Tom 11 Ne 1/2026 1. Mopckasa menguiHa

OB30OPBI/REVIEWS

YK 615.835.3:612.111
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INTRODUCTION. Decreased red blood cell membrane elasticity, observed in a number of pathological conditions, causes
deterioration of blood rheological properties and reduced gas exchange efficiency. Hyperbaric oxygen therapy (HBO) can
influence red blood cell properties, but this aspect has received little attention. Although data on the hemorheological
properties of blood, and in particular red blood cell deformability, may provide important information on HBO efficacy.
OBJECTIVE. To study the effect of hyperbaric oxygenation on the deformability of red blood cells.

MATERIALS AND METHODS. The study is based on an analysis of 58 scientific publications from 1984 to 2025 in
international and domestic scientific literature databases Google Scholar, PubMed, eLIBRARY, CyberLeninka, and Scopus.
The literature was analyzed using keywords and various sequences of their combinations in Russian and English: hyperbaric
oxygen therapy, red blood cells, erythrocytes, deformability, hemorheology, morphology, shape.

RESULTS. The effect of HBO on erythrocyte deformability was recorded: in vitro in only one of two publications (negative);
in vivo in animal experiments in four of six publications (three negative, one positive); in human studies in single-chamber
therapy (oxygen and air-oxygen), positive effects were reflected in all five publications; when using multi-chambers, only
one of four publications noted a positive effect; in one publication on the use of a local chamber, no effect on the analyzed
parameters was detected.

DISCUSSION. One of the key challenges in interpreting data on the effects of HBO on erythrocyte deformability is the use
of both various procedure parameters (pressure, time, and chamber type) and the methodology for assessing hemorheology
and erythrocyte deformability. Negative effects reported in a number of animal studies may be related to the use of higher
pressures and longer durations of experiments compared to human studies. In the latter case, no adverse effects were
observed when using routine HBO procedure parameters, and a positive effect on erythrocyte deformability was recorded
in 60% of studies.

CONCLUSION. The deformability of erythrocytes can serve as an additional parameter for assessing HBO efficacy, since it
affects the efficiency of gas exchange processes, which is very important in the treatment of tissue hypoxia.
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BJVIAHVE TMIIEPBAPMTYECKOV OKCUTEHAIINN
HA IEOPMNPYEMOCTD OPUTPOIIMITOB
A. K. Egcees *, O. A. Jlesuna, /. B. 'oponuaposcxas, A. A. I'puns, C. C. [Iempuxos

Hayuno-uccienoBarenbckuit MHCTUTYT cKkopoit momoru umenn H. B. CkandpocoBckoro,
Mocxksa, Poccusa

BBEJJEHME. CHuskeHMe 3/1aCTUYHOCTY MeMOpaHbl 3pUTPOUNTOB, HabJiogaeMoe Ipu psafie IaTOJIOTMYeCKIX COCTOSHMIA, TpU-
BOJUT K YXYALICHNIO PEOJIOTMYECKIX CBOJMICTB KPOBY M CHIUKEHMIO D PeKTUBHOCTY ra3oobMeHa. Tepannsa c npuMeHeHeM I'i-
nepbapuueckoii okcureHarmy (I'BO) MmoskeT oKka3bIBATh BJIMAHME Ha CBOJICTBA SPUTPOLMTOB, OLHAKO JAHHOMY aCIIEKTY yaessa-
eTcA MaJIo BHMMAaHNsA, XOTA JaHHBIE O TeMOPEOJIOTMYIeCKIX CBOMCTBAaX KPOBM I, B YACTHOCTH, AehopMUPYyeMOCTY SPUTPOLINUTOB,
MOTYT HPEACTABJATD BasKHYI0 nHpopMaIo 06 apdpertusroctu I'BO.

HEJDb. V3yunTs BauAHMe rUepbaprtuecKkoil OKCUreHaIMM Ha AedOpMIPYEMOCTb SPUTPOIIATOB.

