnukauyum n cornacue He-
CTU OTBETCTBEHHOCTbL 3a BCE acnekTbl paboTbl.

Bce aBTOpbI BHECNM CYLLECTBEHHbIN BKag B pas-

paboTKy KOHLUenuuW, NpoBedeHUe WMCCReaoBaHus K
NOArOTOBKY CTaTbM, MPOYNM 1 0406pUNM uHaNbHY0
Bepcuio nepea nybavkaumen.

KoHdbnukT nHTepecoB. ABTOpbI JeknapupytoT oT-

CYTCTBUE ABHbIX U NOTEHUMNAITbHbIX KOH(SIMKTOB UHTE-
pecoB, CBA3AHHbIX C ny6nv||<au,mel71 HaCTOSLLEN CTaTbM.
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Corresponding author:  Abstract. The third and final review of the double burden of malnutrition in Vietnam systematizes
Valerii O. Erkudov the concepts of the prevalence, causes and methods of correction of overweight and obesity in light
E-mail: . of its negative consequences for public health. The analysis of literary sources clearly demonstrates
verkudov@gmail.com an increase in the prevalence of overweight and obesity in school-age children and adolescents

from 2-5% in 2007-2013 to 20-30% in 2002-2013 and 40-60% in 2024. In younger children and
adults, this indicator did not differ throughout the observation period and corresponded to an average
of 18% (from 6 to 35%) for children and 27% (from 11 to 70%) for adults. Women in Vietnam are at
higher risk of developing overweight, the prevalence of which is 2-10% higher in them than in men.
The prevalence of obesity in urban children and adults was 2.5-2.7 times higher than that in rural
areas. The reasons for the increase in the prevalence of excess body weight and obesity are the
traditional preferences of the Vietnamese for carbohydrate foods, incorrect ideas about obesity as a
sign of health in men, the spread of fast food, freeze-dried products and sweets, especially among
urban residents, combined with the refusal to exercise. Thus, it is obvious that the double burden
of malnutrition, despite the measures taken by the Vietnamese government to protect public health,
is still relevant for the country’s residents. This requires the development of priority programs to
simultaneously combat malnutrition and obesity.
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NMpo6nema oxxumpeHus u nsbboiTka Maccol Tena Bo BbeTtHame.
YacTtb 3. (/lutepatypHbit 0630p NcciegoBaHNM
Bo BbeTHame)

Banepuit Onerosuy Epkynos, Buktopus ButanbesHa [aiiBopoHckas,
Huna BaneHtnHoBHa Ckpebuosa, Ceprent CtenaHoBuy Poroaun

CaHkT-MeTepOypreknil rocyapCTBEHHbIN NeanaTpuyecknii MeguumnHekuin yHusepcutet, 194100, r. CankT-MeTepbypr, yn. JlutoBckas, 4. 2,
Poccuinckas ®egepauus

Ans yumuposaHus: Epkynos B.O., lanBopoxckas B.B., Ckpebuosa H.B., PorosuH C.C. Mpobnema oxupeHus 1 u3bbiTka Macchl Tena Bo
BbeTtHame. YacTb 3. ([lutepatypHblil 0630p nccneaosaquii Bo BoetHame). Poccutickue 6uomeduyuHckue uccnedosaHus. 2026;11(1):104-117.
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Moctynuna: 22.10.2025 OpoGpeHa: 19.01.2026 MpuHaATa k nevatu: 27.03.2026
AgTop Pe3lome. B TpetbeM, 3aknountenibHoM, 0630pe, NOCBALEHHOM 4BOMHOMY GpeMeHU HENOMHO-
Ans KOPPeCnoHAGHUMU:  ||eHHOro NUTaHUs BO BbeTHaMe, CuCTeMaT3MpOBaHbl NPEACTaBNEHUS O PacipOCTPaHEHHOCTH,
Banepwii Onerosuy npuYMHax N1 MeToaax KoppeKkLMn n3bbiTka Macchl Tena 1 OXUPEHUS B CBETE ero HeraTuBHbIX
Epkyaos nocneacTBUI NS 3A0POBbS HACENEHUS. AHaNU3 NUTepaTypHbIX UCTOYHUKOB HArMsAAHO AEMOH-
E-mail: CTPUPYET YBENNYEHME PACNPOCTPAHEHHOCTM M30bITKA MAcChl TENa 1 OXMPEHUS Y [eTell WKOMbHOM

verkudov@gmail.com BO3pacTa 1 noApocTkoB ¢ 2-5% B 2007-2013 rr. Ao 20-30% B 2002-2013 rr. 1 40-60% B 2024 .
Y Mnagwmx geTen n B3pOoCnbix TOT NoKa3aTenb He pasnuyancs Becb nepuod HabnaeHwin n
cooTBeTcTBOBaN B cpeaHem 18% (0T 6 go 35%) ans aetckoro n 27% (ot 11 go 70%) ans B3po-
CIOr0 KOHTWHreHTOB. YKeHLWMHbI BbeTHama noaBepxeHbl 6onbeMY pUcKy pa3BuTis n3bbiTka
Macchbl Tena, YactoTa BCTPEYAEMOCTM KOTOPOrO Y HUX Ha 2-10% BbilE, YeM Y MYXX4MH. Y ropoa-
CKUX [eTeil 1 B3POCHbIX pacnpoCTpaHEHHOCTb OXUPEHNS NpeBocxoauna B 2,5-2,7 pasa 10T
nokasaTenb Yy XUTENen CebCKNX PermoHoB. MNprnimHamn pocTa pacnpoCTPaHEHHOCTY U30bITKa
Macchbl TENa 1 OXMPEHNS ABRAIOTCS TPAAULMOHHbIE NPUCTPACTNS BbETHAMLEB K YrNeBogMCTON
nuile, HEBEPHbIE NPEACTaBIEHNS O NOSHOTE KaK NPM3HaKe 340POBbS Y MYXUMH, YBENUYeHne
notpebnenus dactdyaa, CybnMMUPOBaHHbLIX NPOAYKTOB W CNafoCTeN, 0COBEHHO Y ropoACKMX
XWUTENEN B COYETaHMM C OTKA30M OT 3aHSTUI cnopToM. Takum 06pa3om, ABoiHOE bpems Henon-
HOLIEHHOrO NUTaHWSI, HECMOTPS Ha NMPUHMMaeMble NPaBUTENLCTBOM BbeTHama Mepbl No 3aluTe
00LLEeCTBEHHOTO 300POBbS, BCE ELLE aKTyanbHO AN15 XUTENeN CTpaHbl. ITo TpebyeT pas3paboTku
MPUOPUTETHbLIX NPOrpaMM OAHOBPEMEHHOW 60pbObI C HEAOEAAHNEM 1 OXUPEHNEM.

KnioueBble cnoBa: BbeTHam, OXWNpeHue, 136bITOK Macchl Tena, ABONHOE 6peMFI HEMOJTHOLUEHHOro
NMUTaHNA

UcToyHmnk (bVIHaHCMPOBaHMFI. ABTOpr 3asBnsAlT 00 OTCYTCTBMU BHELLHErO (*)I/IHaHCI/IpOBaHMFI
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INTRODUCTION For younger children and adults, this indicator re-
The double burden of malnutrition in Vietnam is cha- mained stable throughout the observation period co-
racterized by the coexistence of undernutrition and un-  vered in Table 1, averaging 18% (range, 6-35%) in the
derweight in one part of the population and obesity in  pediatric population and 27% (range, 11-70%) in adults.
another [1]. An analysis of Vietnamese studies published These findings are likely attributable to the wide time
between 2003 and 2024, presented in previous reviews',  span of the metabolic disorder prevalence data included
demonstrated an approximately threefold decline in the in Table 1, as they stand in contrast to results discussed
prevalence of underweight [2—4]. Nevertheless, the coun-  in the literature. For example, H.T. Dieu et al. (2009) re-
try remains far from fully eliminating undernutrition — as  ported a 52.9% increase in the incidence of overweight
of 2024, up to 25% of children were still underweight [5, and obesity among children aged 4-5 years between
6]. Concurrently, iron deficiency and anemia currently af- 2002 and 2005 [10]. This observation is inconsistent
fect 20-25% of school-age children and women, along  with the findings of B. Norov et al. (2023) and L.M. Do
with 30-35% of newborns [6, 7]. Up to 20% of the Viet- et al. (2017), who documented a 6-8% rise in the preva-
namese population have deficiencies of vitamins A and  lence of these conditions among older and younger chil-
B,,, and up to 50% have deficiencies of vitamin D and  dren, respectively, over the period 2000-2016 [11, 12].
micronutrients (zinc, selenium, magnesium, calcium) [4- A number of authors have noted that the preva-
6]. This third review presents the findings of studies that lence of obesity in adults also exhibits an upward trend.
shed light on the prevalence and causes of overweight M.D. Nguyen et al. (2007) published findings from the
and obesity among the Vietnamese population — the  1992-1993 Vietnam Living Standards Survey, reporting
“other side of the coin” of the double burden of malnutri-  a twofold increase in the prevalence of overweight during
tion. The present review represents an attempt to sys- that period, from 3% to 6% [13]. P.H. Nguyen et al. (2018)
tematize the data accumulated over a nearly thirty-year documented a change in this indicator from 2% to 15%
period on the prevalence, causes, and management between 1993 and 2015 [14]. According to data from a
strategies for overweight and obesity in Vietnam in light ~ stepwise cross-sectional survey conducted between 2009

of their adverse impact on public health. and 2015, the prevalence of obesity increased by 5%

among adult men and by 7% among adult women [15].

PREVALENCE AND CAUSES Vietnamese women are at greater risk of developing over-

OF OVERWEIGHT AND OBESITY weight, with prevalence rates among them being 2-10%
IN VIETNAM: AN ANALYSIS higher than among men (see Table 1).

The data summarized in Table 1 clearly illustrate a ri- Several studies have reported on the prevalence

sing prevalence of overweight and obesity among school-  of abdominal obesity as a component of the metabolic
age children and adolescents, from 2-5% in 2002-2013  syndrome in Vietnam, which ranged from 8.7% to 30.2%
to 20-30% in 2007-2013 and further to 40-60% in 2024.  between 2004 and 2019 [16-18]. Drawing on an ana-
These figures are in partial agreement with the published lysis of medical records of 652 adult outpatients with
literature. T.K. Hong et al. (2007) and N.H. Trang et al. diabetes mellitus at Ho Chi Minh City General Hospital,
(2012) reported that between 2002 and 2004 and be- H. Yokokawa et al. (2010) identified a markedly higher
tween 2004 and 2009, the increase in adolescent over-  prevalence of metabolic syndrome in women than in
weight and obesity reached +8.1% and +7.6%, respec- men (70.5% vs. 39.4%) [19]. N.T. Ho et al. (2024), in
tively [8, 9]. According to the National Survey of Non- a comparison of 30- and 60-year-old Vietnamese resi-
Communicable Disease Risk Factors (2015-2016) and  dents, found that although the overall prevalence of the
the Vietnam National Nutrition Survey (2019-2020), the metabolic syndrome increased with age, its manifesta-
prevalence of overweight rose by 16% among children  tions were more pronounced in women than in men [20].
and by 8% among adults from 2002 to 2020. Several studies do not support the notion that wo-
men are at elevated risk of metabolic disorders [1, 21—

