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Abstract

INTRODUCTION: Preoperative intermittent hypoxia-hyper-
oxia (IHH) may be considered an organ-protective prehabilita-
tionstrategy for high-risk patients; however, the lack of person-
alized approaches to selecting optimal exposure modes limits
its practical use. Near-infrared cerebral tissue oximetry (NIRS)
may guide individualization of IHH protocols. OBJECTIVE: To
evaluate the safety, tolerability, and biomarker signatures of
adaptive response induction during NIRS-personalized IHH
sessions. MATERIALS AND METHODS: This prospective sin-
gle-blind randomized placebo-controlled study included 20
elderly volunteers randomized to the IHH group (n = 10) or
the control group (n = 10). Participants underwent three daily
45-minute sessions consisting of five hypoxia-hyperoxia cy-
cles or sham procedures. Personalization was achieved by indi-
vidually titrating the fraction of inspired oxygen (FiO;) during
the hypoxic phase to reduce cerebral tissue oxygen saturation
(SctO;) by 20 % from baseline. The composite primary safety
endpoint included individual intolerance, adverse events, and
complications during sessions. Secondary endpoints assessed
between-group differences in the dynamics of vital signs and
FiO,. Biomarkers reflecting stress-adaptive responses and an-
tioxidant activity were also evaluated. RESULTS: No cases of
intolerance, adverse events, or complications were observed.
Vital sign dynamics differed significantly between groups but
remained within clinically safe ranges. Between the first and
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Pegpepam

AKTYAJIbHOCTb: lMpeaonepaunoHHaa MHTepBanbHaa ru-
nokcms-runepokeus (M) MoxeT 6biTb pacCMOTpeHa Kak
OpraHonpoTeKTUBHAaA TeXHO/N0rMA B paMKax npeabuauta-
LMX NaLMEHTOB BbICOKOrO PWUCKA, OJHAKO OTCYTCTBME Mep-
COHMPULMPOBAHHBIX MOAXOAOB A1 BblbOpa ONTUMaAbHON
MOZa/IbHOCTN PEXMMOB OrpaHM4MBaeT ee MpaKTU4YecKoe
npumeHeHue. LlepebpanbHas TkaHeBas OKCMMeTpUA B Na-
pauHdpakpacHoM criektpe (NIRS) MOMeT caywuTb opw-
eHTUPOM ANA uHAMBUAyanmsaumm pexunma WIT. LLEJb
NCCNEAOBAHMA: OueHutb 6e30macHOCTb, MNepeHo-
CMMOCTb M BMOMapKepHble MpW3HaKM MHAYKUMW ajganTa-
LMOHHOrO oTBeTa npu nposegeHnn ceaHcos WIT, nepco-
HUnumposaHHbix no NIRS. MATEPUAJIbI U METO/bl:
B npocnekTvBHOe MpoCTOe c/nenoe paHAOMU3MPOBaHHOE
nnaLebo-KOHTpoAMpyeMoe nccaefoBaHMe ObI10 BKKOYEHO
20 noxwuabix A406POBO/bLEB, PaHAOMU3NPOBaHHbIX B Fpyn-
ny U (n = 10) u koHTponbHyto rpynny (n = 10). YyacTHu-
K1 NMPOXOAUAN TPU exefHeBHbIX 45-MUHYTHbIX ceaHca UIT,
BK/IOYAIOWMX NATb LMKAOB FMNOKCUU-TUNEPOKCUN UK NNa-
ue6o-npoueaypsl. MepcoHndurauma ceancos UM poctu-
ranacb MHAMBMAYaAbHbIM NOAOOPOM PpaKLMKU BAbIXaeMOro
kucnopoga (FiO;) BO BpeMs rMMoKcuyeckom dasel 418 CHU-
WeHus LepebpanbHoit TkaHesol caTypauus (SctO;) Ha 20 %
OT MCXOZHOro ypoBHA. KOMMNO3UTHaA nepBMYHan KOHeYHas
ToYyka 6e30MacHOCTM BK/IKOYasa YacTOTY WHAMBMAYaNbHOM
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third sessions, a significant reduction in the FiO, required to
achieve a 20 % decrease in SctO, was noted. The IHH group
demonstrated significant increases in hypoxia-inducible fac-
tor-1a, nuclear factor erythroid 2-related factor 2, and cat-
alase activity. CONCLUSIONS: Personalized NIRS-guided
IHH sessions in elderly volunteers are safe and are associated
with a reduction in the FiO; required to decrease SctO, to
target levels, as well as activation of stress-adaptive and an-
tioxidant pathways. These findings may be applicable to pre-
operative prehabilitation strategies and warrant confirmation
in further clinical studies.