MATEPHAJIBI I METOJBI. VccienoBaHne OCHOBaHO Ha aHamu3e 58 HayuwHbIX IyOsmkanmii 3a 1984—2025 rr. B MexIy-
HapOJHBIX 1 OTEUeCTBEHHbIX 0aszax HayuHOI suTepaTypsl Google Scholar, PubMed, eLIBRARY, KubepJlennuka, Scopus.
AHamm3 MTepaTyPHBIX MCTOYHMKOB BBIITOJIHEH 10 KJIIOUEBBIM CJIOBAM ¥ PA3JIMYIHBIM II0CIE0BATEILHOCTAM X COUYEeTaHMII Ha
PYCCKOM V1 aHIVIMIICKOM A3bIKaX: runepbapnudeckad okcureHanns / hyperbaric oxygen therapy, apurponnTts! / red blood cells,
erythrocytes, nedpopmupyemocts / deformability, remopeosiorna / hemorheology, mopdosorusa / morphology, shape.
PE3YJIBTATDI. Binsauane I'BO Ha nedopMupyeMoCcTb 3pUTPOLUTOB ObLIO 32a(PMKCUPOBAHO: B YCJIOBUAX iN VItT0 TOJIBKO B 01—
HOJI 13 IBYX ITyO/MKaImii (OTPUIIATEJIBHOE); B YCJIOBUAX {N VU0 B OKCIIEPYMEHTAX C yIaCTIEM KMBOTHBIX B YeThIPEX 13 IIeCTH
yOamKanyii (Tpy — OTPUIATEJILHOE, OLHO — MOJOXKUTEJIBHOE); B MICCIEOBAHMAX C yUaCTMeM JIIOJell B YCIOBUAX IIPOBEACHNA
Tepamuy B OOJHOMECTHOM KaMepe (KMCJIOPOJHONM M BO3LYIIHO-KVCJIOPOIHOI) IIOJIOMKUTENIbHbIE 3(P(EKThI OBV OTPasKEeHbI BO
BCeX IIATU Hy6JII/II{aHI/IHX, IIPpU UCIIOJIBb30BaHUM MHOTOMECTHBIX KaMep TOJIbKO B OI[HOﬁI U3 4YeThbIpex Hy6JII/IKaL{Mﬁ OTMEeYEeH II0-
JIOKUTEJNbHBIA 3pheKT, B OAHOM MyOaMKaIyy 10 IIPMMeHEeHNIO JIOKAJIbHOI KaMephbl BIMAHNE Ha aHAJIM3YPYeMble ITapaMeTPhI
He BbIABJIEHO.

OBCYMIEHMUE. OxHoit 113 KJII0YEBBIX IIPO0JEM B MHTepIpeTaly JaHHbIX 0 Biauaany I'BO Ha gedopmMupyeMocTb SpUTPO-
LMTOB ABJIAETCHA MCIIOJIb30BaHME KaK Pa3JIMYHBIX IapaMeTPOB IIPOBEIEHN A IIPOLeAyPHI (FaBJeHNe, BpeMs, TUII 0apOKaMephI),
TaK ¥ MEeTOZOJIOTMY OLIEHK) IeMOpeoJIorny U AedopMupyeMocTy apuTpounTos. HeraTnpHele a(pheKThI, ONMcaHHbIE B pALe
JICCJIeIOBAHMIL C yUacCTIeM YKMBOTHBIX, MOI'YT OBITh CBA3AHBI C IIPUMEHEHNeM 0OoJiee BBICOKMX 3HAUEHUI AaBJeHus u Gosee
JJIATEJIbHBIMM 3KCIIEPYIMEHTaMM 10 CPaBHEHMIO C MICCJIELOBAHNUAMY C YUacTMEM desloBeKa. B rocsieiHeM cirydae py MCIIOIb-
30BaHMM PYTMHHBIX IIapaMeTpPOB NMpoBeneHnA npouenypsl I'BO HexenaTe bHBIX 5(P(EKTOB HE OTMEUEHO, a MOJO0KUTETIbHOe
BJIMAHME B OTHOLIEHNM JepOpMUPYEMOCT BPUTPOLIATOB Ob1y10 3admKcupoBaHo B 60 % ncciie joBaHMIL.