' This article is the final part of the series of publications “The ~ 24]. Traditional beauty ideals in Vietnam hold that girls
Double Burden of Malnutrition in Developing Countries as a Global ~ should have a petite physique, whereas men should
Problem. Part 1. (Literature Review of Research in Vietham)’ (Rus- have a larger body build [1]. This fuels greater weight-
sian Biomedical Research. 2025;10(3):44-54. https://doi.org/10.56871/  related concern among women [25] and leads to ex-
RBR.2025.80.56.005) and “Growth Retardation, Nutritional Deficiency, ~ cessive parental control aimed at preventing obesity in
and Micronutrient Insufficiency in Vietnam. Part 2. (Literature Review of ~ girls, but not in boys [26]. In Vietnam, families typically
Research in Vietham)” (Russian Biomedical Research. 2025;10(4):18-  prioritize the needs of boys over those of girls [26],
48. https://doi.org/10.56871/RBR.2025.22.44.002). which, in turn, contributes to longer periods of physical
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inactivity among the latter. Research conducted in Hai  and low in fiber [23]. Food prices in Vietnam, particularly
Phong showed that boys consumed a wider variety of  those of sugar-rich and highly processed items, declined
energy-dense foods than girls [21]. Boys also consume  during the country’s economic expansion, making them
fast food more often than girls [27], spend more time more affordable [23]. Such products are increasingly
watching television, and use smartphones more fre- marketed to children in supermarkets, convenience
quently [28]. Programs aimed at reducing overweight stores located near residential areas, school canteens
and obesity among schoolchildren in Vietnam should [1, 40], and shopping malls [12]. The per capita avai-
therefore take into account sex-specific differences in  lability of sugar and sweets in Vietnam rose by 176%
the risk of developing these conditions [29]. from 1961 to 2013 [41]. In 2018, total sugar consump-
Notably, across the entire more than 30-year period tion in Vietnam was estimated at 46.5 g per capita per
of monitoring the prevalence of overweight and obesity, day, nearly double the maximum level of 25 g per capita
a consistent trend has been observed: these indica- per day recommended by the World Health Organiza-
tors have been 2.5-2.7 times higher among both chil- tion [30]. These products are readily accessible in ur-
dren and adults residing in urban settings than among ban areas, where a greater density of supermarkets
their rural counterparts (see Table 1). T.T. Nguyen et caters to higher-income populations [42, 43]. Children
al. (2018) and N.K. Pham et al. (2020) reported that, from urban areas also eat out more often, and a greater
between 2010 and 2015, the prevalence of this condi- share of the energy consumed in these settings comes
tion rose by 6% among urban children and by only 4%  from fat, sugar, fast food [44], hard candies, and choco-
among rural children [30, 31]. The mean prevalence of late [45]. A study involving children aged 11-15 years
being at risk of overweight and obesity increased nearly revealed that 36% of participants consumed at least
9-fold (from 0.7% in 1992 to 6.2% in 2000) in urban one sugar-sweetened beverage every day [46]. Among
areas and 3-fold (from 0.4% in 1992 to 1.2% in 2000) in ~ schoolchildren, the mean daily energy contribution from
rural areas [32]. In general, affluence — which has tradi- sweetened beverages was 256.4 kcal, corresponding to
tionally been higher in urban regions — correlates posi-  approximately 10% of total daily energy intake (~2,484
tively with the risk of overweight [6, 31, 33-37]. Acon-  kcal/day) [46]. In a study by T.T.P. Pham et al. (2019),
trasting view, however, also exists. For instance, X. Tan  the proportion of children who consumed confectionery
et al. (2024) found no significant association between more than five times per week in Thanh Hoa province
overweight and wealth index, ethnicity, geographic re- reached 13.81% [47]. Overweight and obesity in ado-
gion, or area of residence [5]. The relationships between lescents were considerably less prevalent among those
excess body weight and socioeconomic status are com-  who frequently ate vegetables and fruits; the likelihood
plex, depending on sex and the intensity of economic  of overweight and obesity was lower when fruits were
development [38]. A recent study conducted in Ho Chi  available at home [33].
Minh City highlighted that children living in low-income In addition, Vietnamese households have been
households in urban areas face a higher likelihood of shown to be receptive to the marketing of energy-
obesity than their peers living in high-income house- dense, nutrient-poor foods [48]. Food advertising has
holds [1]. This may be attributable to various barriers been found to influence dietary preferences, purchasing
to healthy eating and lifestyle that are characteristic of behavior, consumption patterns [49], and children’s food
urban settings: the increased availability of inexpensive,  choices [24]. The marketing of energy-dense, nutrient-
energy-dense foods; a shortage of grocery stores offe-  poor foods may therefore contribute to childhood obesity
ring fresh produce; a lack of opportunities for physical  [50]. The low political priority assigned to tackling child-
activity; and insufficient nutrition knowledge [39]. hood obesity has allowed commercial interests — par-
The causes underlying the high prevalence of over- ticularly those of companies producing sugar-sweetened
weight and obesity are widely discussed in the litera- beverages and processed foods — to lobby successfully
ture. The rising consumption of foods with added sugar  for the inclusion of their products in the school food
(such as highly processed breads, cakes, sweetened system [11]. A study by H.T.D. Ngan et al. (2018) in
dairy products, fruit drinks, and carbonated beverages) Hai Phong established that women who attained higher
now represents a serious public health concern in Viet-  levels of education were able to secure better jobs with
nam [30]. Rapid urbanization and economic develop- long working hours, which, in turn, reduced the time
ment have driven a nutrition transition in Vietnam, away available for preparing meals for their children and in-
from traditional diets rich in fresh fruits, vegetables, and  creased children’s reliance on fast food [21].
rice and toward diets high in processed foods, refined The traditional lifestyle of Viethamese people li-
grains, meat, dairy products, saturated fats, and sugar, ving in rural villages is characterized by high energy
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Table 1
Prevalence of overweight and obesity in Vietnam according to various authors
Tabnuua 1
PacnpocTpaHeHHOCTb U30bITKa MacChl Tena 1 OXupeHusi Bo BbeTHame No AaHHLIM pa3fiMyHbIX aBTOPOB
ABTop KoHTWUHreHT Bo3spact M:ISS:IITTZL OxunpeHue
Author Contingent Age Overweight Obesity
SonleN.T.etal, CMeluaHHas BbIGopKa B3poCTbIX' 220 net 12%
2005 [70] Mixed sample of adults' 220 years
Cuong T.Q. etal.,, | CmewwaHHas Bbi6opka 1488 B3pocnbix u3 r. XoWwMMIUHA 20-60 net 3 —31,6%
2006 [71] Mixed sample of 1,488 adults from Ho Chi Minh City 20-60 years Q —33,6%
Tang HK. et al., CwmeluaHHas Bbibopka 1504 nogpocTKOB 13 . XOLWMMWHA, CpepHuii Bo3- | 4,9% 0,6%
2007 [72] paBHOE KOMUYECTBO Marb41KoB 1 IeBOYEK pact 13,1 roga
Mixed sample of 1,504 adolescents from Ho Chi Minh City, Average age
equal numbers of boys and girls 13,1 years
Dieu H.T. etal., CmeluanHas Bbibopka 670 aeTen u3 r. XowmmnHa 3-6 net 20,5% 16,3%
2007 [73] Mixed sample of 670 children from Ho Chi Minh City 3-6 years
Khan N.C. et al., CMeluaHHas BbIGopKa B3pOCbIx? 45-54 ropa Fopoackue — 43%
2008 [74] Mixed sample of adults? 45-54 years City — 43%
Cenbckne — 17%
Rural — 17%
van Lierop A. et al., | CmewanHas Bbibopka 2613 aeTeit 13 npoBuHUMM BuHbTXyaH | 6-10 net Fopoackve — 4,6%
2008 [75] A mixed sample of 2,613 children from Binh Thuan Province 6-10 years City — 4.6%
Cenbckue — 1,6%
Rural — 1.6%
Obwas — 2,7%
Total —2.7%
Walls H.L. etal., CwmeLaHHas Bbibopka 4846 B3pocnbix 13 r. XaHos 25-74 net ObLwee 2,1%
2009 [76] Mixed sample of 4,846 adults from Hanoi 25-74 years Total — 28.6%
3 —29,7%
Q —31,5%.
Dieu H.T. et al., [MoBTOPHOE NOMEpeyHoe uccnefoBaxne 1162 geten 4-5 net 21,4% 36,8%
2009 [10] B 2002-2005 rr. 4-5 years
A repeat cross-sectional study of 1,162 children in 2002-2005.
Hado T.P.etal., CMelLaHHas BbIGOpKa B3pocbIx® 25-64 ropa B 2000 rogy — 11,7%
2011 [77] Mixed sample of adults® 25-64 years In 2000 — 11.7%
B 2005 rogy — 16,3%
In 2005 — 16.3%
Hong TK. etal., CwmeLluaHHas Bbibopka B3pocnbIx* 13-16 net 4,6%
2012 9] Mixed sample of adults* 13-16 years
Nguyen P.H. etal., | 4983 HebepeMeHHbIX XeHLuH r. Txal HryeH - - 5%
2013 [78] 4,983 non-pregnant women in Thai Nguyen City
Nguyen P.V. etal., | CmewaHHas BbiGopka 1989 aeTeit ua r. XowmmmHa 11-14 net 3 —22% 3 —54%
2013 [79] Mixed sample of 1,989 children from Ho Chi Minh City 11-14 years Q@ —13,3% Q—1,3%
Obwwee — 17,8% | Obwee —3,2%
Total — 17.8% Total —3.2%
Ly KA. etal., CMelLaHHas BbIGOPKa B3poCbIx® 235 net 33,7% -
2013 [80] Mixed sample of adults® 235 years
Binh T.Q. etal., CwmelaHHas BbiGopka B3poCrblx® CpenHui 16,3% -
2014 [16] Mixed sample of adults® BO3pacT
Middle age
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Continuation of the Table 1/ [podomkeHue mab. 1

W36bITOK
ABTOp KoHTUHreHT Bospact OxunpeHune
Author Contingent Age maccbl rena Obesity
Overweight
Do L.M. etal., 2677 ropoAcKuX 1 CenbCkux AeTen 3 r. XaHos Cpentui Fopoackon — 21,1%
2015 [49] 2,677 urban and rural children from Hanoi BO3pacT City —21.1%
4,3 ropa Cenbckuit — 7,6%
Average age Rural —7.6%
4.3 years
Carrillo-Larco R.M. | laHHble npogonbHoro uccnegosanus Young Lives 4-8 net 1,5%
et al. 2016 [34] 6000 peten 4-8 years
Data from the Young Lives longitudinal study of 6,000 children 11215 net 0,3%
11-15 years
Nguyen P.V. etal., | CmewaHHas Bbibopka 2024 n3 r. XowmmnHa 11-14 net 21,1%
2016 [35] Mixed sample 2024 from Ho Chi Minh City 11-14 years
Nguyen N.M. et al., | CmewaHHas Bbibopka 2943 neteit CpepHuit Bo3- | 2,4% 0,4%
2017 [37] Mixed sample of 2,943 children pact 5,3 roga
Average age
5.3 years
Cpentuii Bo3- | 5,8% 4,7%
pacT 8 net
Average age
8 years
Nguyen C.L. etal.,, | 2030 6epemeHHbIX Ha 24-28-11 Heaene BepemMeHHOCTU - 12,8%
2017 [81] 2,030 pregnant women at 24-28 weeks of pregnancy
Dat T.Q. etal., CwmewaHHas Bbibopka 6514 13 npoBuHLMN BuHbANHDL 6-10 net 30,1%
2018 [82] Mixed sample 6,514 from Binh Dinh province 6-10 years
Hoang N.T.D. et al., | CmewaHHas Bbibopka 2334 geTeit u3 r. XaidoHa 6-9 net 22,1% 31,0%
2018 [24] Mixed sample of 2,334 children from Hai Phong City 6-9 years
Ngan H.T.D. etal., | CmewwaHHas Boibopka 276 aeten u3 r. XandoHa 6-10 net 1,2% 10,1%
2018 [21] A mixed sample of 276 children in Hai Phong City, 6-10 years
ChucD.V.etal., CmeluaHHas Bblbopka 327 aeTeit u3 r. XolHbeHa B 2017 . 1-3roga 1,2%
2019 [83] Mixed sample of 327 children in Heungyeong City, 2017 1-3 years
Giao H. et al,, CwmeluaHHas Bbibopka 768 feTelt u3 r. XowmnMuHa 1-2 roga 10,7%
2019 [84] Mixed sample of 768 children from Ho Chi Minh City 1-2 years
Pham T.T.P. etal., | CmewwaHHas Bbibopka 821 neTeit u3 r. XaHos 11-12 net 17,1% 19,1%
2019 [47] Mixed sample of 821 children from Hanoi 11-12 years
LeTT. etal, 16 177 peTei U3 ropHbIX PatoHOB, Pa3Hble ATHUYECKKe 2-5 net Ot 0 0 2,3% y pa3HbIX ITHUHECKNX
2019 [85] rpynnbl 2-5 years rpynn
16,177 children from mountainous areas, different ethnic groups From 0 to 2.3% in different ethnic
groups
Phan H.D. et al., CmeluaHHas Bblbopka 2788 peTeit 11-14 net 17,4% 8,6%
2020 [86] Mixed sample of 2,788 children 11-14 years
Mai TM.T. et al., CwmewaHHas Bbibopka 10 949 geteit u3 r. XowmmuHa 6-18 nert 20-30% 20-30%
2020 [1] Mixed sample of 10,949 children from Ho Chi Minh City 6-18 years
Pham N.K. et al., CmeluaHHas Bblbopka 1806 aeTeit 3 r. XownmmHa 7-9 net 3 —247%
2020 [31] Mixed sample of 1,806 children from Ho Chi Minh City 7-9 years Q@ —12,3%
Nguyen T.T. et al., | MonepeyHoe uccneposaHne 367 B3pOCHbIX U3 I. XaHos 18-25 net 16,6%
2020 [51] A cross-sectional study of 367 adults from Hanoi 18-25 years
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Ending of the Table 1/ Okoryarue mab. 1