KEYWORDS: hypoxia, hyperoxia, preconditioning,
neurocognitive disorders, near-infrared spectroscopy
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HenepeHOCMMOCTHU, HeXenaTeNbHbIX ABNEHWN U OCNOXHe-
HWI BO BpeMA ceaHcoB IT. BTopuyHble nokasatean BKAO-
4a/I MEXTPYNMOBble Pa3/NyMA B ANHAMUKE OCHOBHbIX MO-
KasaTesnien BUTa/bHbIX GYHKUMIA U FiO, BO BpemMsa ceaHCOB
WIT. Take oLeHMBasNCh YPOBHM OMOMapKepoB, OTpaxa-
OWMX CTpecc-afjanTVBHble peakuMnm W aHTUOKCUAAHTHYIO
aktmBHocTb. PE3YJIbTATbI: CnyyaeB HemepeHOCMMOCTMH,
HeXenaTeNbHbIX ABNEHWUA UAN OCNOKHEHWUI UCCAeLyeMOoro
pexuma UIT He 6bin0. [MHaMmKa nokasaTesnen BUTasbHbIX
GYHKLUMIA 3HAYMMO pasnmnyanacb Mexzy rpynnamu, ofHaKko
WX Be/IMYMHA He BbIXOAM/A 3a PaMKU KAMHMYeckn Gesonac-
Horo AnanasoHa. Mexay 1-M u 3-m ceaHcom UI'T oTmMevanock
3HauyMMoe CHWKeHWe BeanyuHbl FiO,, Tpebyemoit ana cHu-
weHna SctO; Ha 20 % oT ncxogHoro yposHa. B rpynne UIT
6bI10  BbIABNEHO CTATUCTUMHECKM 3HAYMMOe MOBbIlEHME
YPOBHA a-Cy6beAnHULbI MHAYLMPYEMOrO MMMOKCHen dak-
Topa TpaHcKpunuuu 1, agepHoOro ¢aktopa 3pUTPOUAHOrO
MPOVCXOXAEHWA 2 N aKTMBHOCTU KaTanasbl. BBIBO/bI: Mep-
connduumpoaHHble no NIRS ceancol T y noxunbix go-
6poBo/ibLieB 6@30MacHbl, aCCOLMMPOBaHbI CO CHIKEHMEM Be-
NnumrHbl FiO,, TpebyeMolt ansa cHkenna SctO, Ao LeneBbIX
3HaYeHWN, N aKTUBALMeN CTpecc-aZanTuBHbLIX U aHTUOKCK-
[AHTHBIX MyTeN, YTO MOXeT OblTb NMPUMEHMMO B CTpaTermnsax
npejonepaunoHHoN npeabuanTauum 1 TpebyeT NoATBEpK-
AeHVA B AaNbHENLINX KINHUYECKUX NCCAE[0BAHUNAX.

K/TKOYEBbBIE C/TIOBA: rvnoKcunsa, runepokcus,
NPEeKOHANLIMOHNPOBAHME, HEMPOKOTHUTUBHbIE
paccTpoNCTBa, LepebpanbHas TKaHeBas OKCUMETpUs
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Introduction

Perioperative organ dysfunction remains one of the
leading causes of adverse surgical outcomes, particularly in
elderly patients. The proportion of older patients undergo-
ing surgical procedures under general anesthesia is increas-
ing in the context of global population aging. In developed
countries, approximately one in three surgical patients is
currently over 65 years of age, and this figure may double by
2060 [1]. Among the complications observed in this patient
cohort, postoperative cognitive dysfunction represents one
of the most common. The term “perioperative neurocogni-
tive disorders” (PND) has been recommended as an over-
arching concept to denote cognitive impairment or chang-
es in cognitive status identified during the preoperative or
postoperative period [2]. PND encompasses postoperative
delirium, delayed neurocognitive recovery, and postop-
erative neurocognitive disorder [3, 4]. Currently, the rep-
ertoire of effective preventive strategies for PND remains
extremely limited, underscoring the urgency of identifying
novel organ-protective approaches.

The concept of preconditioning — based on enhancing
tissue resistance to injury through exposure to subthreshold
stress stimuli — has been extensively investigated in both
experimental and clinical studies [5-8]. One variant, hy-
poxic preconditioning, has been thoroughly examined and
yielded promising results. However, it has not been translat-
ed into routine clinical practice due to the poor feasibility of
the investigated protocols [9, 10].

A contemporary modification of this approach is in-
termittent hypoxia-hyperoxia (IHH), in which alternating
periods of hypoxia and hyperoxia are delivered during a
single session. Experimental studies have demonstrated
that THH activates transcription factors and antioxidant
systems, thereby inducing an organ-protective phenotype
[11-13]. Importantly, this method can potentially be im-
plemented within a short timeframe, making it a promis-
ing candidate for clinical application within prehabilita-
tion strategies [14].