3ARJIIOYEHMUE. [lehopMUpyeMOCTb SPUTPOLMTOB MOYKET CIYKUTD NOIIOJHUTEJILHBIM IIapaMeTPOM OLIeHKM 3(P(PEKTUBHOCTA
T'BO, nmockosbKy OHa OKa3bIBaeT BJAMAHME HA 9(P(PEKTUBHOCTD IIPOI[ECCOB ra3000MeHa, UYTO BECbMAa BayKHO B TepPAIIny TKAHEBOII
TUIIOKCUINL.

RJIIOYEBBIE CJIOBA: mopckasd MeauiyHa, TurepbapuiecKkas OKCUIe€HAINA, SPUTPOIUT, epOpMUPYEMOCTh, PEOJIOTA

Introduction. Hyperbaric oxygenation (HBO)
is a method based on breathing pure oxygen un-
der elevated pressure. The therapeutic effect of
HBO is based on a significant increase in the oxy-
gen capacity of body fluids (blood, lymph, tissue
fluids, etc.), which allows for a rapid increase in
oxygen tension in tissues suffering from hypox-
ia, restoring cellular respiration, activating oxi-
dative phosphorylation, and stimulating energy
production mechanisms [1]. HBO can serve as a
primary treatment method, for example, for car-
bon monoxide poisoning or decompression sick-
ness, or as a complement to surgical interventions
or pharmacological therapy [2].

Since one of the key effects of HBO is an in-
crease in oxygen capacity, the main diagnostic
methods are aimed at assessing tissue perfusion
and oxygenation. Among them, non-invasive and
invasive methods are distinguished (body tem-

perature gradient, CT perfusion, MR perfusion,
positron emission tomography, laser Doppler
flowmetry, segmental blood pressure measure-
ment, duplex ultrasound, pulse oximetry, trans-
cutaneous oximetry, Doppler ultrasound, indocy-
anine green imaging, etc.) [3-7]. Based on the data
obtained by these methods on blood supply and
oxygen delivery to tissues, a conclusion is made
about reaching target blood flow indicators and
the level of blood oxygen saturation. However,
the assessment of the hemorheological properties
of the blood and, in particular, the deformability
of erythrocytes, is often ignored [8].

One of the most important properties of the
erythrocyte that ensures gas transport function
is its ability to deform, which is ensured by the
interaction of membrane proteins (glycophorins,
band 3 protein) and cytoplasm (spectrin, ankyrin)
[9] It is known that the development of various
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pathological conditions can lead to a decrease in
the deformability of erythrocytes, which is ac-
companied by a disruption in oxygen transport
both due to a deterioration in their ability to pass
through microvessels and capillaries [10—14], and
due to a disruption in the release of vasodilators
by erythrocytes, for example, ATP and NO do-
nors[15, 16].

Currently, several methods for measuring
erythrocyte deformability are known, among
which we can distinguish direct and indirect
methods. Direct methods for measuring eryth-
rocyte deformability include stretching erythro-
cytes with laser tweezers (optical tweezers meth-
od), video recording of erythrocytes deformed in
a shear flow by viscous friction forces (rheosco-
py), as well as methods of atomic force micros-
copy and laser diffractometry (ektacytometry).
Among indirect methods we can distinguish as-
piration of erythrocytes into a micropipette (mi-
croaspiration method), passing an erythrocyte
suspension through an artificial capillary of small
diameter, or forcing a given volume of suspension
through a microporous filter. Methods of ektacy-
tometry, rheoscopy, filtration, and perfusion in-
volve studying cell suspensions, and methods of
microaspiration, atomic force microscopy, and
optical tweezers involve studying individual cells
[17, 18]. In addition, of interest is the technique
of electrochemically induced changes in the mor-
phology of erythrocytes, which consists of study-
ing the morphological changes of erythrocytes on
an optically transparent electrode depending on
its potential [19, 20].