AsTop KoHTWUHreHT Bospact M:'gs:?;a OxupeHue
Author Contingent Age . Obesity
Overweight
Ha etal., 2021 [69] | 280 B3pocnbix NALMEHTOB C caxapHbiM anabetom 2-ro una | — 35,4%
280 adult patients with type 2 diabetes mellitus
KimT.V. etal., CwmelaHHas Bbibopka 103 geteit 3-4 roga 22,3%
2022 [65] Mixed sample of 103 children 3-4 years
Le G.B., Dinh D.X., | CmelwaHHas Bbibopka 782 feTel u3 r.TxaHbxoa 6-11 net 21,61% 14,32%
2022 [28] Mixed sample of 782 children from Thanh Hoa city 6-11 years
Truong D.T.T. CmeluaHHas Bblbopka 1556 geTeit CpepHuii Bo3- | 9,4%
etal., 2022 [87] Mixed sample of 1,556 children pact 12 net
Average age
12 years
DangAK. etal, CmelwaHHas BbiGopka B3poCbIx® - 16,1%
2022 [18] Mixed sample of adults®
Thuyen T.Q. et al., | JdaHHble pacnpocTpaHeHHoCTH MeTabonuyeckoro cuiapoma | 40-64 net 23,4%
2022 [88] y 1150 B3pocnbix 40-64 years
Prevalence data of metabolic syndrome in 1,150 adults
VuK.etal, CmeluaHHas BblGopka B3pOCIbIX 25-64 ropa 20,57%
2022 [89] Mixed sample of adults 25-64 years
Tan PY., Chan C.L. | CmewwaHHas Bbibopka aetei’ <5 net 9,7%
et al., 2024 [6] Mixed sample of children® <5 years
5-18 net 41,3%
5-18 years
Pham T.T.P. etal., | CmewaHHas Bbibopka 733 geTel r. XaHost 11-12 net 25% 1%
2024 [90] Mixed sample of 733 children from Hanoi 11-12 years
Tan PY. etal., CmeluaHHas Bblbopka 2039 geTeit 6 mecaues — | & —2,3% 3—0,7%
2024 [5] Mixed sample of 2,039 children 2 ropa Q@ —2,6% Q —0,5%
6 months — Obwee — 2,5% Obuwee — 0,6%
2 years Total — 2.5% Total — 0.6%
Mai TM.T. et al. CwmewaHHas Bbibopka 221 pebeHka B BospacTte 18 net 13 9-11 net 59,3%
2024 [91] r. XoWwnmMnHa 9-11 years
Mixed sample of 221 children aged 18 years in Ho Chi Minh City
Ho N.T. et al. CmeLluaHHas Bbibopka B3pochbIx® <40 net 16%
2024 [92] Mixed sample of adults® <40 years

Notes. ' — Study on the prevalence of metabolic syndrome in adults in Ho Chi Minh City; 2— National Overweight and Obesity Survey Summary Statistics; ° — data
from a study of 31,665 adults in 2000 and 2005 from the 2000 National Nutrition Examination Survey (14,452 subjects) and the 2005 National Adult Obesity Survey
(17,213 subjects); + — prevalence of Metabolic Syndrome in Children in Ho Chi Minh City; ® — 1,713 adult residents from Da Nang City from 900 households in
6 of 56 urban, rural and mixed urban-rural communities in Da Nang; ¢ — prevalence of metabolic syndrome in 2,443 adults; ” — meta-analysis of the prevalence
of metabolic syndrome in 35,421 adult subjects; ® — data on overall prevalence and prevalence stratified by sex and region were obtained from WHO/UNICEF/
World Bank Group databases and national nutrition surveys (2018-2020); °— prevalence of metabolic syndrome in 57,997 adults examined from 300 Vietnamese
companies from Vinmec Healthcare System.

Mpumeyanms. ' — Vccnegosanue pacnpocTpaHeHHOCTU MeTabonnyeckoro CUHAPOMA y B3POCHbIX XuUTenel r. XolwmumuHa; 2— cGopHasi cTaTucTuka HaumoHanb-
HOTO MCCnenoBaHNs U3BLITOYHOTO Beca 1 OXNUpeHus; > — naHHble nccnenosaHus 31 665 Bapocrbix B 2000 1 2005 rr. HaumoHanbHoro onpoca no nutaxuo 2000 T.
(14 452 cy6bekra) u HalvoHamnbHOrO onpoca Mo oxupeHuto Y Bapocnbix 2005 r. (17 213 cy6bekToB); * — pacnpocTpaHeHHOCTb MeTabonMYeckoro CUHApoMa y
neteit B 1. XolwmmmuHe;  — 1713 B3pocrbIx xutenent 13 r. Janaxr n3 900 4OMOX03SCTB B 6 13 56 ropoaCKMX, CENbCKNX 1 CMELLaHHBIX FOPOACKNX 1 CEMbCKUX 06-
wmH B [laHaHre; 8 — pacnpocTpaHeHHOCTb MeTaBonMyeckoro cuiapoma y 2443 B3pocnblx; ” — MeTaaHanua pacnpocTpaHeHHOCTH MeTabonnyeckoro CUHAPOMa Y
35421 B3pocrbix UCTbITYEMbIX; & — flaHHble 06 06LLel pacnpoCTPaHEHHOCTM 1 PacMpPOCTPAHEHHOCTH, CTPaTUDNLLMPOBAHHOI N0 NOMY 1 PETMOHY, BbINN NoMyYeHb
13 6a3 aaHHbIx BO3/KOHVCE®/pynnbl BeemmpHoro 6aHka 1 HalmoHambHbix 06cnenosaHuit nutaqms (2018-2020); © — pacnpocTpaHeHHOCTb MeTabonmyeckoro
cuHpgpoma y 57 997 B3pocnbix Ha 0CHOBE 0cMoTpa coTpyaHukoB 300 BbeTHamcknx komnaHni u3 Vinmec Healthcare System.

Table by the authors of this article
Tabnuya asmopos daHHoU cmambu
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expenditure’ arising from the physical demands of agri-  quent breakfast consumption [31]. Finally, polymorphisms
cultural labor [51]. Urban Vietnamese, by contrast, need in the brain-derived neurotrophic factor gene [57] and the
to focus on increasing their physical activity during leisure  B;-adrenergic receptor gene [60], as well as an increased
time. Survey data from the Ministry of Health indicate that  abundance of Firmicutes coupled with a reduced abun-
70% of Vietnamese adults do not engage in physically ac-  dance of Bacteroidetes in the gut microbiota [61], have
tive pursuits. Office workers, in particular, lead an almost  also been linked to higher odds of overeating and obesity.
entirely sedentary lifestyle, averaging only 600 steps per A survey conducted by L.M. Do et al. (2016) revealed
day instead of the recommended 10,000. Moreover, only  that some Vietnamese mothers find the appearance of a
18% of fifth-grade students in Ho Chi Minh City adhere  “chubby” child appealing and regard excess weight in a
to physical activity guidelines [52]. A recent international  child as a sign of good health [12]. At the same time, the
study ranked Vietnam among the countries with the lowest  women surveyed expressed concern about overeating,
average daily step counts in the world [51]. Low levels of  the reduced physical activity of their overweight children,
physical activity have been reported for both urban and and the high likelihood of developing diabetes mellitus
rural populations [53]. Participation in recreational physi- and cardiovascular complications in the future [12]. When
cal activities remains rare among the Vietnamese popula-  asked about the causes of obesity, the women pointed
tion [54]. Common barriers to physical activity in South  to hereditary factors, economic living conditions, and the
and Southeast Asia include ambivalent attitudes toward presence of unsafe hormones in meat [12]. The mothers
exercise; limited time due to long working hours and cul-  admitted that they find it difficult to control their children’s
tural obligations to family; a lack of adequate facilities and  diet, limit fast-food consumption, and restrict television
infrastructure; a limited number of safe public spaces; un-  viewing and the use of electronic gadgets; they also re-
favorable climate; and environmental pollution [53]. Women  ported challenges in persuading older-generation relatives
may face additional cultural barriers stemming from norms  (grandparents) of the need to regulate the children’s nutri-
of modesty or the avoidance of mixed-gender activities [53].  tion and physical activity [12]. Y.T.H. Nguyen et al. (2022)
The risk of overweight or obesity was 1.39 times higher  reported broadly similar findings when describing the re-
among physically inactive children and 2.5 times higher  sults of interviews with elderly Viethamese residents [62].
among those residing in urban areas [55]. Additional Accelerometer-based measurements of physical acti-
determinants of overweight include living in an affluent  vity among schoolchildren, conducted by T.H. Nguyen et
household [8]; not being required to walk to school [1, al. (2010), demonstrated that the risk of metabolic distur-
22, 28]; reduced physical activity during school breaks bances rises when time spent in moderate or light physi-
owing to a scarcity of open spaces and playgrounds [9, cal activity falls below 43 minutes per day [63]. N.T. Nguy-
28]; having overweight parents [23]; and household food en et al. (2024) found that more than 70% of secondary
insecurity [23]. Study findings indicate a marked decline in - school students devoted less than 60 minutes per day to
the prevalence of walking to school among adolescents, physical activity. These same students spent more than
from 27.8% in 2004 to 19.6% in 2009 [9]. Anumber of ad- 120 minutes per day on sedentary pursuits [64].
ditional factors have been associated with elevated odds In a sociodemographic study, Q.G. To et al. (2020)
of overeating and obesity. These include being born to  established that high levels of affluence were sig-
overweight or obese mothers, together with their seden- nificant predictors of overweight and obesity among
tary lifestyle and unhealthy dietary habits [6, 56]; early Vietnamese schoolchildren. Such affluence enabled
discontinuation of breastfeeding [36]; prolonged screen children to own two or more electronic devices (smart-
time on smartphones; low levels of physical activity in  phones, tablets) and to attend private tutoring [46].
the child; and excessive intake of energy, sugar, oils, and  These children displayed the lowest levels of physi-
salt, as well as fast food [1, 6, 21, 28, 30, 31, 36, 49]. cal activity, as they were either engaged in academic
Further determinants comprise high birth weight; delivery  study or spent their time using smartphones or tablets
by cesarean section [57, 58]; nighttime sleep duration of [46]. Secondary school students aged 11-14 years in
less than 8 hours per day [57]; daytime napping [16]; high Ho Chi Minh City spent more than 2 hours per day
levels of maternal and paternal education [21, 47, 58]; watching television [35]. The number of hours of te-
parental underestimation of the risks posed by childhood levision viewing was positively associated with obesity,
obesity [1]; neuroticism in the population [59]; and infre- and a clear dose-response relationship was observed
- [33]. T.V. Kim et al. (2022) established that more than
' World Health Organization. Guideline: Sugars Intake for Adults ~ 50% of preschool children in Ho Chi Minh City failed to
and Children. Geneva: WHO; 2015. Available at: https://www.who.int/  meet the recommendations regarding physical activity
publications/ilitem/9789241549028. Accessed January 14, 2026. duration, sleep length, and screen time [65].
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Afast eating speed was significantly associated with 500 kcal per day while providing adequate amounts of
higher alcohol and sugar consumption and a greater protein, vitamins, and minerals. When selecting a die-
prevalence of abdominal obesity [34]. Furthermore, a tary intervention, health care professionals should take
significant association was detected between adults into account the individual’s motivation, personal and
who participated in sports with their children and the cultural preferences, and any associated comorbidities.
weight status of adolescents. The likelihood of being Health care providers should recommend that adults
overweight was twice as high among those children with overweight or obesity engage in 30-60 minutes
whose parents never engaged in sports with them [33].  of moderate-intensity aerobic exercise per day on at