A key unresolved challenge is the absence of robust ap-
proaches to individualize such conditioning with respect to
the target organs of interest. Fixed IHH protocols do not ac-
count for the individual physiological response to hypoxia,
and the findings of clinical studies remain conflicting [15].
The development of a safe, personalized IHH regimen is of
both scientific and practical significance, and provides the
rationale for conducting the present study.

Cerebral tissue oximetry using near-infrared spectros-
copy (NIRS) is a sensitive marker of the balance between
oxygen delivery and consumption, and is widely employed
for the prevention of neurological complications in surgi-
cal settings. Given that a reduction in cerebral tissue oxygen
saturation (SctO,) of 20 % from baseline is associated with
the development of PND [16, 17], we hypothesized that
conducting IHH sessions with a controlled and time-limit-
ed reduction in SctO, of 20 % from baseline could trigger

adaptive mechanisms and contribute to the induction of an
organ-protective phenotype.

Objective

To evaluate the safety, tolerability, and biomarker
evidence of adaptive response induction during NIRS-
personalized IHH sessions.

Materials and methods

A prospective, single-blind, randomized, placebo-con-
trolled trial was conducted at the Research Institute of
Cardiology, Tomsk National Research Medical Center of the
Russian Academy of Sciences. The study was approved by
the local Ethics Committee (Protocol No. 280, dated May
21, 2025) and prospectively registered at ClinicalTrials.gov
(NCT07018895). The trial was conducted in full compliance
with the International Council for Harmonisation Good
Clinical Practice (ICH-GCP) guidelines, the principles of
the Declaration of Helsinki, and applicable national legisla-
tion. All participants provided written informed consent pri-
or to enrollment. Patients were not involved in the design,
conduct, reporting, or dissemination plans of this research.
No amendments to the approved protocol — including eli-
gibility criteria, intervention procedures, outcomes, or the
statistical analysis plan — were introduced after study ini-
tiation. The complete study protocol is available from the
corresponding author upon reasonable request. A separate
statistical analysis plan document was not developed; statis-
tical methods were pre-specified in the study protocol and
are described in the relevant section of the manuscript.

Eligibility criteria / Inclusion and exclusion of subjects

Volunteers aged 60 to 74 years were eligible for enroll-
ment after providing written informed consent. Exclusion
criteria included a Charlson Comorbidity Index score
greater than 3 (a score of 1 or more on any individual do-
main of the scale, excluding the age component, was also
considered an exclusion criterion), conditions associated
with chronic hypoxia or hyperoxia, and any chronic dis-
ease in an acute or decompensated state. The 60-74 age
range was selected based on the intended clinical applica-
tion of the method: prehabilitation and organ protection
in elderly patients at increased risk of perioperative organ
dysfunction and perioperative neurocognitive disorders.
Participants were withdrawn from the study in the event of
consent withdrawal, inability to achieve a 20 % reduction in
SctO, from baseline during the hypoxic challenge test, in-
dividual intolerance of IHH sessions, or the occurrence of
adverse event or complication during the procedure (e.g.,
impaired consciousness, syncope, arrhythmia, or any other
life-threatening condition).
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Participant recruitment, randomization, and blinding

Participants were recruited through advertisements
posted on affiliated social media platforms and in public ar-
eas of Tomsk National Research Medical Center. Potential
participants underwent preliminary screening by an inter-
nist affiliated with the research team, which included an as-
sessment of physical status, medical records, and laboratory
blood tests. Eligibility was determined only after a compre-
hensive health evaluation.

Twenty participants were randomized to either the
IHH group (n = 10) or the control group (n = 10) using
block randomization performed via the Sealed Envelope
online service (https://www.sealedenvelope.com/) by an
independent investigator not involved in the study proce-
dures. Randomization codes were placed in sequentially
numbered, opaque, sealed envelopes, which were recorded
in the individual case report forms. Envelopes were opened
immediately prior to the first session.

A single-blind design was employed. Participants, in-
vestigators involved in outcome assessment, and specialists
interpreting the results were blinded to group allocation.
IHH sessions and placebo procedures were conducted us-
ing identical equipment. The investigator performing the
procedures remained unblinded to ensure protocol adher-
ence; this investigator opened the envelopes immediately
before each session and was responsible for masking the
equipment settings. Investigators responsible for biomarker
analysis were fully blinded to sample group assignments.

Hypoxic challenge test, intermittent hypoxia—
hyperoxia sessions, and placebo procedures

Participants in the intervention group underwent
IHH sessions once daily for 45 minutes over three consec-
utive days. Participants in the control group received pla-
cebo procedures with ambient air on the same schedule.
Personalization of the intervention was based on SctO,
dynamics. Because a prolonged intraoperative reduction in
SctO, of 20 % from baseline lasting more than 20 minutes
correlates with PND development, the hypoxic phase of
each THH cycle was titrated to achieve a 20 % reduction in
SctO, from baseline. The cumulative duration of cerebral
desaturation per session was 30 minutes.