However, despite the rich arsenal of methods
for assessing hemorheology and a significant
number of its studies in various pathological con-
ditions, there are relatively few works devoted to
the influence of HBO on hemorheology and the
deformability of erythrocytes, although these
methods could be very informative in this case.

Objective. To study the effect of hyperbaric ox-
ygenation on the deformability of red blood cells.

Results. Studies on the effect of HBO on the
deformability of erythrocytes and the rheological
properties of blood in vitro and in vivo are pre-
sented in the table.

Discussion. Few studies on the HBO effect on
the deformability of erythrocytes in vitro are
quite natural due to the fact that outside the
body, the structural properties of erythrocytes
can be affected by factors such as temperature,

forced contact with neighboring cells due to the
lack of mixing, changes in the density of the me-
dium due to evaporation of liquid during long-
term experiments, etc.[41]. Thus, in the work [21],
test tubes with 2 ml of whole blood (Htc 45%) con-
taining EDTA (1.5 mg / ml) as an anticoagulant
were placed in a pressure chamber, where they
were kept in an atmosphere of 100% O, at a tem-
perature of 25-28 °C for 4-12 hours. Such condi-
tions for conducting HBO (temperature different
from physiological, long time outside the body,
sedimentation of cells in the test tube) could well
cause a change in the morphofunctional proper-
ties of erythrocytes.

In relation to the study of the HBO effect on
cell morphology, the study of erythrocytes of
patients with sickle cell anemia is of interest. De-
spite a number of early studies indicating a pos-
itive HBO effect in this pathology [42, 43], the
authors [22] did not prove the HBO effect on the
morphology of sickle cell erythrocytes, and they
associated the previously described results with
improved tissue oxygenation due to an increase
in PaO,.

Out of six animal studies, a negative effect of
HBO on hemorheological parameters and eryth-
rocyte deformability was observed in three cases
[23, 24, 26], in two cases no changes were detect-
ed [25, 27], and only in one case an improvement
in erythrocyte deformability was recorded [28].
Again, as in the case of in vivo studies, the exper-
imental conditions are noteworthy. Firstly, in the
studies that revealed a deterioration in hemorhe-
ological parameters, the time spent in the pres-
sure chamber ranged from 2 to 6 hours, while in
the remaining studies the time did not exceed 1.5
hours. Secondly, HBO was performed in most cas-
es in the 2.8—3.0 ATA mode, although it is known
that at pressures above 2.8 ATA, oxygen begins to
exhibit a toxic effect on the body [44]. Thirdly, the
measurement results may be influenced by the
choice of the methodological approach to assessing
erythrocyte deformability. In the work [23], when
determining the deformability of erythrocytes us-
ing the filtration method and ektacytometry, the
HBO effect was recorded only in the case of using
the first method. This phenomenon was due to the
fact that, according to the authors, the filtration
method is more sensitive to changes in cell geome-
try and the physical properties of the membrane,
and ektacytometry is more sensitive to the inter-
nal viscosity of erythrocytes. We also previously
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Table
Studies on the effect of HBO on the hemorheological properties of blood
Tabana
Uccaenoanus o sausauio 'BO Ha remopeosiornueckne cBoOiicTBa KPOBU
HBO mode (pressure, .
Study object session duration, Measurgment Observed effect Literary
technique source
frequency)
In vitro study
Whole blood 1,0-3,0 ATA! Viscometr | Erythrocyte
from healthy 4-16h ehtns tomei’; deformability [21]
volunteers (n=10) Single-dose Y Y 1 Blood viscosity
el ot
omb . 15 min Microscopy Doesn’t affect [22]
with sickle cell anemia .
_ Single-dose
(n=10)
In vivo studies involving animals
9.8 ATA! Ektacytometry, filtration | Erythrocyte
Rats (total n=32, ’ method, scanning deformability
= 6 h . . [23]
HBO group n=11) . electron microscopy, 1 Echinocyte
Single-dose . ; .
hematological analysis proportion
1
Rats (total n=57, 2,8 ATA Viscometry, . .
HBO group n=22) 6h hematological analysis I Viscosity [24]
group Single-dose g v
2,4 ATA!
Dogs (n=12) . 90 min, Filtration method Doesn’t affect [25]
5 sessions per week /
10 weeks
1 Viscosity
Rats with diabetes 2,8 ATA! Viscometry, and rigidity of
(total n = 30; 2h, filtration method erythrocytes [26]
HBO group: n = 15) 7 sessions hematological analysis | Erythrocyte
deformability
Rats, SO, inhalation 3,0 ATA!
(total n = 24; 1h, Hematological analysis Doesn’t affect [27]
HBO group: n = 6) 45 sessions
Rats (total n=43, 3,0 ATA! Ektacvtometr Return of red blood
HBO group I'BO 1h acy Y cell deformability [28]
_ . viscometry
n=8) Single-dose to normal values
in vivo studies involving humans
. . . 2,0 ATA! . .
Patients with various . Filtration method 1 Erythrocyte
diseases (n=70) 90 min, viscometr deformabilit [29-31]
at least 15 sessions Y erorma 4
2,4 ATA?
115 min (breathing
Patients with various 100 % O, 3 times Ekt.acytometry, .
. _ . viscometry, Doesn't affect [32]
diseases (n=33) for 25 muu with hematological analvsis
5-minute break) g Y
20 sessions
Ei:il:}? ts ::;zl 1,4-1,6 ATA! Viscometr Return of red blood
yP 40 min . o cell deformability to [33]
encephalopathy . hematological analysis
(n=42) 4-10 sessions normal values