Children living with their father only were at an ele- least five days per week (=150 minutes in total). The
vated risk of overweight and obesity compared with their  maintenance of a reduced body weight may necessi-
peers living in two-parent families [66]. This may be at- tate longer-duration or higher-intensity exercise (200
tributable to the fact that fathers are less likely to restrict 300 minutes of moderate-intensity activity per week or
access to food and to monitor their children’s dietary =150 minutes of vigorous-intensity activity per week).
intake [67]. Parental divorce has been associated with  To increase muscle strength and improve physical func-
excess body weight and obesity [68]. tion, resistance exercise performed 2-3 times per week

Family support and counseling delivered by health  should be recommended. Activity interventions should
care professionals play a decisive role in establishing be advanced gradually over time in order to reach the
and sustaining healthy dietary habits and appropriate target level and should be tailored to the individual’s
physical exercise among both patients with diabetes age, current level of functioning and physical fitness,
mellitus and healthy individuals, thereby helping to re- as well as to any existing complications and risk factors.
duce the risk of overweight and obesity [1, 69]. Patients For the prevention and management of childhood
who received no support from their families or who were  obesity, physicians should counsel parents or guardians
not counseled by health care professionals on matters of on the importance of establishing healthy dietary and
nutrition and physical activity proved more vulnerable to  physical activity habits in the child. These habits include
overweight and obesity [69]. consuming regular meals; limiting the intake of energy-

Taken together, the analysis of the published literature ~ dense snacks, unhealthy foods, and sugar-sweetened
points to a steady rise in the prevalence of overweightand  beverages; and ensuring daily opportunities for active
obesity among children of various ages as well as among  play or other forms of physical activity. The National
adults. The factors regarded as the most important con-  Plan of Action for Nutrition further recommended impro-
tributors to the development of metabolic disorders in the  ving maternal nutrition to support prolonged breastfe-
Vietnamese population include male sex, urban residence, eding, limiting salt intake to less than 300 g per person
a shift away from a healthy diet toward fast food and foods  per month, restricting the consumption of sugar and fats,
rich in fat and sugar, low levels of physical activity, and and increasing protein intake [93]. In the absence of
excessive reliance on television and smartphones. weight loss within three months, intensive lifestyle thera-

py, pharmacotherapy, or referral for surgical intervention
MAIN APPROACHES TO THE PREVENTION may be considered. The published literature attests to

AND MANAGEMENT OF OVERWEIGHT the effectiveness of such intervention programs in adults
AND OBESITY IN VIETNAM [94] and in children aged 11-12 years [90].
With the aim of preventing and managing overweight Vietnam currently has no regulations governing the

and obesity, the Government of Vietnam developed the  sale and marketing of ultra-processed foods [91], a situ-
National Strategy for the Prevention and Control of Non-  ation that makes their advertising highly pervasive [48].
Communicable Diseases for the period 2015-2025, set-  Consequently, in order to curb the rising consumption of
ting the target of keeping the prevalence of these meta-  unhealthy foods, public health efforts should focus not only
bolic disorders below 10% among children and below on modifying the behavior of children and their parents but
15% among adults [30]. A central pillar of this strategy also on the pressing need to develop government poli-
is a comprehensive lifestyle modification program that cies aimed at regulating the food environment. This can
encompasses dietary changes, behavioral modification, be accomplished through the introduction of higher taxes
and increased physical activity, the last of which playsa on selected ultra-processed foods and sugar-sweetened
fundamental role in combating obesity. For initial weight ~ beverages, the regulation of the marketing of unhealthy
reduction and subsequent weight maintenance in adults,  products high in fat, sugar, and salt, and the implementa-
individualized dietary correction is recommended; this  tion of front-of-pack nutrition labeling [91, 95, 96]. A recent
intervention should reduce total energy intake by at least ~ study by L.T.T. Nguyen et al. (2023) demonstrated that
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raising the price of “unhealthy” foods by up to 20% led to
a 12.7% and 12.4% reduction in the prevalence of over-
weight and obesity, respectively, while saving an estimated
27 million US dollars in direct medical costs [97].

CONCLUSION

Studies consistently report a marked increase in

the prevalence of obesity and overweight, which, ac-
cording to some estimates, has ranged from 6% to
15% over the period 1990-2024. This rise has been
driven by a combination of factors: the traditional
Vietnamese predilection for carbohydrate-rich foods;
deeply ingrained misconceptions equating plumpness,
particularly in men, with good health; the growing
consumption of fast food, ultra-processed products,
and sweets, especially among urban residents; and
a widespread shift away from physical exercise. It is
therefore evident that the double burden of malnutri-
tion remains a pressing public health challenge for the
Vietnamese population, notwithstanding the measures
implemented by the Government of Vietnam to safe-
guard public health. Addressing this challenge will re-
quire the development of priority programs designed to
simultaneously tackle both undernutrition and obesity.
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Abstract. The additional ribs of the cervical spine, or cervical ribs, are a fairly rare developmental
anomaly that occurs as a result of a mutation of the HOX genes responsible for the formation of
the bone system. This developmental feature is most often localized in the C, region, however,
there are also possible formation variants in which it can be found in the C,~Cg projection. Cervical
ribs are classified according to their size and the presence of a fibrous junction with the first rib.
Different authors disagree on which variant of formation prevails, one-sided or two-sided. It is
also believed that the cervical ribs mainly develop on the left. This feature is more common in the
female population. For the most part, the anomaly is asymptomatic. However, sometimes, in the
presence of certain developmental features of the body, as well as a number of provoking factors, a
condition called thoracic outlet syndrome may occur. This syndrome may differ clinically depending
on the effect of the cervical ribs on nearby structures: the brachial plexus, subclavian artery and/
or subclavian vein. The diagnosis is made on the basis of a physical examination, instrumental
diagnostic data methods and certain provocative tests. Treatment can be both conservative and
surgical if medication and physiotherapy are ineffective. Surgical treatment may include resection
of the first rib and scalenotomy. This article presents a literary review of scientific papers using
PubMed and eLibrary resources and scientific journals over the past 5 years. The aim of the work
is to summarize the available data on the prevalence, causes of formation and clinical symptoms
caused by additional cervical ribs.

Keywords: additional cervical ribs, thoracic outlet syndrome, interscalene space
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CoBpeMeHHbIe NpeacTaBieHUa 06 aHaToMuM 406aBOYHbIX
pebep WeWHOro oTAaeNa NO3BOHOYHOrO cTonba
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Moctynuna: 07.12.2025 OpoGpeHa: 27.01.2026 MpuHATa Kk nevatu: 26.03.2026
AsTop Ans Pe3tome. [lobaBoyHble pebpa LWenHoro oTaena Nno3BOHOYHOro ctonba, unu wenHsle pebpa,
KoppecnoHaeHuuu: [OBOMbHO peakas aHoManus pasBuTis, Bo3HUKawowwas B pesynstate Mytauum HOX-reHos,
[axnnn Hukonaesuy OTBETCTBEHHbIX 32 (DOPMUPOBAHNE KOCTHOW CUCTEMBbI. [laHHas 0COBEHHOCTb Pa3BMTUS Yalle
Crpenkos. BCero nokanuayetcs B obnacty VIl weitHoro noasoHka (C,), 04HaKO BO3MOXHbI TakxXe BapuaHTbl
E-mail: (hopMUpOBaHUS, NpU KOTOPbIX OHA MOXeT 0BHapyxmBaTbes B npoekuun C,~C,. LeitHble pebpa

cataliz123@yandex.ru KNaccuUUMpYIoT B 3aBUCMMOCTM OT pasMepa 1 Hanuums puBpo3Horo coeanHeHus ¢ | pebpom.

PasnunyHble aBTOPbI PAaCXo4ATCS BO MHEHUM, kKakon BapuaHT hopMMpoBaHus npeobnagaert, ogHo-
CTOPOHHUI UNK ABYCTOPOHHMI. Takxe CYMTAETCs, YTO LeiHble pebpa NpemmyLLeCcTBEHHO pa3Bu-
BatoTCs cnesa. Yalle gaHHas 0cobeHHOCTb BCTPEYAETCs Y KEeHCKOro HaceneHus. B 6onblunHCTBe
CBOEM aHOManus KnnHU4Yeckn He nposiensetcs. OgHako MHOrAa, NpY HanU4nK onpeaeneHHbIX
0COOEHHOCTEN Pa3BUTMS OPraHn3ma, a Takke psiga NPOBOLMPYHOLLMX (haKTOPOB, MOXET BO3HUKHYTh
COCTOSIHME, Ha3blBaeMO€e CHAPOMOM FPYAHOTO BbiX0Aa. [laHHbIN CUHAPOM MOXET KIIMHUYECKM
pa3nnMyaTbCs B 3aBMCUMOCTY OT BINSHUS LLENHbIX pebep Ha pacnonoXeHHble PSAOM CTPYKTYPbI:
NnneYyeBoe CnneTeHne, NOLKMOUNYHYI0 apTePUI0 U/MMV NOAKMHYMYHYIO BeHY. [lnarHo3 cTaBsT Ha
0CHOBaHWK dm3nkanbHoro obcnegoBanus, a Takxe bnarogaps UHCTPYMEHTanNbHbIM MeTOAaM
CCrnefoBaHNs 1 onpeaeneHHbIM NPOBOKALMOHHbIM Npobam. JleueHne MOXeT BbITb Kak KOHCEp-
BATUBHBIM, TaK U XUPYPrUYECKUM Npu HEIPHEKTUBHOCTU MEAUKAMEHTO3HON M rU3noTepanum.
OnepaTuBHOE BMeLIaTENbCTBO MOXET BKtOYaTh pesekuuto | pebpa n ckaneHotomuto. B gaHHom
cTaTbe NPeACcTaBNeH NUTepaTypHbI 0630p HayYHbIX TPYAOB C UCMONb30BaHMEM TaKMX PECYPCOB,
kak nouckoBble cuctembl PubMed v eLibrary, a Takxe Hay4HbIX XypHanoB 3a nocrnegHue 5 ner.
Llenbto paboThl siBnsieTcs 0600LIEHNE AaHHBIX O PACMPOCTPAHEHHOCTH, MPUYUHAX (HOPMUPOBAHMS
1 KIIMHUYECKMX CUMNTOMAX, Bbl3blBaeMblX 400OaBOYHLIMM LWENHBIMM pebpami.