IHH sessions and placebo procedures were conduct-
ed by physician-investigators specializing in anesthesiol-
ogy and critical care, using the OXYTERRA PRO device
(Oxyterra LLC, Russia). This device is capable of generat-
ing a gas mixture with an inspired oxygen fraction (FiO,)
ranging from 7 to 16 % during the hypoxic phase and 30 %
during the hyperoxic phase with a maximum gas mixture
flow rate of 25 L/min.

Prior to the first IHH session, each participant under-
went a hypoxic challenge test to determine the individual
FiO, required to achieve a 20 % reduction in SctO, from
baseline. Body position (supine with an oro-nasal anes-
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thesia mask firmly applied to the face) and monitoring pa-
rameters — including NIRS, peripheral capillary oxygen
saturation (Sp0,), electrocardiography, heart rate (HR),
arterial blood pressure, respiratory rate (RR), end-tidal
carbon dioxide concentration (etCO,), and minute venti-
lation — were identical across the hypoxic challenge test,
IHH sessions, and placebo procedures.

During the hypoxic challenge test, the device circuit
was primed with a normoxic gas mixture, followed by step-
wise reductions in FiO, (beginning at 12 %, with 0.5 % dec-
rements and a step duration of 3 minutes each) until a 20 %
reduction in SctO, from baseline was achieved. This was
followed by a 2-minute hyperoxic phase, after which the test
was concluded. Participants in the control group received
inhalation of ambient air for 6 minutes via the OXYTERRA
PRO device instead of the hypoxic challenge test.

For THH sessions, the device circuit was primed with a
normoxic mixture, the participant was connected to the cir-
cuit, and FiO, was reduced to the individually determined
value required to achieve a 20 % reduction in SctO, from
baseline. The hypoxic phase was maintained for 6 minutes,
followed by a hyperoxic phase at 30 % FiO, lasting 3 min-
utes. Hypoxic and hyperoxic phases were alternated over 45
minutes, corresponding to five complete hypoxia-hyperox-
ia cycles.

During each hypoxic phase, FiO, was adjusted as nec-
essary to maintain SctO, within the target range. Placebo
procedures followed an identical algorithm; however, am-
bient air (FiO, = 21 %) was delivered throughout the entire
procedure.

Systematic active surveillance for adverse events was
conducted during each procedure. In addition to direct in-
quiries regarding subjective symptoms, clinical observation
and continuous vital sign monitoring (electrocardiography,
arterial blood pressure, HR, SpO,, SctO,, RR, and etCO,)
were performed. Pre-specified adverse events included im-
paired consciousness, syncope, and arrhythmia. Adherence
to the intervention protocol was monitored through direct
observation by the investigating physicians. Completion
of each session, fulfillment of all procedural steps, and any
protocol deviations were recorded in the study documen-
tation.

Outcomes

The composite primary safety endpoint comprised:
m the rate of individual intolerance, defined as subjective
discomfort precluding the participant from continuing
the THH session;
= the rate of serious adverse events or procedural compli-
cations during IHH sessions, including impaired con-
sciousness, syncope, arrhythmia, or any other life-threat-
ening condition.
Secondary outcomes (safety/efficacy):
= Changes in the FiO, required to achieve a 20 % reduction
in SctO, from baseline across IHH sessions.
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s Between-group differences in the dynamics of param-
eters monitored during IHH sessions and placebo pro-
cedures including SctO,, SpO,, mean arterial pressure
(MAP), heart rate (HR), respiratory rate (RR), and
end-tidal carbon dioxide concentration (etCO,). During
IHH sessions, parameters were recorded at baseline and
10 seconds prior to each switch in oxygen delivery mode.
During placebo procedures, measurements were taken at
corresponding time points: baseline and at 6, 9, 15, 18,
24,27, 33, 36, 42, and 45 minutes after session initiation.

Exploratory biomarker outcomes:

s Between-group differences in the dynamics of serum
biomarkers characterizing the induction of an organ-pro-
tective phenotype: hypoxia-inducible factor I-alpha
(HIF-1a), nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-xB), and nuclear factor erythroid
2-related factor 2 (Nrf2). These were measured before
the first session, immediately after the third session, and
24 hours after the third IHH or placebo session.

s Between-group differences in the dynamics of biomark-
ers characterizing antioxidant system activity: catalase
(CAT), reduced glutathione (GSH), and total superoxide
dismutase (T-SOD), measured at the same time points
(before the first, immediately after the third, and 24
hours after the third IHH or placebo session).