10

ITpodondcenue mabda. 1 cm. na cmp. 11.
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HBO mode (pressure, Measurement Literary
Study object session duration, . Observed effect
technique source
frequency)
Patients with various 2,5 ATA? Hematological analysis Doesn't affect [34]
diseases (n=140) 120 min (breathing
100% O, 3 times for
25 min with 5-minute
break)
Groups - 1-20, 21-40,
41-60 and
> 61 sessions
Patients with 1,3-1,4 ATA? Rheoscopy 1 Erythrocyte [35]
inflammatory bowel 40 min deformability, blood
diseases (n=16 with 5-8 sessions rheology parameters
Crohn’s disease, n=11
with ulcerative colitis)
Patients with 2,0 ATA3 Viscometry, | Blood viscosity [36]
sensorineural hearing 1h hematological analysis
loss (total n=104, HBO | 2 courses (10 sessions
group n=>52) each) with a 3-day
break between courses

Healthy volunteers 2,5 ATA? Ektacytometry, 1 Erythrocyte [37]
(n=10), patients with 120 min (breathing hematological analysis deformability in
chronic inflammation 100% O, 90 min) patients with chronic
(n=10) and carbon 10 sessions inflammation after
monoxide poisoning 1 session
(n=10)
Patients 2,4 ATA? Hematological analysis Doesn't affect [38]
with diabetic 120 min (breathing
foot (n=103) 100% O, 3 times

for 25 minutes with a

5-minute break)
20-60 sessions

Patients 1,5 ATA* Ektacytometry, Doesn't affect [39]
with diabetic foot 0,5h viscometry,
(n=20) Single-dose hematological analysis
Patients with acute 1,4-1,6 ATA! Electrochemical 1 Erythrocyte [40]
cerebrovascular 60 min deformability
accident (n=7) 4-6 sessions

Note: 1 — monoplace hyperbaric chamber, 2 — multiplace hyperbaric chamber, 3 — inflatable hyperbaric chamber, 4 — local

hyperbaric chamber

ITpumeuanue: 1 — ogHoMecTHas bapokaMmepa, 2 — MHOroMecTHadA bapokamepa, 3 — BO3LYIIHO-KUCIOpoaHas bapokamepa, 4 —

JIOKaJIbHa s Dapokamepa

noted a difference in the sensitivity of the meth-
ods for determining deformability, when studying
the morphology of erythrocytes under hypother-
mic storage conditions, a reliable difference in the
deformability index measured by the filtration
method was noted only by the 42nd day, while
when using electrochemically induced changes in
morphology, reliable differences were recorded
much earlier [45].