KnioueBble cnoBa: 106aBOYHble WelHbIe pebpa, CUHAPOM rPYAHOMO BbIXOAA, MEXNECTHUYHOE
NPOCTPaHCTBO

WcTouHuk chmHaHcMpoBaHUA. ABTOPbI 3asBNSAKOT 00 OTCYTCTBUAWN BHELHEr0 (hUHAHCUPOBAHNSA
© KonnekTus aBtopos, 2026  NPW NpoBeAEeHUN UCCeA0oBaHUA.
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JleCTHNYHble MbILULbI
Scalene muscles

HISTORY

Accessory ribs of the cervical spine are supernu-
merary ribs that represent an elongation arising at the
level of the transverse process, most commonly of the
C, vertebra [1, 2]. This anomaly, known as the “rib of
Eve,” is referenced in the works of Galen from the 2"
century AD and later in the writings of Vesalius from
the 16" century AD [3, 4].

LLleiHoe pebpo
Cervical rib
Knioumnua
Clavicle

lneyeBoe cnneTeHne
Brachial plexus

MoakntounyHas BeHa
Subclavian vein

EMBRYOGENESIS

The skeleton develops from the mesoderm. Me-
sodermal cells give rise to somites on either side of
the neural tube, which further subdivide into a ventral
sclerotome and a dorsal dermatome. The cells of the Fig.1.  Relative |_)osition of the structures of the uppe.r che§t
sclerotome transform into mesenchymal cells that aﬁzﬂaﬁi o :?fhfgﬁzz?:i:: ii"Aa\che::;‘; cervical rib
will give rise to the future ribs during th‘? fourth week Puc.1. BsaumHoe pacnonoxenue CprKT.yp. BEPXHEN anepTypbl
gencs and srouth cifforeniaton factr 11 (QDFIT). L1 T ot s usion peoe oo

. unnioctpauum A.B. KoraH

Initially, 29 pairs of rudimentary ribs form from the o
mesenchyme, after which the 12 pairs of ribs pro-
jecting from the 1-12 thoracic vertebrae continue to
develop. The remaining 17 pairs normally undergo
regression; however, should this fail to occur for any
reason, they may ossify and present either as elon-
gated transverse processes or as fully formed acces-
sory ribs [5-8]. Given that the rudiments regress in a
craniocaudal direction, accessory ribs arising from C,
are encountered most frequently in clinical practice,
followed by those arising from C4 and C; [1]. The ra-
rest variant is the formation of this anomaly at the C,
level [9, 10]. Early in development, cervical ribs are
thought to arise from a mutation in HOX gene expres-
sion [11, 12].

MopkntounyHas
apTepus
Subclavian artery

Fig.2.  X-ray of patient F. A full-fledged accessory cervical rib
ANATOMY is detected on the right, and hypertrophy of the trans-

A cervical rib consists of a head, a neck, and a tu- v.erse process of C7 on the _Ieft. The arrow points to the
bercle. The rib ends may terminate freely within the soft right-hand fully formed cervical rib (from personal photo
. ) . . (o . . archive of L.M. Strelkova)
tissues or articulate with the 1 rib near the insertion of

. . . Puc.2. PeHtreHorpacus naumeHta ®. Onpefensorcs nonHoLeH-
the anterior scalene muscle [1, 13] (Fig. 1). The litera- Hoe fOBaBOuHOE lWeiiHoe pebpo Crpasa, runepTpotus

ture 9on_tain5 conflicting d?ta regarding th.e prevalence nonepeyHoro otpoctka C7 crnesa. CTpenka ykasblBaeT Ha
and incidence of the various morphological forms of NPaBOCTOPOHHEE MOIHOCTbIO CHOPMUPOBAHHOE  LUEIHOE
this anomaly. Some sources report that unilateral cer- pe6po (13 nnuHoro thotoapxmea .M. CTpenkosoii)

vical ribs are more common than bilateral ones (Fig.

2, 3), with a predilection for the left side [1, 13, 14]. degree of osseous development and the presence of
Other sources, however, indicate that cervical ribs are  an articulation with the 1st rib, delineates four types of
bilateral in 50-80% of cases [5] (Fig. 4, 5). This dis- cervical ribs (Table 1) [5, 16, 17].

crepancy is most likely attributable to differences in

the patient cohorts studied. There is also evidence that CLINICAL MANIFESTATIONS

this developmental anomaly occurs twice as frequently Despite the spectrum of developmental variations,
in women as in men [5, 15]. The most authoritative cervical ribs serve no established physiological func-
work on cervical ribs is the monograph by the Russian tion in the body [18]. In most instances, cervical ribs
anatomist W.L. Gruber. His classification, based on the  are incidental findings on routine chest or cervical spine
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Fig. 3.

Puc. 3.

Fig. 4.

Puc. 4.

X-ray of patient M. A full-fledged accessory cervical rib is de-
tected on the right, as well as a fragment of a rib on the left.
The arrow points to the right-sided underdeveloped cervical
rib) (from personal photo archive of L.M. Strelkova)

PeHtreHorpacus naumentkn M. OnpeaenseTcst NonHoLeH-
Hoe fobaBoyHoe LeHoe pebpo cnpasa, a Takke parmeHT
pebpa cnesa. CTpenka yka3blBaeT Ha HeAOPa3BUTOE Liei-
Hoe pebpo ¢ npaBoWl CTOPOHbI (M3 NUYHOTO hoTOapxMBa
.M. Crpenkosoit)

X-ray of patient G. Bilateral underdeveloped cervical ribs are
detected. The arrows point to the underdeveloped bilateral
cervical ribs (from personal photo archive of L.M. Strelkova)

PeHTreHorpadonst naunenta I'. OnpegensitoTcs ABYCTOPOH-
Hue cnabopassuTble LWelHble pebpa. CTpenku ykasbiBaoT
Ha Heopa3BUTble [BYCTOPOHHWE LieiiHble pebpa (M3 nuy-
Horo chotoapxusa J1.M. CTpenkoBoii)

radiographs. The anomaly is predominantly clinically
asymptomatic [13, 14, 19, 20]. In a subset of cases,
however, thoracic outlet syndrome (also termed supe-

POCCUMCKUE BUOMEANLIMHCKUE UCCNEAOBAHMUA

Fig. 5.

.‘ ! ﬁ!

X-ray of patient T. Bilateral cervical ribs are detected

with a more pronounced left rib. The arrows point to the
underdeveloped bilateral cervical ribs (from personal
photo archive of L.M. Strelkova)

Puc. 5.

PeHTreHorpacus naumentkn T. Onpegensiotcs ABYCTO-

POHHWe LWeiiHble pebpa ¢ 6Gonee BbIpaXEHHLIM NEBbIM
pebpoM. CTpenku ykasblBalT Ha HEAOpPasBUTbIE [BY-
CTOPOHHWe LWeliHble pebpa (M3 NuyHoro oToapxmea
J1.M. CtpenkoBoit)

Table 1

Classification table of cervical ribs based on their length
according to W.L. Gruber [5, 16]

Tabnuua 1

Tabnuua knaccumKaLmum WeliHbIX pedep B 3aBUCMMOCTH
oT ux anuHbi no B.J1. Mpy6epy [5, 16]

Tunb! WeiHbIX

pebep CTeneHb pa3BUTMSA KOCTHBIX CTPYKTYP
Cervical ribs Degree of bone structures development
types
[ Tvn Pebpo yyTb bonbLue nonepeyHoro otpoctka C,
Type | [NVHON MeHee 2,5 cm
Rib less than 2.5 cm
[l Tvn Pebpo anuHoi 6onee 2,5 cm
Type ll Slightly over 2.5 cm
[l Tvn [MonHoe weiHoe pebpo, KOTOPOE COEAMHSETCS
Type lll c | pebpom ¢rbpo3Hoil CBA3KOM
A complete cervical rib connected to rib 1
by a fibrose ligament
IV cTeneHb lMonHoe weitHoe pebpo, KOTOPOE COEANHAETCS
4" degree c | pebpom nocpencTeom xpsia

A complete cervical rib connected to rib 1
by a cartilage

rior thoracic aperture syndrome in some publications)
may arise, particularly in the presence of specific ad-
ditional anatomical variants and secondary changes
in the adjacent structures [14]. A congenital cervical
rib constitutes one of the predisposing factors and is
implicated in up to 5% of cases of this condition [21].
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Superior thoracic aperture syndrome was characte- seous structures, which may lead to fibrosis of the
rized as a distinct clinical entity in 1958 [22]. The supe- arterial wall, as well as stenosis or aneurysm forma-
rior thoracic aperture is the space between the thorax tion, potentially complicated by intraluminal thrombus
and the axilla, transmitting the subclavian vein, sub- development [36-39]. This may be further compli-
clavian artery, and brachial plexus [23]. The space is cated by subclavian artery thrombosis and, in rare
bounded by the scalene muscles, the 1st rib, the clavi- instances, by stroke resulting from retrograde throm-
cle, and, in some individuals, a cervical rib [24]. Tho- boembolism [40].
racic outlet syndrome is an uncommon condition (1-3 The majority of patients present with neurological
cases per 100,000 population) caused by compression  symptoms: numbness and paresthesia in the little and
of the neurovascular bundle at the superior thoracic ring fingers within the ulnar nerve distribution (C,4 and
aperture. In some cases, the condition is exacerbated Th, nerve roots). Compression of the subclavian vein
by hypertrophy of the anterior scalene muscles, which  causes the affected limb to become swollen and cya-
may impinge upon the brachial plexus and/or the sub- notic due to impaired venous return to the heart [13].
clavian vessels [19, 25, 26]. Thoracic outlet syndrome  When an accessory rib lies in close proximity to the
is categorized as neurogenic, arterial, or venous, ac- arterial vessel (the subclavian artery), compression
cording to the compromised structure [27, 28]. Itis pos- may occur, up to and including critical impairment of
tulated that short, incomplete ribs tend to produce neu-  blood supply. This condition has been termed Sistine
rogenic compression, whereas long or complete ribs  Chapel syndrome, which develops secondary to an
predominantly contribute to vascular manifestations abrupt reduction in vertebral artery blood flow and
[29]. The neurogenic form is the most common in both  consequent brainstem ischemia [16]. In some cases,
sexes, representing up to 95% of all diagnosed cases secondary Raynaud’s phenomenon — a peripheral
[30]. In the pediatric population, the venous type is the circulatory disorder attributable to vasospasm —
most frequent presentation of thoracic outlet syndrome  is identified [6].
[1, 31]. While anatomical and mechanical factors, to-
gether with sex-based differences in pain perception, DIAGNOSIS
are thought to contribute, the definitive reasons for Superior thoracic aperture syndrome may be diag-
the disparity in incidence between men and women nosed on the basis of clinical symptoms and physical
remain incompletely elucidated [32]. Compression of examination findings; however, the diagnosis must be
the neurovascular bundle occurs most frequently at corroborated by instrumental investigations [27]. The
the following anatomical sites. These include: 1) the diagnostic workup includes radiography, magnetic
superior pleural sulcus; 2) the interscalene triangle resonance imaging, multislice computed tomography
(between the anterior and middle scalene muscles); angiography, electroneuromyography, and ultrasound
3) the costoclavicular space (between the clavicle and [5, 42, 43]. Ultrasound has a sensitivity of merely
the 1st rib); and 4) the subpectoral space (between 60-70% and is operator-dependent. The principal
the pectoralis minor and subscapularis muscles) [33]. limitations of this modality relate to the difficulty of
A cervical rib is regarded as the second most prevalent  visualizing structures and the inability to adequately
anatomical anomaly giving rise to neurovascular bun- assess osseous anomalies. Moreover, challenges
dle compression [34, 35]. are encountered during provocative maneuvers:
The pathogenesis of thoracic outlet syndrome is upon arm abduction, the acoustic window becomes
form-dependent. In the neurogenic form, pectoralis obscured by the clavicle [44]. A range of clinical tests
minor hyperactivity predominates, resulting in altered are also employed to elicit compression, including the
scapular position and narrowing of the retropectoral Adson test, the abduction test, the hyperabduction
space. As a result, arm elevation leads to compres- test, the military posture test, and the three-minute
sion of the brachial plexus. In the vascular form (both stress test [5, 45].
arterial and venous), contraction of the scalene mus- Thoracic outlet syndrome may result from vari-
cles elevates the 1st rib, thereby narrowing the costo- ous types of trauma, repetitive movements, anatomi-
clavicular space. The subclavian vein is the primary cal anomalies within the space bounded by the first
structure compressed, while the subclavian artery is thoracic vertebra, the 1st rib, and the manubrium of
affected to a lesser degree. Cervical ribs exacerbate the sternum, as well as postural abnormalities and an
these changes by reducing the interscalene space. excessively developed chest [33, 46] (Fig. 6). Sus-
Persistent pulsation of the subclavian artery generates tained occupational loads may provoke fibrosis of the
friction between the vessel wall and the adjacent os- scalene muscles or displacement of a cervical rib,