Statistical analysis

Sample size calculation

No formal sample size calculation was performed,
as this was a pilot study primarily aimed at evaluating the
safety and tolerability of the intervention. In accordance
with ICH E8 and ICH E9 guidelines, the sample size in ear-
ly-phase clinical studies may be determined by the study
objectives rather than by a statistical power calculation for
efficacy confirmation. Enrolling 10 participants per group
was considered sufficient for a preliminary safety assess-
ment and for generating pilot data to inform the design of
subsequent definitive investigations.

Statistical methods

Statistical analysis and data visualization were per-
formed using IBM SPSS Statistics, version 27.0 (IBM
Corp., USA) and RStudio, version 2025.09.2 + 418 (Posit
Software, USA).

The normality of continuous variables was assessed
using the Shapiro-Wilk test. Normally distributed data are
presented as mean * standard deviation (M £ SD), where-
as non-normally distributed data are expressed as median
with interquartile range [Me (Q1; Q3)]. Baseline compara-
bility between groups was evaluated using the standardized
mean difference (SMD). No post-randomization covariate

adjustment was performed to account for observed baseline
imbalances, as such imbalances in small samples may be at-
tributable to chance; these differences were not considered
clinically meaningful and did not warrant deviation from
the pre-specified protocol.

Categorical variables were compared using Pearson’s
chi-squared test or Fisher’s exact test, as appropriate. Effect
sizes are reported as relative risk (RR) with 95% confidence
intervals (CI).

Longitudinal repeated-measures data for biomarkers
and periprocedural parameters were analyzed using lin-
ear mixed-effects models with a random patient intercept
and fixed effects for group, time, and their interaction. For
periprocedural parameters, the time structure was defined
by session number and epoch (or cycle for FiO,); with-
in-session phases were aggregated into corresponding ep-
ochs in both groups. For biomarkers, time points T1-T3
served as the time factor.

Linear mixed-effects models with log-transformed
dependent variables were applied for MAP, HR, RR,
NIRS, etCO,, FiO,, HIF-1a, CAT, and GSH. A log-normal
mixed-effects model was used for T-SOD. Generalized lin-
ear mixed-effects models with a gamma distribution and log
link function were applied for Nrf2 and NF-xB. A general-
ized mixed beta-regression model for proportional data was
used for SpO,.

Estimated marginal means (EMM) and between-group
contrasts with 95% CIs were derived for all outcomes. Beta
coefficients were interpreted on the linear predictor scale;
for log-transformed models, results were additionally ex-
pressed as relative change (%) following back-transforma-
tion. For SpO,, effects are reported as differences in EMM
in percentage points. The threshold for statistical signifi-
cance was set at p < 0.05.

Results

Between July 3 and August 29, 2025, 21 participants
were screened for eligibility from 45 individuals assessed.
One individual declined to participate; formatively, 20 par-
ticipants were enrolled and allocated equally to the two
groups (n = 10 per group). The randomization flowchart is
presented in Figure 1.

The groups exhibited mild imbalances with respect to
several baseline clinical, demographic, and laboratory pa-
rameters; however, these imbalances were not considered
clinically meaningful and did not require the inclusion of
covariates in the final statistical models (Table 1).

Composite primary safety endpoint

No cases of individual intolerance or serious adverse
events were recorded during IHH sessions or placebo pro-
cedures in either group. All procedures were completed
without complications.
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[ Assessment of eligibility criteria (n = 45) j

Not included in the study (n = 25)

* Did not meet inclusion/
exclusion criteria (n = 24)

« Declined to participate (n = 1)

[ Randomization (n = 20) j
Intermittent hypoxia-hyperoxia Control group (n = 10)
group (n = 10)
[ Lost to follow-up (n = 0) j [ Lost to follow-up (n = 0) ]
[ Analyzed (n = 10) j [ Analyzed (n = 10) ]

Fig. 1. Randomization flow diagram

Adverse events and procedural tolerability

Adverse events were identified during IHH sessions
and placebo procedures were clinically insignificant, did
not affect procedural tolerability, and did not preclude con-
tinuation of IHH sessions or placebo procedures. Two par-
ticipants (20 %) in the IHH group and three (30 %) in the
control group reported mild discomfort associated with the
facial mask (RR 0.667; 95% CI 0.14-3.17; p = 1.000). Four
participants (40 %) in the IHH group fell asleep on at least
one occasion during the hypoxic phases of the sessions, a
phenomenon not observed in the control group during pla-
cebo procedures (RR 9; 95% CI 0.55-147; p = 0.087). No
other subjective symptoms or reactions requiring procedur-
al modification or participant withdrawal were recorded.