In contrast, out of ten studies involving hu-
mans, six cases [29, 33, 35—37, 40] showed an im-

provementin erythrocyte deformability, while no
significant changes were found in four cases [32,
24, 38, 39]. When analyzing the presented data,
it was noted that, in contrast to studies involv-
ing animals, in the human studies the maximum
pressure during HBO was 2.5 ATA, and in this
case multiplace hyperbaric chambers were used.
Interestingly, in the case of multi-place cham-
bers, even despite the use of modes with a pres-
sure of at least 2.4 ATA [32, 34, 37, 38], only one
case showed a positive effect of HBO on eryth-

11



Marine medicine

Vol. 12 No. 1/2026

rocyte deformability [37]. No significant HBO
effect on erythrocyte deformability was shown
either when using a local hyperbaric chamber in
the treatment of patients with diabetic foot [39].
At the same time, in all studies where monoplace
pressure chambers were used, both oxygen [29,
33, 40] and air-oxygen [35, 36], a significant pos-
itive HBO effect on the hemorheological param-
eters of blood and the deformability of erythro-
cytes was noted.

There are still many questions regarding the
understanding of the pathophysiology of the
HBO influence on the morphofunctional proper-
ties of erythrocytes. On the one hand, according
to a number of studies, HBO leads to an increase
in the content of reactive oxygen species, which,
in turn, causes increased peroxidation of lipids
and proteins of the erythrocyte membrane and
can lead to changes in their morphology [46—49].
In support of the thesis about the effect of in-
creased oxidation processes on the morphology
of erythrocytes during HBO, reference is made
to studies involving animals under normobaric
conditions with an increased oxygen content (up
to 82.2%), where the phenomenon of a decrease
in the proportion of discocytes and an increase in
the proportion of echinocytes was recorded, al-
though the duration of the experiment (24 hours)
should be considered [50]. On the other hand,
there is a growing body of research confirming
that HBO has a positive effect on the balance of
oxidants and antioxidants in the body [51—54] and
activates components of the body’s antioxidant

Information about the authors:

defense system [55—58], and these effects may
be more pronounced in the presence of pathol-
ogy [59]. In addition, it has recently been shown
that when using “soft” HBO regimens (1.5 ATA)
compared to regimens with higher pressure
(2.5 ATA), a clear antioxidant effect is observed,
prevailing over oxidative stress [60].

The positive HBO effect may be manifested in
relation to the elastic properties of erythrocyte
membranes. Increased deformability and redis-
tribution of morphological forms towards disco-
cytes should positively affect the efficiency of ox-
ygen transport. Thus, more elastic cells better pass
through capillaries, which plays an important role
both at the stage of oxygen binding in the alveo-
lar capillaries and at the stage of its release in the
capillaries of organs and tissues. Considering the
fact that HBO is accompanied by vasoconstric-
tion [61], an increase in cell elasticity should have
an important therapeutic effect. With regard to
the influence of morphology on gas exchange, it is
known that discocytes, compared with other mor-
phological forms of erythrocytes, have the largest
surface area (150 um?) [62, 63], which ensures the
maximum oxygen exchange area.

Conclusion. The analysis of literature sources
suggests a predominantly positive effect of
HBO on erythrocyte deformability, which
should influence the efficiency of gas exchange
processes and, consequently, a reduction in tissue
hypoxia. Thus, erythrocyte deformability can be
used as an additional parameter when assessing
the effectiveness of hyperbaric oxygen therapy.
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