POCCUINCKUE BUOMEANLMHCKUE NCCNELOBAHUA

2026;11(1):118-127
RUSSIAN BIOMEDICAL RESEARCH




PEAKUE BOMPOCHI BMUOMEANLIUHDI

RARE QUESTIONS IN BIOMEDICINE

3D volumetric reconstruction obtained by performing a

Fig. 6.
CT scan of the cervical spine. Bilateral accessory ribs
are visualized at the C7 level (https://radiopaedia.org/
cases/cervical-rib-12?lang=us)

Puc.6. O6bemHas 3D-pekoHCTPYKLMSI, MOSTyYeHHast npu npoBeae-

HWAW KOMMbIOTEPHON TOMOrpachuy LWenHoro oTAena no3so-
HouHoro ctonba. Busyanuaupyiotcs ABYCTOPOHHME Aoba-
BOuHble pebpa Ha ypoBHe C7 (https://radiopaedia.org/cases/
cervical-rib-12?lang=us)

which, in turn, may lead to compression of the bra-
chial plexus [27, 47, 48].

TREATMENT

Most authors agree that treatment of thoracic outlet
syndrome should be initiated with conservative mea-
sures: pharmacotherapy, physiotherapy, therapeutic
exercise, and massage [5]. Surgical treatment is also
recommended following unsuccessful conservative
therapy of a total duration ranging from 6 months to
2 years, as well as in cases where arterial complications
arise [49, 50]. The primary surgical procedure is com-
plete rib resection. The operative approach may vary;
the most commonly performed procedures are brachial
plexus decompression and scalenotomy (division of the
scalene muscles with or without resection of the 1% rib)
[13, 27, 51]. The history of thoracic outlet syndrome
surgery dates back to 1927, when scalene muscle divi-
sion was first performed. In 1962, the first resection of
the 1st rib via a posterior approach was undertaken,
and in 1966, a less invasive transaxillary approach was
introduced. At present, no consensus exists regarding
the choice of surgical technique; however, the majority
of surgeons favor the supraclavicular approach, which
permits scalenotomy, exploration of the brachial plexus
branches, resection of the 1%t rib, and decompression of
the subclavian artery [5, 52].

CONCLUSION

Thus, accessory cervical ribs are a relatively un-
common developmental anomaly of osseous struc-
tures in the general population (>1% of the popu-
lation) and are frequently asymptomatic. In most
instances, they represent an incidental finding on
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routine radiographic examinations. Accessory ribs
per se do not require treatment or ongoing surveil-
lance; therapy is prescribed only when complica-
tions develop, such as thoracic outlet syndrome.
Thoracic outlet syndrome, depending on the struc-
ture affected, may be neurogenic, arterial, or venous
and may be attended by a range of neurological
and/or vascular disturbances. The choice between
conservative management and surgical intervention
is determined by the severity and intensity of the
presenting symptoms.
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AONOJHUTE/IbBHAA NH®OPMALLUNA

Bknap aBTtopoB. [1.H. CTtpenkoB — paspaboTka
KoHuenuuu, cbop MaTepuana, HanucaHwe, odop-
mnenue ctatbm; E.FO. KannHuHa — paspaboTka KoH-
uenuuu, yTBEPXAEHWe WTOroBOW Bepcun paboTbl;
E.B. LlepbakoBa — noarotoBka WM pedakTMpoBaHue
pabotbl; A.M. ®egiok — cbop maTepuana, pegaktu-
poBaHue pabotbl; A.A. CeBpyk — paspaboTka KoH-
uenuuu; A.M. KpamapeHko — pegakTupoBaHue pabo-
Tbl; K.W. Nazapeea — cbop matepuana; A.B. KoraH,
N.M. CtpenkoBa — 0dhopMNeHME U NpeaocTaBnexHne
MaTepuarnos U3 NUYHOro apxuea.

Bce aBTOpbI BHECNU CYLIECTBEHHbIN BKNag B pas-
paboTKy KOHUenuuu, npoBeAeHWe WUCCRefoBaHWs W
NOArOTOBKY CTaTbM, NPOYAM U 0J0BpUNKN (hUHaMNbHYHO
Bepcuio nepeq nybnukawmen.

Kondnukr nutepecoB. ABTOpbI AeknapupyioT OT-
CYTCTBUE SIBHbIX U NOTEHLMANbHbLIX KOHPIUKTOB UHTE-
PECOB, CBA3aHHbIX C NybnukaLuein HacTosLer CTaTbi.
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Corresponding author:  Abstract. The article is dedicated to the life and creative path of an outstanding Soviet scientist-

Alexander N. Zubritsky ~ pathologist, organizer and educator, one of the founders and classics of Soviet neuromorphology,

E-mail: Doctor of Medical Sciences, Professor, corresponding member of the USSR Academy of Medical

zubr.alex2012@yandex.ru  Sciences Leonid losifovich Smirnov (03/08/1889 — 01/08/1955), who was born in the district Soligalich
of the Kostroma province in a large family of a priest, archpriest and rector of the Soligalich Cathedral
of the Nativity of the Blessed Virgin Mary and his mother Smirnova (nee Krutikova) Alexandra
Evgenievna. In 1918, his father was repressed and shot as a “perpetrator of a counter-revolutionary
uprising”. Leonid received his primary education at a parochial school and a theological college.
In 1906, he passed the external matriculation exam at the Kostroma Gymnasium and entered the
Physics and Mathematics Faculty of the Imperial Saint Petersburg University. After graduating, in
1910 he became a student at the Medical Faculty of the University of Warsaw, and in 1914, due to
the events of the First World War, he transferred to the Faculty of Medicine of the Imperial Moscow
University and successfully graduated, receiving a doctor’s diploma in 1916. From 1916 to 1938,
L.I. Smirnov worked in hospitals and medical institutes in various positions. From 1938 to 1955, at
the invitation of N.N. Burdenko and under his patronage, L.I. Smirnov headed the Morphological
Department of the Central Neurosurgical Institute. In 1940, the Higher Attestation Commission
awarded Leonid losifovich a doctorate degree without defending his dissertation. In 1940, L.I. Smirnov
was a voluntary participant in the war with Finland and from 1941 to 1944 in the Great Patriotic War
with Nazi Germany. The scientist’s scientific interests throughout his creative career were the study
of issues of central nervous system pathology. L.I. Smirnov is the author of more than 80 scientific
publications, including a number of monographs that laid the foundation for neurophysiology and
contributed greatly to the study of the pathomorphology of mental, traumatic, and tumor diseases
of the brain and spinal cord. The remarkable modesty and extraordinary work ethic of this unique
scientist, who made significant contributions to medicine, will serve as an example for the younger
generation of scientists. L.I. Smirnov died on January 8, 1955, at the age of 66, and was buried at
the Donskoy Cemetery in Moscow.

Keywords: Leonid losifovich Smirnov, an outstanding Russian scientist-pathologist, founder of
Soviet neuromorphology, organizer, educator
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Ansa yumupoeanus: 3y6puukuit AH. leonna Vocudosny CMUPHOB — BbIAAIOLLWIACS COBETCKNI y4eHbIn-Herpomopdonor. Poccutickue
6uomeduyuHckue uccnedosarus. 2026;11(1):128-136. https://doi.org/10.56871/RBR.2026.60.24.012.
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Pe3tome. CTaTbs NOCBSALLEHA XM3HEHHOMY 1 TBOPYECKOMY MY TH BbIAALLEr0CH 0TEYECTBEHHOMO
y4YeHoro-narorora, opraHu3atopa u negarora, OAHOr0 U3 OCHOBOMOMOXHUKOB W KNACCHKOB COBET-
CKOil Herpomopdonoruy, JOKTopa MeAULMHCKMX HayK, Npodeccopa, YneHa-koppecnoHaeHta AMH
CCCP Jleonnga Nocngosuua CmupHosa (08.03.1889 — 08.01.1955), poansLuerocs B ye3gHom
Conuranuye Koctpomckol rybepHun B MHOTOAETHON CeMbe CBALLEHHMKa. OTeL, — npoTonepen
1 HacTosiTenb Conuranuyckoro cobopa Poxaectea lNpecssToit boropoaubl, MaTb — CMUPHOBA
(ypoxpeHHast KpyTukoea) AnekcaHapa EereHbeBHa. B 1918 rogy ero otel Obin penpeccupoBaH 1
paccTpensH Kak «BUHOBHUK KOHTPPEBOMIOLMOHHOMO BOCCTaHusy. HavanbHoe o6pasoBaHie JleoHns,
MONy4un B LLepKOBHO-NPUXOACKON LLKOMe 1 AyXoBHOM yuunuile. B 1906 rogy oH caan skcTepHOM
3K3aMeH Ha aTTecTar 3pefiocTh B ruMHa3un KocTpoMbl 1 NOCTYNUA Ha YU3NKO-MaTeMaTUieCKuii
takyneteT Mmnepatopckoro CaHkT-leTepbyprekoro yHnepcuteta. OkoHumB ero, B 1910 rogy cTan
CTYLEHTOM MeJNLMHCKOro thakynbTeTa BapluaBckoro yHnBepcuTeTa, a B 1914 rogy ns-3a cobbITuii
[NepBoI MMPOBOW BOWHbI NepeBencs Ha MeanLMHCKUIA hakynbTeT mnepaTtopckoro MockoBCKoro
YHWBEpCUTETA M YCMELLHO OKOHYMA ero, nony4uns aunnom nexkaps B 1916 rogy. C 1916 no 1938 rog
J1.. CmupHoB paboTan B 60MbHALAX U MEAULMHCKUX MHCTUTYTaX Ha pasfuyHbIX OIKHOCTSX.
C 1938 no 1955 roa no npurnatweHuio H.H. BypaeHko n nog ero npotekuuen J1.A. CMupHOB Bo3rna-
BUN Mopdoniornyeckoe otaeneHune LieHTpanbHOro Helpoxupyprudeckoro uHctutyTa. B 1940 rogy
Bbicluas aTTecTaunoHHas komuccus npucyauna Jleonmay Mlocudosuyy LOKTOPCKYIO CTENEHb
0e3 sawutbl ancceptayuun. B 1940 rogy J1.. CMupHOB — 10OGPOBOMBHbIA YYaCTHUK BOWHbI C
OuunsHguen, ¢ 1941 no 1944 rog — Benukon OTe4eCTBEHHOM BOMHBI C halLncTckor fepmaHuen.
Hayu4Hble MHTepechl Y4eHOro Ha NPOTSKEHWUN BCEN ero TBOPYECKOM AeATeNbHOCTY BKYanu
BOMPOCHI NATONOrMM LIEHTPansHOM HepBHOW cuctemsl. J1.M. CmupHoB — aBTop 6onee 80 Hayuy-
HbIX My6nuKaLWi, B TOM Y1Che psfa MOHOrpaduia, 3anoxmeLUMX yHAAMEHT Helpoghuanonoruu.
Neonna Wocudosny MHOro caenan B U3yYeHun naToMophonorum NCUXMYECKUX, TpaBMaTUYECKUX
1 OMyxoneBbix 3aboneBaHui roNOBHOIO U CMIMHHOIO MO3ra. YAMBUTENbHAs CKPOMHOCTb M Ypes-
BblyaiHas paboTocnoCoBHOCTL 3TOTO HEMOBTOPUMOTO YYEHOTO, BHECLLErO 3HAUYUTENbHbIN BKNag
B MeauLMHy, ByayT npuMepoM Ans MOnoAoro nokonexus yyeHoix. J1.. CMupHos ymep 8 sHBaps
1955 roga Ha 66-m rogy Xu3Hu 1 NOXopoHeH Ha [JoHckoM knaabuile r. MockBbl.