Secondary outcomes (safety/efficacy)

No significant differences in FiO, were detected be-
tween sessions or exposure cycles overall. However, in the
third and fifth cycles of the third THH session, the required
FiO, was lower by 5.78 % (95% CI 0.22-11.00; p = 0.042)
and 6.91 % (95% CI 1.42-12.10; p = 0.015), respectively,
compared to the model baseline (Table 2, Figure 2, A).

From baseline to the hypoxic epoch, the reduction
in SctO, in the IHH group exceeded the corresponding
change in the control group by 27.2 % (95% CI 23.7-30.5;
p <0.001) (Figure 2, B). A similar pattern was observed for
SpO,: the decrease during the hypoxic epoch in the IHH
group exceeded that in the control group by 26 percent-
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age points (95% CI: 22.9-29.0; p < 0.001), whereas the in-
crease in SpO, during the transition to the hyperoxic epoch
was greater by 2.07 percentage points (95% CI 1.52-2.61;
p <0.001) (Figure 2, C).

A reduction in MAP during transitions to both the hy-
poxic and hyperoxic epochs was observed in both groups,
amounting to 5.32 % (95% CI 2.68-7.89; p < 0.001) and 6.37 %
(95% CI 3.75-8.92; p < 0.001), respectively, reflecting similar
dynamics regardless of group assignment (Figure 2, D). The
transition to the hypoxic epoch was accompanied by an in-
crease in HR in the IHH group that exceeded the correspond-
ing change in the control group by 14.6 % (95% CI 6.3-23.6;
< 0.001). During the hyperoxic epoch, the reduction in HR
in the IHH group was greater by 7.32 % (95% CI 0.066-14.0;
p = 0.048) compared to the control group. Additionally, HR
at the third session was 15.2 % higher (95% CI 7.52-23.4;
1 <0.001) relative to the first session (Figure 2, E).

The reduction in RR during the hyperoxic epoch was
19.4 % greater (95% CI 1.63-34.0; p = 0.034) in the IHH
group compared to the control group (Figure 2, F). A sim-
ilar pattern was observed for etCO,: the decrease during
the hyperoxic epoch in the IHH group exceeded the cor-
responding change in the control group by 11.6 % (95% CI
2.85-19.6; p = 0.011) (Figure 2, G).

Exploratory biomarker outcomes

The increase in HIF-1a from T1 to T2 in the IHH group
exceeded the corresponding change in the control group by
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Table 1. Baseline clinical, demographic, and laboratory characteristics b
Parameter IHH group (n=10) Control group (n=10) SMD
Male gender, n (%) 5(50) 4 (40) 0.202
Age, years, Me (Q1; Q3) 64 (62; 69) 64 (62; 65) 0.085
Height, cm, M + SD 170 £9.56 171+9.59 0.146
Weight, kg, M + SD 80.6 115 84.6 £14.9 0.301
BMI, kg/m2, M + SD 28 £3.71 28.6 +4.08 0.157
Chronic diseases
HTN, n (%) 8 (80) 7 (70) 0.232
Hypothyroidism, n (%) 2 (20) 1(10) 0.283
Drug therapy
B-blockers, n (%) 1(10) 2 (20) 0.283
ACE inhibitors, n (%) 4 (40) 3(30) 0.21
ARBs n (%) 2 (20) 4 (40) 0.447
Calcium channel blockers, n (%) 2 (20) 3(30) 0.232
Diuretics, n (%) 2 (20) 1(10) 0.283
L-Thyroxine, n (%) 2 (20) 1(10) 0.283
Antiaggregants, n (%) 1(10) 0 (0) 0.471
Laboratory parameters
White blood cells, x10%/l, M + SD 6.58 +1.56 6.37 +1.33 0.145
Red blood cells, x10'2/, M + SD 5.09+0.52 519 +0.548 0.185
Hemoglobin, g/l, M + SD 140 £11.6 138+13.8 0.125
Hematocrit, %, M + SD 409274 417+278 0.3
Platelets, x109/1, M + SD 240 £ 42 244 +£53.2 0.094
Total protein, g/l, M + SD 723 +2.41 72.6 +2.67 0.118
Albumin, g/l, M + SD 46.8+2.14 46.4+3.24 0.16
Urea, mmol/l, Me (Q1; Q3) 6.05 (4.7; 6.4) 4.65 (4.2;5.6) 0.671
Creatinine, mmol/l, Me (Q1; Q3) 82 (64; 87) 78 (69; 87) 0.179
eGFR, ml/min/1.73 m2, Me (Q1; Q3) 84.9 (75.5; 88.7) 85.2 (76.1;92.3) 0.012
Total bilirubin, mmol/l, Me (Q1; Q3) 7.9(59.1) 7.05 (5.6; 8.5) 0.176
Direct bilirubin, mmol/l, M + SD 437+1.28 3.66+14 0.528
AST, U/L,M£SD 32.4+169 32+9.92 0.029
ALT, U/L, M+ SD 24.2+10.3 30.8 +£10.1 0.646
CRP, mg/L, Me (Q1; Q3) 7.5 (4; 22) 6.5 (5; 10) 0.405

HTN — hypertension; SMD — standardized mean difference.