KnioueBble cnoBa: Jleonug Vlocudosuy CMUPHOB, BbILAKOLLNIACS OTEYECTBEHHbINA YYEHbIN-
naToror, 0CHOBOMOMOXHUK COBETCKOM HENPOMOPONoriy, opraHusaTop, negaror

© 3ybpuykmin A.H., 2026
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On January 8, 2025 we have celebrated the 70"
anniversary of the death of the outstanding Russian
pathologist, scientist, educator and organizer, one of
the founders and classics of Soviet neuromorpho-
logy, Corresponding Member of the USSR Academy of
Medical Sciences, Doctor of Medical Sciences, Profes-
sor Leonid losifovich Smirnov (Fig. 1) [1].

Leonid losifovich Smirnov was born on March 8 (ac-
cording to the Julian calendar) in 1889 in the district of
Soligalich in the Kostroma province (now the Kostroma
region) of the Soligalichsky district was born into a large
family of a priest, archpriest and rector of the Soligalichsky
Cathedral of the Nativity of the Blessed Virgin Mary
and his mother, Smirnova (née Krutikova) Alexandra

Fig.1. Leonid losifovich Smirnov (03/08/1889-01/08/1955).
Photo of the 1950s of theXX century. URL: https://bibl-
kostroma.ru/gotorpacuun/ranepeun-17-19/nggallery/
page/5 (accessed: 11/05/2025).

Fig.2.  Leonid losifovich Smirnov’s father — losif Sergeevich

Smirnov. Photo from the Soldovskikh family archive
(Soligalich)
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Fig.3.  Leonid losifovich Smirnov’s mother is Alexandra Evg-

enievna Smirnova. Photo of the Soldovskikh family ar-
chive (Soligalich) of the 10s of the XX century

Evgenievna, the daughter of an official, who belonged
to the clergy by birth (Fig. 2, 3)".

Father, Smirnov losif Sergeevich (03/03/1864 —
03/07/1918), was born in the village of Zharki, Kostro-
ma district, Kostroma province in the family of fr. Sergiy
Smirnov is a priest of the Church of the Assumption of the
Same Faith. In 1871, fr. Sergiy and his mother died almost
simultaneously. Six of their orphans were taken in by the
unmarried 30-year-old sister of the deceased mother, Ev-
dokia Osipovna Florenskaya, who lived in her own house
in the village of Teterinsky in the Nerekhtsky district.

In 1874, losif entered the Soligalich Theological
College, after graduating in 1879, he was enrolled in
the Kostroma Theological Seminary for state support
(Fig. 4). Throughout his seminary years, studying was
not easy for losif Smirnov, which can apparently be ex-
plained by the difficult situation of the orphan [2].

After graduating from the seminary, losif Sergeevich
was appointed to the position of assistant teacher at the
parish school in Soligalich, and on June 2, 1886, he
married Alexandra Krutikova. The wedding of the young
couple took place in the Cathedral of the Nativity of the
Blessed Virgin Mary. The Smirnov family settled in the
house that belonged to the wife of fr. losif. Subsequently,
the Smirnov couple had eight children, namely: Sergiy
(04/23/1887), Leonid (03/08/1889 — 01/08/1955; Fig. 5),
Anna (01/01/1891, died in 1913), Elizaveta (10/06/1892),
Maria (03/28/1894), Nikolay (01/11/1899), Natalia
(03/09/1902) and Serafim (11/14/1904)>.

" Dudin V.A. Our countrymen. L.I. Smirnov. URL: https:/soli-
galich.prihod.ru/2015/03/08/v-a-dudin-nashi-zemlyaki-l-i-smirnov/ (ac-
cessed: 11/05/2025).

2 Smirnov losif Sergeevich. Drevo. URL: https://drevo-info.ru/
articles/13674237.html?ysclid=miOnv9r489108666594 (accessed:
11/15/2025).

POCCUMNCKUE BUOMEANLMHCKUE UCCNIELOBAHUA

RUSSIAN BIOMEDICAL RESEARCH




n3 NCToOPMN MEAULINHDI
HISTORY OF MEDICINE

Fig. 4. losif Smirnov is a graduate of the Kostroma Theo-
logical Seminary. Photo from 1883. URL: https://bibl-
kostroma.ru/dotorpachuun/ranepen-17-19/nggallery/
page/5 (accessed: 11/05/2025)

Fig.5. Leonid Smirnov, son of Archpriest losif. Photo of the

10s of the XX century. URL: https://bibl-kostroma.ru/
¢otorpacmu/ranepen-17-19/nggallery/page/5 (acces-
sed: 05.11.2025)

On June 22, 1886, fr. losif was ordained a dea-
con by Bishop Alexander (Kulchitsky) of Kostroma
and Galich, and on June 24 of the same year, a
priest by the same bishop and assigned to the cler-
gy of the Cathedral of the Nativity of the Blessed
Virgin Mary in Soligalich.

Since 1888, fr. losif began to provide free spiritual
care to prisoners held in the Soligalich prison castle. In
1897, the Nikolsky prison church was built, which was
consecrated in January 1898 and became attached to
the Cathedral of the Nativity of the Blessed Virgin Mary.

In 1895, a parish school was opened at the cathe-
dral, where fr. losif became a religious teacher, and in
1904 he was appointed director of the school.

From 1896 to 1907, fr. losif served as an observer
of parish schools in the Soligalich district.
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On September 27, 1905, he was appointed rector
of the Cathedral of the Nativity of the Blessed Virgin
Mary in Soligalich, and on July 22, 1907, he was ele-
vated to the rank of archpriest.

From 1906 to 1907 — a deputy of the City Duma, since
August 1907 — a member of the district sanitary-executive
commission of the Soligalich district, since 1909 — a de-
puty of the Soligalich district assembly, a member of the
district committee of guardianship for public sobriety and a
member of the board of the Soligalich theological college,
since 1911 — a law teacher of the city college and real
college, and on June 25, 1914 he was appointed dean of
the Bogoroditse-Feodorovsky Monastery. Archpriest losif
Smirnov performed many other church and public duties,
deservedly enjoyed the respect and love of parishioners
and was marked various awards.

At the end of February 1918, an attempt by the So-
viet authorities to plunder and effectively liquidate the
Bogoroditse-Feodorovsky Monastery led to an uprising
in the city, as a result of which power in the city passed
to a temporary council, but its activities lasted only a
few days. Upon the arrival of the punitive detachment
in the city, began arresting of “counter-revolutionaries”,
including the local clergy, followed by a massacre.

In March, archpriest losif Smirnov was sentenced to
execution by the military tribunal of the Soligalich Military
District as “a culprit of a counterrevolutionary uprising”. Shot
on March 7, 1918 in Soligalich. The execution took place
late at night on the territoty of the Nikolsky prison church,
the construction of which fr. losif had done so much. The
report of the managing bishop Evdokim (Meshchersky)
states that those shot were “so mutilated that, according
to eyewitnesses, not a single corpse could be recognized.
The executed martyrs were buried almost naked in one pit
without a funeral service, and there was no one to perform
the funeral service: the clergy of the city of Soligalich are in
hiding and are being sought”. Those executed were buried
in a mass grave in the city cemetery, near the walls of the
Peter and Paul Church, early in the morning on March 8.
A cross and a fence were erected at the site of the mass
grave, which were demolished by atheists in the thirties.
The cross on the grave was restored in 1996 (Fig. 6).

On July 4, 1996, losif Sergeevich Smirnov was re-
habilitated by the Prosecutor’s Office of the Kostroma
Region for the 1918 repressions and canonized as a
new martyr and confessor of Russia in August 2000 at
the Bishops’ Council of the Russian Orthodox Church'.

Mother — Alexandra Evgenievna Smirnova (née
Krutikova), widow of fr. losif, lived with her children for

T Smirnov Leonid losifovich. Wikipedia. URL: https://ru.wikipedia.
org/wiki/CmupHoB,_Jleonna_Wocudosuy (accessed: 06/10/2025).
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Fig. 6. The cross on the mass grave of the victims of the
shooting. Photo from 2003. URL: https://drevo-info.ru/
articles/13674237.html?ysclid=mnqno9pmk1661378100

(accessed: 11/05/2025)

Fig.7.  Leonid losifovich Smirnov with his wife and son. Photog-

rapher L.I. Nedeshev, Petrograd, 1915-1917. URL: https://
vk.com/wall-98221643_387132 (accessed: 09/20/2025)

some time in Soligalich and died of a stroke in Kyiv in
November 1943.

Their son, Leonid losifovich Smirnov, was married
to Ekaterina Konstantinovna Smirnova (née Kalagano-
va), who was also from Soligalich and died in 1967.
They had an only son, losif (Fig. 7) [3].

Leonid received his primary education at a parochial
school and a theological college, which he graduated in
1902. Then he studied at the Kostroma Theological Semi-
nary, but was expelled from it in 1905. In 1906, Leonid
passed the external matriculation exam at the Kostroma
gymnasium and entered the Physics and Mathematics
Faculty of the Imperial Saint Petersburg University. After
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graduating, in 1910 he became a student at the Medical
Faculty of the Warsaw University, and in 1914, due to the
events of the First World War, he transferred to the Medical
Faculty of the Imperial Moscow University (IMU) and suc-
cessfully graduated it, receiving a doctor’s diploma in 1916.

From 1916 to 1920, he was a resident at the Moscow
Nerve Clinic, which were headed by IMU Professors
V.A. Muratov and G.l. Rossolimo. In 1920, Leonid losi-
fovich moved to Kursk, where he headed the Nervous
Department of the Psychiatric Hospital and was also a
prosector there. In 1925 — an Associate Professor at the
Kiev Medical Institute and simultaneously the head of the
histopathological laboratory of the Institute for Advanced
Medical Training and a prosector at the Kiev Psychiatric
Hospital. From 1932 to 1938 — the head of the Patho-
logy Department at the Psychoneurological Faculty of
the 2" Kharkov Medical Institute and a prosector of the
Psychoneurological Academy.

In 1938, at the suggestion of N.N. Burdenko,
L.l. Smirnov was transferred to Moscow and from 1938 to
1955 headed the Morphological Department of the Cen-
tral Neurosurgical Institute (CNHI) — now the “National
Medical Research Center of Neurosurgery named after
Academician N.N. Burdenko” of the Ministry of Health of
the Russian Federation [4]. In early 1940, Nikolai Nilovich
appealed to the Higher Attestation Commission (HAC)
with a request to award L.I. Smirnov the title of Doctor of
Medical Sciences without defending his dissertation, as
a leading scientist in the field of pathological anatomy of
the nervous system, having diverse scientific, pedagogi-
cal, and production achievements.

In December 1940, the HAC awarded Leonid losi-
fovich Smirnov a doctorate degree, and two months
later in 1941, approved him with the academic title of
“Professor” in the specialty “Morphology”.

In 1940, L.I. Smirnov — a voluntary participant in
the war with Finland and from 1941 to 1944 in the Great
Patriotic War (GPW) with Nazi Germany on the South-
Western and Stalingrad fronts in evacuation hospital No.
2386 with the rank of lieutenant colonel of the medical
service (Fig. 8)'. It should be noted that during the GPW,
L.I. Smirnov initiated a series of fundamental studies on
the problem of brain injury. These studies, based on the
combined principles of etiology, pathological anatomy,
pathophysiological mechanisms of development, out-
comes, and complications of traumatic brain injury, later
led to the development of the doctrine of traumatic brain
disease, which significantly influenced the treatment of

' Leonid losifovich Smirnov: Memory of the People. URL: https:/
pamyat-naroda.ru/heroes/person-hero91472389/?ysclid=miasyfsr
mg432420181 (accessed: 11/23/2025).
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Fig.8.  Smirnov Leonid losifovich — voluntary participant of

the Great Patriotic War (1941-1945). URL: https://pamy-
at-naroda.ru/heroes/person-hero91472389/ (accessed:
11/05/2025)

head wounds. After demobilization, the scientist returned
to his position at the Institute of Neurosurgery.

Leonid losifovich’s scientific interests throughout
his creative career were the study of issues of central
nervous system pathology.

L.I. Smirov was distinguished by his selfless love for
his profession and science, talent, goodwill, nobility, and
had a broad erudition in morphology and related sciences,
which was facilitated by his knowledge of German, French
and English, and to a lesser extent Italian and Spanish;
he was completely devoid of any squeamishness (he
carried a saucepan of porridge and brains preserved in
formalin, wrapped in a rag and newspaper, in a single
string bag), indifferent to his appearance, hairstyle, beard,
and extremely careless in his clothes. A man of science,
he did not confine himself to his profession and remained
a lifelong admirer of the Maly Theatre, especially the plays
of A.N. Ostrovsky, he read classics at home, preferred
Leskov. He enjoyed singing folk songs with his colleagues
and was a keen fisherman. His dedication and passion for
his work were contagious and uniting to all his staff [5, 6].

In 1940, Leonid losifovich was a member of the
All-Union Communist Party (Bolsheviks), and in 1944—
1947 — a member of the party bureau, secretary of the
party organization of the CNHI, and then a member of
the plenum of the Sverdlovsk District Party Committee
in Moscow [7].

In 1944, as part of a delegation of prominent sci-
entists, he carried out the exhumation of victims of the
occupation of Nazi Germany.

" Uranova N.A. Smirmov Leonid losifovich (1889-1955). URL:
https://m.ncpz.ru/sotr/57.php (accessed: 10/07/2025).
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In 1945, Nikolai Nilovich appointed L.I. Smirnov as
his deputy for scientific and theoretical work of the CNHI.
Soon, the USSR Academy of Medical Sciences (AMS)
and the USSR People’s Commissariat of Health approved
Leonid losifovich as the first deputy director of the CNHI.
After the death of N.N. Burdenko in 1946, L.I. Smirnov
served as acting director of the institute for several
months. As early as May 1946, N.N. Burdenko, seeing
the outstanding scientific achievements of L.I. Smirnoy,
nominated him for full membership in the USSR AMS,
established in 1944, emphasizing: “We have no equal
to him specialist in pathological anatomy in the Union,
no equal to him researcher of the pathological process
abroad,” and in the same year, Professor L.I. Smirnov
was elected a corresponding member of the USSR AMS? 3.

L.I. Smirnov's main scientific and pedagogical ac-
tivities were related to issues in the field of neurophy-
siology, the morphology of mental ilinesses, including
schizophrenia, studied issues in the field of topogra-
phy, histogenesis, and histology of the meninges, as
well as tumors of the brain and spinal cord. Under the
leadership of L.I. Smirnov, fundamental research into
the problems of brain injury was developed, where
the natural sequence of development of pathological
processes in the brain after traumatic brain injury was
demonstrated for the first time.

The Morphology Department, in which L.I. Smirnov
worked passionately, was a unique institute center, where
young and old staff, morphologists sent from all over the
country, and even guests from abroad, were constantly
clarifying things. Leonid losifovich never refused to help
anyone and traditionally served as the head of the mor-
phological sections of all dissertations. Incidentally, Nikolai
Nilovich, as well as the institute’s leading neurosurgeons
and neurologists, eagerly analyzed all the sectional cases
with Leonid losifovich, concentrating on analyzing er-
rors and observational features. This was an extremely
useful discussion, in which everyone together enriched
neuromorphology with first-class researches. At the same
time, for the first time, regularly alternating periods during
traumatic brain disease were identified [8, 9].

The main thing that characterizes the pathomorpho-
logical picture after craniocerebral trauma at any period
of the disease development and in each individual case,
according to the conclusion of L.I. Smirnoy, is: a) the
state of the foci of traumatic crushing, in other words,
the stage of healing of the primary damage to the brain
tissue caused by the direct impact of mechanical energy;

2 Kursk Encyclopedia. Compiled by Sh.R. Goizman. 2025. URL:
https://www.mke.su/wide.html (accessed: 11/05/2025).

3 Baibakov Yu.l. Smirnov Leonid losifovich. URL: https://www.mke.
su/doc/SMIRNOV%20LI.html (accessed: 11/05/2025).
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b) the state of circulatory mechanisms (hemodynamics L.I. Smirnov made many new contributions to the
and cerebrospinal fluiddynamics and the presence of study of the pathomorphology of schizophrenia, deve-
consequences of their disorders); c) the absence or pre-  loping the concept of organic and functional unity and
sence of complications and their nature. Based on this, interaction of processes in neurons, glia, and blood
Leonid losifovich identified the following five periods in  vessels, and emphasizing the importance of identifying
the development of pathological processes. histopathological syndromes in schizophrenia.

1. Initial — the period of direct pathogenic action L.l. Smirnov has written more than 80 scientific publi-
of mechanical energy with the phenomena directly cations, including 6 monographs that laid the foundation
caused by it, with passivity of tissue elements or, for neurophysiology and in which, in particular, epidemic
more precisely, the rudimentary expression of tissue diseases of the nervous system, the basics of morpho-
and cellular reactions at the site of direct application logy of the nervous system in normal and pathological
of the traumatic agent, with maximum expression of conditions, the pathological anatomy and pathogenesis of
functional disorders, circulatory mechanisms and in traumatic diseases of the nervous system, as well as the
the absence of complications. topography, histology and histogenesis of brain tumors

2. Early — the period of tissue reactions, characte- are highlighted. and the spinal cord and meninges, which
rized by the processes of cleansing the tissue defect have gained worldwide fame.
from the decay products of brain tissue and blood, the L.I. Smirnov was noted the following awards: He
development of reactive, non-purulent inflammation at  was awarded the Order of the Red Star, the Medal “For
a distance, lability of circulatory mechanisms and early the Defense of Stalingrad” and a number of other high

complications. awards [11].
3. Intermediate — the period of developing scar for- Professor Smirnov’s research results are classic
mation and later complications. and have not yet lost their exceptional relevance and

4. Late — the period of ending scar formation and  significance, while Leonid losifovich’s monographs
complete elimination of complications of the early and and printed works have not lost their significance to
intermediate (intermediate) periods. this day and are the reference books for neuromor-

5. Residual state — the period of the formed scar. The  phologists and pathologists in our country.
duration of each of these periods varies in different cases The remarkable modesty and extraordinary work
and is determined by many factors. Of these, the vastness of ~ ethic of this unique scientist, who made significant
tissue damage, depending on the intensity of the traumatic ~ contributions to medicine, will serve as an example for
agent, and the nature of complications that occur during  the younger generation of scientists.
the course of the disease (bacteriological factor) are in the L.I. Smirnov died on January 8, 1955 in Moscow at
first place. Of no small importance in this regard are the the age of 66. He was buried at the ancestral site of
individual characteristics of the organism, the mechanism  the Donskoy cemetery in Moscow (Fig. 9) [12].
of action of the traumatic agent, the type and kinetic energy — S
of the wounding projectile at the moment of its application, :
the topography of the lesion, the nature of the damage to -l . S
the bones of the skull and their condition [10]. ' 1968 |

L.I. Smirnov's research in the field of the central NeoeEccor.
nervous system tumors was distinguished by its focus ,\S bl - vl
on general pathological processes, the depth of its ge- 1889 — 1955
neralizations, combined with the brilliance of its morpho- cw;;;;_;‘(';B
logical analysis. et EarEEbEBAT

He developed an original classification of neuroecto- a8 50

dermal and meningeal tumors, taking into account their
clinical and surgical significance. The scientist deeply
and convincingly studied such tumor factors as topic,
interaction of parenchyma and stroma, differentiation,
cataplasia, metastasis, etc. L.I. Smirnov confirmed his
histogenetic conclusions using the tissue culture method. .
He developed the theory of diffuse tumors of the central  Fig.o.  The tombstone monument to Leonid losifovich Smirnov
nervous system and identified previously unknown and at the ancestral site of the Donskoy cemetery in Mos-
clinically important forms of purulent complications. cow. Photo by Evgeny Danilov
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LIST OF L.I. SMIRNOV’S MAIN SCIENTIFIC
WORKS IN CHRONOLOGICAL SEQUENCE

1. Epidemic diseases of the nervous system in
1919-1921. Kursk: Kursk Gubzdrav; 1923. (In Russ.).

2. Typhus and the nervous system. Kursk: Izdanie
Kurskogo gubzdravotdela; 1923. Part 1. 222 p. (In Russ.).

3. Fundamentals of the morphology of the nervous
system in normal and pathological states. Vol. 1. Ge-
neral normal and pathological histology: glia and me-
soderm. Kharkov: Gosmedizdat of the Ukrainian SSR;
1935. 360 p. (In Russ.).

4. Pathological Anatomy and Pathogenesis of Trau-
matic Diseases of the Nervous System. Part 1. General
Pathological Anatomy of Traumatic Disease of the Brain,
Concussion. 1947. 135 p.; Part 2. Specific Pathological
Anatomy of Traumatic Disease of the Brain Uncompli-
cated by Infection: an atlas of 63 tables is included with
the book. 1949. 266 p. Moscow: Publishing House of the
USSR Academy of Medical Sciences, Voroshilov Central
Printing House; 1947-1949. (In Russ.).

5.0n the question of multiforme spongioblas-
tomas. Journal of Neuropathology and Psychiatry.
1956;56(3):201-210 (In Russ.).

6. Histogenesis, histology and topography of brain
tumors: in 2 parts. Moscow: MEDGIZ Publishing
House; 1951-1959. Part 2. 1959. 618 p. (In Russ.).

7. Tumors of the brain and spinal cord. Moscow:
MEDGIZ Publishing House; 1962. 188 p. (In Russ.).

3. OcHoBbl MOPEONOrMN HEPBHOM CUCTEMbI B HOP-
MarnbHOM ¥ naTonornyeckoM coctosiHusx. T. 1. Obas
HopMaribHas 1 NaTonornyeckas rMCToNoMvs: rns 1 Me3so-
aepma. 1935. 360 c. Xapbko: Mocmeansgat YCCP; 1935.

4. [Matonornyeckass aHaToMust W naToreHes Tpas-
MaTUyeckux 3aboneBaHuin HepBHOM cucTembl. Y. 1.
Obuwas natonornyeckas aHaTOMWUsi TpaBMaTUYECKON
BonesHu ronoBHOr0 mMo3ra, coTpsiceHne mosra. 1947.
135 ¢.; Y. 2. YacTHas natonornyeckas aHaToMuUsi He
OCNOXHEHHOW MHGEKLMeR TpaBMaTUYECKO BonesHu
rOfIOBHOTO MO3ra: K KHWUre npunoxeH atnac — 63 1ab-
nmupl, 1949. 266 c. M.: /13a-8o Akag. meg. Hayk CCCP,
LleHTp. Tvn. um. Bopowwunosa; 1947-1949.

5. K Bonpocy 0 MynbTUOPMHbIX ChoHrobna-
ctomax. XypHan Heeponamosnoauu U ncuxuampuu.
1956;56(3):201-210.

6. FucToreHes, ructonorms W Tonorpacms ony-
xonei mosra: B 2 4. M.: MEIMN3; 1951-1959. Y. 2.
1959. 618 c.

7. ONyxonu rofioBHOTO U CMUHHOrO Mo3sra. M.:
MELI3; 1962. 188 c.
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