Note: ACE inhibitors — angiotensin-converting enzyme inhibitors; ALT — alanine aminotransferase; ARBs — angiotensin Il receptor blockers;
AST — aspartate aminotransferase; BMI — body mass index; CRP — C-reactive protein; eGFR — estimated glomerular filtration rate;

143 % (95% CI 59.4-270; p < 0.001). Over the T1-T3 inter-
val, the between-group difference in dynamics amounted to
97.3 % (95% CI: 29.6-200; p = 0.002) (Figure 2, H). The
increase in Nrf2 from T1 to T2 in the IHH group was 18.2 %
greater (95% CI 11.8-24.4; p < 0.001) than in the control

group. Over the T1-T3 interval, the between-group differ-
ence was 7.86 % (95% CI 2.24-13.8; p = 0.006) (Figure 2, I).
The increase in CAT activity in the IHH group from T1 to
T3 exceeded the corresponding change in the control group
by 24.3 % (95% CI19.41-41.2; p = 0.001) (Figure 2, J).
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The dynamics of NF-kB, GSH, and T-SOD activity
were comparable between the two groups, with no be-

tween-group differences in the magnitude of change ob-
served at any time point (Figures 2, K-M).

Table 2. FiO; across sessions and cycles of intermittent hypoxia-hyperoxia, % b
Session The hypoxia cycle
1 2 3 4 5
1 9.71(9.07-10.4) 9.86 (9.17-10.6) 9.77 (9.03-10.6) 9.58 (8.77-10.5) 9.41(8.53-10.4)
2 9.52(8.89-10.2) 9.41(8.76-10.1) 9.28 (8.58-10.1) 9 (8.25-9.82) 8.73(7.91-9.62)
3 9.29 (8.67-9.94) 9.04 (8.41-9.72) 8.8 (8.13-9.52) 8.69 (7.96-9.49) 8.37 (7.59-9.23)
Note: Values are presented as estimated marginal means with 95% confidence intervals.
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Fig. 2. Dynamics of periprocedural parameters and biomarkers across study stages. The figure presents estimated marginal means with
95% confidence intervals derived from longitudinal mixed-effects models after back-transformation to the original measurement
scale. Panels A-G demonstrate the dynamics of periprocedural parameters across session epochs (BL — baseline, Hypo — hypoxia
epoch, Hyper — hyperoxia epoch) of the intermittent hypoxia—hyperoxia/placebo procedure for each therapy day. Panels H-M
demonstrate the dynamics of biomarkers assessed before the first session (T1), after the third session (T2), and 24 hours after the
third session of the intermittent hypoxia-hyperoxia/placebo procedure (T3)

Note: CAT — catalase; etCO, — end-tidal carbon dioxide; FiO, — fraction of inspired oxygen; GSH — reduced glutathione; HIF-1a — alpha
subunit of hypoxia-inducible factor 1; HR — heart rate; MAP — mean arterial pressure; NF-kB — nuclear factor kappa-B; NIRS — cerebral
tissue oxygenation; Nrf2 — Nuclear factor erythroid 2-related factor 2; RR — respiratory rate; SctO, — cerebral tissue oxygen saturation;

T-SOD — total superoxide dismutase.
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Fig. 2. Ending
Discussion

This pilot, randomized, placebo-controlled Phase
I study conducted in 20 elderly volunteers demonstrated the
tolerability of a NIRS-personalized IHH protocol and yield-
ed preliminary data on the biological response to the inter-
vention, encompassing periprocedural physiological chang-
es and the dynamics of surrogate biomarkers of adaptation.

The absence of individual intolerance, adverse events,
or procedural complications confirms the tolerability of
the selected IHH modality under controlled monitoring.
Adverse subjective symptoms were mild and transient, and
did not necessitate participant withdrawal. These findings
are consistent with results from studies of IHH in geriatric
patients [18-20]. This evidence is particularly relevant in
the context of identifying organ-protective prehabilitation
strategies for elderly patients, in whom the risk of postoper-
ative PND remains high.

Safety was further corroborated by the dynamics of vital
signs: hypoxia was associated with a reduction in NIRS values
to target levels, a decrease in SpO,, and a compensatory in-
crease in HR, without elevation of MAP. Notably, the increase
in HR was not excessive and did not pose a potential clinical
risk. This demonstrates the feasibility of controlled modula-
tion of cerebral oxygen balance without clinically significant
systemic hemodynamic perturbations, supporting the safety of
NIRS-guided IHH personalization [16, 21]. The physiological
response remained within clinically safe limits, consistent with
the concept of a controlled, titrated preconditioning stimulus.
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A key methodological feature of this study is the use
of NIRS as a physiological navigation tool for individualiz-
ing the level of hypoxic exposure. In contrast to fixed IHH
protocols, titrating FiO, to a predefined relative reduction
in SctO, from baseline potentially reduces inter-individual
variability in the hypoxic response and enhances the pre-
dictability of the intervention — a consideration of partic-
ular importance in elderly individuals with varying baseline
cerebrovascular reactivity and oxygen delivery reserves.
The NIRS-guided approach also enables a focus on the tar-
get organ of interest, which in the context of this study is
critical for developing strategies to prevent PND in high-
risk populations. At the same time, the inherent limitations
of NIRS methodology must be acknowledged — including
the contribution of extracranial tissues, dependence on
anatomical and technical factors — necessitating rigorous
standardization of methodology and recording protocols,
particularly when translating the technique into clinical
practice.

No progressive reduction in the required FiO, was
identified; however, discrete hypoxic phases during the
third IHH session demonstrated lower FiO, values. This
may reflect the activation of adaptive mechanisms and the
development of an adaptive response to repeated exposures
to a stress stimulus, consistent with published data [11, 12].

An important finding of the study is the biomarker dy-
namics reflecting the induction of an organ-protective and
antioxidant response. The concurrent upregulation of HIF-
la and Nrf2 expression, along with increased CAT activity in
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the absence of NF-xB activation, indicates the induction of
an adaptive cytoprotective phenotype rather than a classical
oxidative or inflammatory response. This profile is consis-
tent with the concept of the “hyperoxic-hypoxic paradox”,
according to which the alternation of hypoxia and hyper-
oxia triggers adaptive cellular mechanisms without elicit-
ing a pro-inflammatory response. Activation of the HIF-1a
and Nrf2 pathways likely underlies the formation of an or-
gan-protective phenotype characterized by enhanced meta-
bolic flexibility and augmented antioxidant defense [11-13].

Nevertheless, data published in recent years regard-
ing the laboratory effects of IHH remain heterogeneous.
In the study by Lyamina N.P. et al., personalized IHH was
associated with a similar pattern of HIF-1 dynamics, sug-
gesting the reproducibility of our findings [20]. In the study
by Mandel I.A. et al., hypoxic-hyperoxic preconditioning
in cardiac surgery patients was accompanied by a less pro-
nounced reduction in nitrate concentrations by the end of
surgery and greater stabilization of nitric oxide metabolites
within the first 24 hours, with endothelin-1 and NO metab-
olites regarded as markers associated with postoperative
complications [22]. These data complement our findings
and suggest that the protective effect of IHH may be me-
diated not only through activation of the HIF-1a/Nrf2 axis
and antioxidant systems, but also through the attenuation of
endothelial injury. Serebrovska et al. described elevations
in several circulating markers interpreted as potential trig-
gers of an adaptive response in healthy elderly individuals
and patients with mild cognitive impairment [23], whereas
Behrendt et al., in their randomized controlled trial, found
no significant effect of IHH on levels of brain-derived neu-
rotrophic factor, interleukin-6, or C-reactive protein fol-
lowing a six-week course in geriatric patients [24]. This
variability likely reflects differences in clinical populations,
exposure durations, the combination of IHH with physical
exercise, and the choice of biomarker panels, underscoring
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the need for cautious interpretation of surrogate laboratory
signals.

Limitations

The findings of this study should be interpreted with
caution. The study employed a Phase I clinical trial design,
enrolled only 20 elderly volunteers, and did not include a
formal statistical power calculation for efficacy assessment.
Accordingly, the data do not permit conclusions regard-
ing the clinical efficacy of personalized IHH. The primary
objective of the study was a preliminary evaluation of the
safety and tolerability of the procedure, along with a de-
scription of the physiological response and surrogate bio-
marker dynamics. Additional limitations include the enroll-
ment of relatively healthy elderly volunteers without acute
surgical pathology, the short follow-up period, the absence
of postoperative clinical outcome assessment (including
PND) and the exploratory nature of the biomarker panel.
Consequently, the observed changes in HIF-1a, Nrf2, and
catalase activity should be regarded as surrogate indicators
of an adaptive response, requiring confirmation in larger
clinical trials enrolling patients at high perioperative risk.

Conclusion

NIRS-personalized IHH sessions targeting a 20 % re-
duction in SctO, demonstrated a favorable safety profile in
elderly volunteers and were associated with the induction
of an adaptive response. The observed physiological reac-
tions and biomarker dynamics indicate the activation of
stress-adaptive and antioxidant mechanisms. These find-
ings provide a rationale for conducting subsequent studies
in high-risk patients with the assessment of clinically mean-
ingful outcomes, including PND.
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